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Abstract

Analytical chemistry is the one o f the most importance not only to a ll branches of 

chemistry but also to all the biological sciences, to engineering, and, more recently, 

medicine, public health, food, environment and the supply o f energy in a ll forms. 

Therefore, the developments o f novel detection methods play an important role to  obtain 

both qualitative analysis and quantification o f the chemical or biomolecule components of 

natural and artificial materials. This work has been separated into 3 groups for finishing the 

novelty in detection methods. First, novel nanomaterials-based or nanocomposite 

chemical sensors based on nanomaterial/conducting polymer w ill be prepared and used 

to modify the electrode surface for sensitive electrochemical and/or optical detection of 

chemicals and biomolecules. The bioreceptor functionalization w ill be applied if it is 

necessary. Under the optimal conditions, the proposed system w ill be used for sensitive 

detection o f target analytes (e.g. heavy metals, pesticides, food contaminants and 

biomolecules). This approach is an alternative too l for environmental monitoring, food 

inspection as well as clinical diagnosis. Second, the paper-based device is proposed. They 

have the potential to be good alternatives for point-of-care testing because they are 

portable, easy to use, require only a small volume o f sample and provide rapid analysis. 

To create the detection method for lab-on-paper, colorimetric and electrochemical 

detection are proposed. These provide the benefits o f simplicity, speed, low cost, and 

portability for applying to various applications. Last, a simple microfluidic or sequential 

injection system for chemical or biomedical analysis w ill be developed. Exploiting a 

microfluidic or sequential injection system, short analysis times can be achieved with high 

analytical performances, in addition, only small amount o f samples and reagents are 

required, which is beneficial for samples which are expensive or limited, especially 

biological samples. Moreover, microfluidic or sequential injection analysis holds great



promise for high-throughput analysis and screening, which offers an alternative platform for 

analysis and would be an ideal too l for a portable analysis system for clinical diagnosis.

Keywords: nanomaterial-based chemical sensors, metal nanoparticles, graphene, 

conducting polymer, pesticides, heavy metals, paper-based device, microfluidics, 

sequential injection

บทคัดย่อ

เคมีวิเคราะห์เป็นศาสตร์หนึ่งของเคมีที่มีความสำคัญมากไมใช่เฉพาะต่อทุกสาขาของเคมีแต่ยังเป็น 

ศาสตร์ที่มีความสำคัญยิ่งต่อสาขาอื่น ๆ เช่น ชีววิทยา วิศวกรรมศาสตร์ การแพทย์ การอาหาร สิ่งแวดล้อม 

และพลังงานทดแทน ดังนั้นการพัฒนาเพื่อให้ได้มาซึ่งวิธีการตรวจวัดแบบใหม่จึงมีความสำคัญยิ่งทั้งต่อการ 

วิเคราะห์เซิงคุณภาพและการวิเคราะห์เซิงปริมาณเพื่อตรวจสอบองค์ประกอบทางเคมีและทางชีวภาพสาร 

ธรรมชาติและสารสังเคราะห์ โครงการวิจัยนี้ถูกแบ่งออกเป็น 3 กลุ่มย่อยเพื่อสร้างสรรค์นวัตกรรมทางการ 

ตรวจวัด กลุ่มย่อยที่หนึ่ง เป็นการพัฒนาวัสดุนาโนหรือวัสดุนาโนคอมโพสิทระหว่างวัสดุนาโนและพอลิเม 

อร์นำไฟฟ้าแบบใหม่เพื่อใช้เป็นขั้วไฟฟ้าหรือเพื่อการดัดแปรผิวหน้าขั้วไฟฟ้าเพื่อการตรวจวัดทางเคมีไฟฟ้า 

และ/หรือเพ ื่อการตรวจวัดเซ ิงส ีเพ ื่อตรวจวัดสารเคมีท ี่ม ีความสำคัญ เช่น โลหะหนัก ยาฆ่าแมลง สาร 

ปนเปีอนในอาหาร และสารชีวภาพ เป็นด้น ซึ่งวิธีที่พัฒนาขึ้นมานี้จะสามารถใช้เป็นวิธีทางเลือกใหม่ของ 

การตรวจวัดทางสิ่งแวดล้อม อาหาร และทางคลินิกได้ กลุ่มย่อยที่สอง คือการพัฒนาอุปกรณ์ฐานกระดาษ 

ร่วมกันกการตรวจวัดทางเคมีไฟฟ้าและ/หรือการตรวจวัดเซิงสี เพ ื่อสร้างเป็นอุปกรณ์การตรวจวัดนอก 

ห้องปฏิบัติการ เนื่องจากกระดาษเป็นวัสดุที่หาง่ายและกำจัดได้ง่าย มีราคาถูก สามารถออกแบบอุปกรณ์ได้ 

หลากหลายให้สอดคล้องกับการประยุกต์ใช้ อีกทั้งยังใช้สารตัวอย่างและรีเอเจนต์ในปริมาณที่น้อย พกพาได้ 

สะดวก กลุ่มสุดท้าย คือการพัฒนาระบบของไหล เช่น ไมโครฟลูอิดิกและระบบซีเคว็นเซียลอินเจคซั่น เพ่ือ 

การตรวจวัดสารเคมีหรือสารชี้ชีวภาพที่สำคัญ เพื่อได้มาซึ่งวิธีที่ง่าย รวดเร็ว มีประสิทธิภาพ และใช้สาร 

ตัวอย่าง รีเอเจนด้ ใบปริมาณน้อย ทำให้ได้วิธีการที่ประหยัดและเหมาะสมต่อการประยุกต์กับตัวอย่างทาง 

ชีวภาพ นอกจากนี้ระบบไมโครฟลูอิดิกและระบบซีเคว็นเซียลอินเจคซั่นสามารถสร้างเป็นระบบการตรวจวัด 

แบบอัตโนมัติทำให้สามารถจัดการกับงานที่มีจำนวนสารตัวอย่างมาก ๆ ได้ มีความเหมาะสมกับทั้งงานคัด 

กรองและการตรวจปริมาณ จึงนับเป็นระบบการตรวจวัดในอุดมคติแบบพกพาที่อาจสามารถประยุกต์เพื่อ 

การวิเคราะห์ทางคลินิกสืบต่อไปได้

คำส ำค ัญ : ระบบรับรู้เคมีฐานวัสดุนาโน โลหะขนาดนาโนเมตร แกรพัน พอลิเมอร์นำไฟฟ้า ยาฆ่าแมลง

โลหะหนัก อุปกรณ์ฐานกระดาษ ไมโครฟลูอิดิก ซีเคว็นเซียลอินเจคซั่น



Chapter I

Executive Summary

1. Inspiration o f this project

Analytical chemistry is the study o f the separation, identification, and quantification of 

the chemical or biomolecule components of natural and artificial materials. Qualitative 

analysis provides an indication o f the identity o f the chemical species in the sample, 

and quantitative analysis determines the amount o f certain components in the substance. 

The separation o f components is often performed prior to analysis. เท addition, analytical 

chemistry is also focused on improvements in experimental design and the creation o f new 

measurement tools and/or method to provide higher potential o f detection. Analytical 

chemistry is o f the most fundamental importance not only to  all branches o f chemistry but 

also to all the biological sciences, to engineering, and, more recently, medicine, public 

health, food, the environment and the supply o f energy in a ll forms. Such a beautiful 

importance as mentioned, finding novelty or developing fundamental concept in analytical 

area for various applications are really important and challenging, especially to obtain the 

sensitive, simpler, smaller, faster, and cheaper too l or method, in addition, sensitive 

detection o f chemicals and biomolecules is crucial for various fields o f application, such as 

food inspection, environmental monitoring as well as medical diagnosis. Recently, there 

has been increasingly interest in development o f sensitive system for the detection of food 

contaminants (e.g. sulfonamide, paraben, toxic heavy metal) and clinical biomarkers {e.g. 
cancer markers, proteins, DNA/RNA) because the abnormal level o f these compounds



seriously affects the living system and hum an health. Early detection of contam inants and

diseases is greatly desired since the early stage is commonly treated with the highest 

probability of success.

Various traditional methods have been used for the determination o f food, 

environment contaminants and clinical biomarkers, such as colorimetric and fluorescence 

based methods. However, these methods are still limited for accurate quantitation of 

trace level, analytes in complex samples, leading to false negative results. Even though, 

some o f basic methods (e.g. ELISA) have been created to  sensitively determine the disease 

markers, it still has some disadvantages including high operating cost, long development 

lead time and complicated labeling processes. These issues lead to  an upsurge o f 

interests in development o f novel systems for sensitive detection o f chemicals and 

biomolecules. The discovery and advances development in nanotechnology leading 

more easily available the novel chemical and physical properties of nanomaterials. A 

wide variety o f nanoscale materials o f different sizes, shapes and compositions are 

currently available. The important interest in nanomaterials is driven by their many 

desirable properties. เท particular, the ability to reduce the size and structure and hence 

the properties o f nanomaterials offers excellent prospects for designing novel sensing 

systems and enhancing the performance o f analytical assay. Many kinds o f nanomaterials, 

including metal, metal-oxide, semiconductor, composite-metal nanoparticles and even 

graphene, have been used for constructing electrochemical sensors.

Recently, paper-based microfluidic devices, representing the next generation of 

paper strip test devices. A paper-based microfluidic device combines many advantages of



paper strip tests with the utility o f microfluidics. They have the potential to be good 

alternatives for point-of-care testing over traditional paper strip tests because they are 

capable of simultaneous multiplex analyte detection. เท addition, they are portable, easy 

to use, require only a small volume of sample and provide rapid analysis.

Microfluidic systems have been utilized for analysis in a variety o f applications, 

including chemical, biological, medical, environmental and pharmaceutical fields. Taking 

advantages from micron-scale systems, microfluidic devices offer a number o f advantages, 

including small amount o f samples and reagents required, fast analysis time, high analytical 

performances, portability and possibility for high-throughput analysis. Nowadays, 

microfluidics for medical analysis has attracted considerable attraction because o f its high 

potential to  be developed as point-of-care (POC) medical diagnostic systems. One of the 

most challenging tasks for developing microfluidic systems for POC analysis is that a system 

should be rapid, simple to use (less equipment and training), cost-effective, reliable and 

easily interpretable. Herein, a simple microfluidic system is developed for medical 

applications and further applied to  be a microfluidic-based POC system and would be 

eventually attained to be a home-care device.

From research problem and its significances, in our team, we separate work into 3 

groups. First, the development of new nanomaterial-based chemical sensors for 

electroanalysis w ill be proposed. Second, creation the novel analytical method as an 

alternative choice for detection o f various compounds using lab-on-paper w ill be 

established. Final, a simple microfluidic system for chemical or biomedical analysis w ill be

developed.



The finding and developing using analytical concepts will provide new assays or

new prototype for innovative detection o f various important analytes in food, environment, 

clinical and medical samples.

2. Objectives o f this project

To achieve the research goals, the following objectives are set.

1) To develop new nanomaterial-based chemical sensors by modification surface 

with nanomaterial, nanocomposite, and polymer for analysis o f chemical or 

biochemical components in food or environment or disease markers

2) To develop paper-based analytical tools coupled with colorimetric or chemical 

or electrochemical detection for food, environment and medical analysis

3) To develop a simple, cost-effective and reliable microfluidic method for medical 

applications and flow-based system for food or environmental applications

4) To apply the novel tools or novel methods for detection the target anaytes in 

real samples

3. Scope o f Research

To achieve the research objectives, the following scope was set.

•  The nanomaterial-based chemical sensors such as gold nanoparticles and 

graphene were developed and used for studying the electrochemical properties o f various 

chemical and biological compounds . Particular attention was given towards studying the 

electrochemical properties o f these anlytes using various techniques o f electrochemistry. 

Comparison results were obtained by carbon-based electrodes. The effect o f pH,

concentration and scan rate were studied in detail. The developed sensor was employed



as a. detector in the HPLC system for separation and detection o f herbicides. 

Chromatographic and electrochemical condition for the separation and detection of 

herbicides were studied as w ell as the analytical figures. เก addition, silver nanoparticles 

were used as colorimetric reagent for detection o f heavy metals and pesticides.

•  The paper-based analytical sensors were coupled with colorimetric, 

electrochemical and dual detection for quantitative analysis o f target analytes. The effects 

o f detection potential, linear dynamic range, accuracy, precision were also studied and 

compared to those obtained from the standard methods.

•  The microfluidic system and sequential injection analysis with 

electrochemical detection were developed for the separation and detection o f important 

chemical and biological compounds. The electrophoresis conditions or flow-based 

condition as well as the detection methods were investigated.

•  The microfluidic system and sequential injection analysis with 

electrochemical detection were designed for rapid screening and identification o f target 

analytes. Also, pH effect, separation voltage, sampling time, and sample loading were 

investigated.

•  The developed methods were applied for the determination o f target 

analytes in real samples. Analytical recoveries were determined as well as the precision.

There are five chapters in this report. Chapter I is the executive summary. 

Chapter II is the detail for development o f nanomaterial-based chemical sensors. This

chapter also covers the output obtained from this project. Chapter III gives details o f the



developm ent of paper-based analytical devices coupled with colorimetric and

electrochemical detection. Chapter IV reports on the use of microfluidic and sequential 

injection systems for the automatic detection o f heavy metals and biological compounds. 

Lastly, Chapter V is the conclusion and future perspectives.



Chapter II

The development of nanomaterial-based chemical sensors

เท this chapter, the motivations and creations for new electrochemical sensors 

and/or optical sensors were introduced. เท this chapter, various materials such as gold 

nanoparticles, silver nanoparticles, and graphene-based were applied as sensor to detect 

the target analytes in many applications. There are 13 publications obtained from the 

development under this objective. The list o f publications are shown below.

1. K. Charoenkitamorn, o. Chailapakul, พ . Siangproh, Development o f gold nanoparticles 

modified screen-printed carbon electrode for the analysis o f thiram, disulfiram and their 

derivative in food using ultra-high performance liquid chromatography, Talanta, 132 (2015) 

416-423.

2. Y. Boonyasit, A. Heiskanen, o. Chailapakul, พ. Laiwattanapaisal, Selective label-free 

electrochemical impedance measurement o f glycated haemoglobin on 3- 

aminophenylboronic acid-modified eggshell membranes, Analytical and Bioanalytical 

Chemistry, 407 (2015) 5287-5297.

3. c. Bardpho, p. Rattanarat, พ. Siangproh, o. Chailapakul, Ultra-high performance liquid 

chromatographic determination o f antioxidants in teas using inkjet-printed graphene- 

polyaniline electrode, Talanta, 148 (2016) 673-679.

4. ร. Kajornkavinkul, E. Punrat, พ . Siangproh, N. Rodthongkum, N. Praphairaksit, o. 

Chailapakul, Graphene/polyvinylpyrrolidone/polyaniline nanocomposite-modified 

electrode for simultaneous determination o f parabens by high performance liquid

chromatography, Talanta, 148 (2016) 655-660.



5. ร. Jampasa, พ . Siangproh, K. Duangmal, O. Chailapakul, Electrochemically reduced

graphene oxide-modified screen-printed carbon electrodes for a simple and highly sensitive 

electrochemical detection o f synthetic colorants in beverages, Talanta, 160 (2016) 113-124.

6. R. Tirawattanakoson, P. Rattanarat, N. Ngamrojanavanich, N. Rodthongkum, o. 

Chailapakul, Free radical scavenger screening o f to ta l antioxidant capacity in herb and 

beverage using graphene/PEDOT: PSS-modified electrochemical sensor, Journal of 

Electroanalytical Chemistry, 767 (2016) 68-75.

7. ร. Chaiyo, E. Mehmeti, K. Zagar, พ . Siangproh, o. Chailapakul, K. Kalcher, Electrochemical 

sensors for the simultaneous determination o f zinc, cadmium and lead using a Nafion/ionic 

liquid/graphene composite modified screen-printed carbon electrode, Analytica Chimica 

Acta, 918 (2016) 26-34.

8. N. Akkarachanchainon, p. Rattanawaleedirojn, 0. Chailapakul, N. Rodthongkum, 

Hydrophilic graphene surface prepared by electrochemically reduced micellar graphene 

oxide as a platform for electrochemical sensor, Talanta, 165 (2017) 692-701.

9. A. Jirasirichotea, E. Punratb, A. Suea-Ngama, o. Chailapakula, ร. Chuanuwatanakula, 

Voltammetric detection o f carbofuran determination using screen-printed carbon 

electrodes modified with gold nanoparticles and graphene oxide, Talanta, 175 (2017) 331- 

337. (IF 2015 =4.035)

10. J. Yukird, T. Wongtangprasert, R. Rangkupan, o. Chailapakul, T. Pisitkun, N. Rodthongkum, 

Label-free immunosensor based on graphene/polyaniline nanocomposite for neutrophil 

gelatinase-associated lipocalin detection, Biosensors and Bioelectronics, 87 (2017) 249-255.

(IF 2015 =7.476)



11. N. Ratnarathorn, O. Chailapakul, พ. Dungchai, Highly sensitive colorimetric detection of

lead using maleic acid functionalized gold nanoparticles, Talanta, 132 (2015) 613-618.

12. พ . Siangproh, o. Chailapakul, K. Songsrirote, Simple and fast colorimetric detection of 

inorganic arsenic selectively adsorbed onto ferrihydrite-coated silica gel using silver 

nanoplates, Talanta, 153 (2016) 197-202.

13. พ . Siangproh, T. Somboonsuk, o. Chailapakul, K. Songsrirote, Novel colorimetric assay 

for paraquat detection on-silica bead using negatively charged silver nanoparticles, Talanta, 

174 (2017) 448-453.

เท addition, we have 1 publication reviewed on the application o f nanoparticles 

used as the probes for biological applications as shown below.

14. A. Yakoh, c .  Pinyorospathum, พ .  Siangproh, o .  Chailapakul, Biomedical Probes Based on 

Inorganic Nanoparticles for Electrochemical and Optical Spectroscopy Applications, Sensors, 

15 (2015) 21427-21477.

The detail o f each work is presented in the following part.
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For th e  f ir s t  t im e , g o ld  n a n o p a r t id e s  (A u N P s ) m o d if ie d  s c re e n -p r in te d  c a rb o n  e le c tro d e  (SPCE) w a s  d e v e lo p e d  

as w o rk in g  e le c tro d e  in  u l t r a - h ig h  p e r fo rm a n c e  l iq u id  c h ro m a to g ra p h y  (U H P L C ) c o u p le d  w i t h  e le c tro c h e m ic a l 

d e te c t io n  (U H P L C -E D ) fo r  s im u lta n e o u s  d e te r m in a t io n  o f  th ir a m ,  d is u lf ir a m ,  a n d  N ,N -d ie th y l-N',N'- 
d im e th y l th iu r a m  d is u lf id e ,  t h e ir  d e r iv a d v e  c o m p o u n d . T h e  s e p a ra t io n  w a s  p e r fo rm e d  in  re v e rs e d -p h a s e  m o d e  

u s in g  C18 c o lu m n , m o b ile  p h a se  c o n s is t in g  o f  5 5 :4 5  ( v /v )  ra t io  o f  0 .0 5  M  p h o s p h a te  b u f fe r  s o lu t io n  (p H  5 )  a n d  

a c e to n itr i le  a t  a f lo w  ra te  o f  1.5 m L  m in  -  F o r th e  d e te c t io n  p a r t,  th e  a m p e ro m e tr ic  d e te c t io n  w a s  c h o s e n  w i t h  

a d e te c t io n  p o te n t ia l o f  1.2 V  vs. A g /A g C l. U n d e r  th e  o p t im a l c o n d it io n s ,  th e  g o o d  l in e a r  r e la t io n s h ip  w a s  

o b ta in e d  in  th e  ra n g e  o f  0 .0 7 -1 5 ,  0 .0 7 -1 2 ,  a n d  0 .5 -1 5  p g  m L -1  (c o r re la t io n  c o e f f ic ie n t  m o re  th a n  0 .9 9 0 0 )  fo r  

th ira m , N ,N -d ie th y l-N ’,N ’- d im e th y lt h iu ra m  d is u lf id e ,  a n d  d is u lf ir a m ,  re s p e c tiv e ly . T h e  l im its  o f  d e te c t io n  (L O D s) 

o f  th ira m ,  N ,N -d ie th y i-N ',N ’- d im e th y lt h iu ra m  d is u lf id e ,  a n d  d is u lf ir a m  w e re  0 .0 2 2 , 0 .0 2 3 , a n d  0 .165  p g  m L - 1 , 

re s p e c tiv e ly . M o re o v e r , th is  m e th o d  w a s  s u c c e s s fu lly  a p p lie d  fo r  th e  d e te c t io n  o f  th e s e  c o m p o u n d s  in  re a l 

s a m p le s  (a p p le , g ra p e  a n d  le ttu c e )  w i t h  th e  re c o v e rie s  ra n g in g  f ro m  94.3%  to  108.8%. T o  v a l id a te  th is  d e v e lo p e d  

m e th o d , a h ig h ly  q u a n t i ta t iv e  a g re e m e n t w a s  d e a r ly  o b s e rv e d  c o m p a re d  to  s ta n d a rd  U H P L C -U V  s y s te m . 

T h e re fo re , th e  p ro p o s e d  e le c tro d e  can  b e  e f fe c t iv e ly  u se d  as a n  a l te rn a t iv e  e le c tro d e  in  U H P LC -E D  f o r  ra p id , 

se le c tiv e , h ig h ly  s e n s itiv e , a n d  s im u lta n e o u s  d e te rm in a t io n  o f  th ir a m ,  d is u lf ir a m ,  a n d  N J V -d ie th y l-N '.N '-  

d im e th y l th iu r a m  d is u lf id e .

© 2014 E ls e v ie r B.v. A l l  r ig h ts  re s e rv e d .

1. Introduction
Nowadays, the designing of electrochemical sensor has been developed in the field of electrochemistry to improve the analytical efficiency in the terms of sensitivity, selectivity, reliability, ease of 

fabrication and use, and low cost Screen printing is the technology used for fabrication of biosensors and chemical sensors instead of using large-scale electrode. Their various advantages such as miniatur
ization, versatility, and low cost of production are really attractive [1], In addition, many laboratories use the screen-printing for in-house production of sensors. Screen-printed carbon electrode (SPCE) is an 
alternative material used instead of using the traditional electrodes based on economic substrate. Recently, SPCE have been successfully used as the electrochemical sensor for various researches due to the
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simplicity to produce and still give the rapid responses [2], Moreover, 
the main advantage of SPCE is able to use only once and then is discarded. This advantage can be used to solve the problems of surface fouling compared with those of conventional electrodes. However, the limitation of SPCE is small surface area of working electrode leading to 
the lack of sensitivity [3]. Therefore, electrode modification is necessary to solve this problem.

For electrode modification, metal-nanoparticles modified SPCE is 
focused to improve the electrochemical efficiency. Metai-nanoparticles are attractive catalyst in the electrochemical applications. Transition 
metals, especially precious metals, show very high catalytic abilities for catalyzing the redox process of some interested molecules, making the use of electroanalytical techniques for applications are extended [4], Particularly, gold nanoparticles (AuNPs) have received significant attention in recent years. AuNPs are widely used in many fields due to their unique optical and physical properties, such as surface plasmon oscillations for labeling imaging, and sensing [5], For the electrochemical fields, AuNPs have been widely used for modification of electrode because of their benefits including catalysis, mass
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transport, and high effective surface area [ 1 ], AuNPs have the ability to improve the detection signal, electron transfer, which make the limit 
of detection in electrochemical sensor is reduced. Moreover, the most importance is AuNPs showed strong specific interaction with the 
sulfur-containing compounds [6], Therefore, AuNPs became an inter
esting nanomaterial used as modifier onto working electrode for electrochemical detection of sulfur-containing compounds.Thiram (tetramethyl thiuram) and disulfiram (tetraethyl thiuram) 
are oraganosulfur compounds in the group of dithiocarbamates (DTCs) fungicides. DTCs have been used in agriculture as fungicides in foliage vegetable and fruit (7], Besides these agricultural applications, DTCs are also used in industry such as vulcanization accelerator and 
antioxidant in rubber. The use of DTCs results in their release into the environment causing the contamination in food and water which leads to hazardous effect in the living organisms through diverse 
pathways [8]. Environmental problem resulting from uncontrollable use of fungicides in agriculture is one of the most important evidence. Therefore, it is necessary to continuously develop simple, selective, and sensitive methods for analysis of fungicides [9].Various methods have been developed for analysis of DTCs. Spectrometry [10-12] and head space gas chromatography [13] have been used as the methods for the determination of DTCs after 
their decomposition to carbon disulfide (CS2). From these methods, most of DTCs can degrade to cs2. Therefore, they are unable to 
distinguish among different DTCs. Moreover, gas chromatography [14,15], capillary electrophoresis [16-20], and high performance 
liquid chromatography (HPLC) were used for simultaneous determination of DTCs coupled with uv detection. Especially, HPLC is the simple technique used for easy separation of the disulfide substance. However, the drawback of the uv detection is low sensitivity. Therefore, HPLC coupled with electrochemical detection became an important choice for the determination of disulfides [21]. The main advantage of electrochemical detection compared to those of spectrometry is that the derivatization step is not needed, which makes the analysis time and cost reduced. In addition, the use of electrochemical detection after the separation 
by HPLC can provide more sensitive detection than uv [22].Recently, ultra-high performance liquid chromatography coupled 
with electrochemical detection (UHPLC-ED) is a high potential alter
native method for various analysis. UHPLC concerns to the development of short column packed with small particles for working at high pressures ( > 400 bar). The use of UHPLC can enhance chromatographic performances in terms of efficiency, resolution, and analysis 
time [23]. In the detection part, AuNPs modified electrode was used as amperometric detection. Amperometry is an attractive potential 
technique because of its fast response, high sensitivity, relatively low cost of equipment no need for complicated operation, and simplicity for direct sulfur assay [24].

With such benefits from the mentioned background, the 
objective of this work is to develop AuNPs modified SPCE in UHPLC-ED system for simultaneous determination of DTCs with high sensitivity, specificity, and rapid analysis. Thiram (tetramethyl 
thiuram) and disulfiram (tetraethyl thiuram) are chosen as representative compounds of DTCs because they are importantly applied to control a variety of pest [25], Typically, when thiram 
and disulfiram are mixed together, the intermediate of N ,N -  diethyl-N'.N'-dimethylthiuram disulfide (DEDMTDS) appears as the derivative of thiram and disulfiram. This compound IS one of DTCs that affects human health and has the same effect of thiram 
and disulfiram. The presence of N.N-diethyl-JV’.N'-dimethylthiuram disulfide can also use to monitor thiram and disulfiram in samples. 
Therefore, the detection of N , N-diethyl-N’, N’-dimethylthiuram disulfide is important. This derivative compound is also deter
mined along with the measurement of thiram and disulfiram.To the best of our knowledge, there is no publication report about the use of AuNPs modified SPCE as working electrode for ED

after the UHPLC separation to simultaneously determine thiram, DEDMTDS, and disulfiram. Moreover, this developed UHPLC-ED 
using AuNPs modified SPCE was applied for the first time to analyze thiram, DEDMTDS, and disulfiramthe DTCs in fruits and 
vegetables collected from local markets.
2. Materials and methods
2 .1 . C h e m ic a ls  a n d  r e a g e n ts

All chemicals used in this work were of analytical grade, and all 
solutions were prepared using Milli-Q. water from Millipore (R>18.2M fi cm-1). Acetonitrile (HPLC-grade), chloroform, and sulfuric acid were obtained from Merck (Darmstadt, Germany). 
Potassium dihydrogen phosphate (KH2P04) was acquired from BDH 
laboratory supplies (VWR International Ltd., England). Disodium hydrogen phosphate (Na2HP04) and sodium hydroxide (NaOH) were purchased from Merck (Darmstadt Germany), standard thiram (tetra
methyl thiuram) was obtained from Chem Service (West Chester, PA, USA). Standard disulfiram (tetraethyl thiuram) and gold (III) chloride 
solution were obtained from Sigma-Aldrich (St Louis, MO, USA).All of stock standard solutions (1000 ug mL-1) were prepared 
by dissolving 10 mg of each analyte in acetonitrile. The solutions were then placed in an amber bottle and stored at 4 “C. To prepare 
working standard solution, the standard solution was mixed and diluted in suitable proportions of acetonitrile:Milli-Q water (50:50; v/v), and kept for 5 min before measurement. All solutions and solvents were filtered by 0.22 pm nylon membranes prior to use in UHPLC separation.
2.2. F a b r ic a tio n  a n d  m o d i f ic a t io n  o f  s c r e e n - p r i n te d  c a r b o n  e le c tr o d e

The working electrode was fabricated using screen printing and 
modified by electrodeposition techniques. The Ag/AgCl electrode and Pt wire was used as reference and auxiliary electrodes, respectively. To 
fabricate the in-house screen-printed carbon electrode (Fig. SI), the 
Ag/AgCl ink was first printed on the PVC substrate for using as a conductive pad. Then, the carbon ink was printed to create a working 
electrode. The each step of printing electr ode was allowed to diy in an 
oven at 55 °c for 1 h. The screen-printed carbon electrode was ready to modify ill the next step.For the electrodes modification, the 10 mM of gold (111) solution 
was used to modify onto electrode surface by electrodeposition technique. The three-electrode system was placed into cell containing 2 mL of solution of 10 mM of gold (III) solution in 0.5 M 
H2S04 followed by deposition of gold onto the SPCE at a deposition potential of -0.6 V (vs. Ag/AgCl) for 50 ร while the solution was stirred (by means of a mechanical stirrer bar). The gold nanopar
ticles (AuNPs) were obtained onto the electrode surface. After the modification, the AuNPs modified SPCE was carefully rinsed with 
distilled water and dried under N2 gas prior to use.
2 .3 . C y c lic  v o l t a m m e t r y

The electrochemical reaction and optimal parameters for electrodeposition step were studied by cyclic voltammetry (CV) using a CH instrument potentiostat 1232 A (CH Instrument, Inc., USA). The working electrodes used in this work were bare SPCE and 
AuNPs modified SPCE. The reference and auxiliary electrode were silver/silver chloride electrode and Pt wire, respectively. All experiments were done at room temperature.
2.4. UHPLC e x p e r i m e n t  a n d  a p p a r a tu s

The UHPLC system was performed in reversed-phase mode using an LC-20ADXR solvent deliver unit (Shimadzu Corporation,
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Japan), an autosampler (S1L-20A) with 0.1-100 mL loop and a Kinetex™ core-shell C18 column (50 mm X 4.6 mm i.d.; particle 
size, 2.6 |im, Phenomenex). The UHPLC-electrochemical measurement was carried out in 45:55 (v/v) ratio acetonitrile: 0.05 M phosphate buffer solution (pH 5), which was adjusted to pH 5 with 
0.1 M sodium hydroxide solution, as mobile phase with an applied 
potential of 1.2 V vs. Ag/AgCl, an injection volume of 50 pL, and a how rate of 1.5 mL min . All chromatographic separations were 
performed at room temperature.
2.5. E le c tr o c h e m ic a l  m e a s u r e m e n t

The thin-layer flow cell consisted of a working AuNPs modified SPCE, a reference Ag/AgCl electrode (Bioanalytical system Inc, USA), and a stainless steel tube counter electrode. The geometric area of the AuNPs modified SPCE in the flow cell was estimated to be 0.40 cm2 
with 1 mm thick silicon rubber gasket as a spacer. An electrochemical measurement for amperometric control and signal processing was 
performed using CH instrument potentiostat 1232 A.
2 .6 . S a m p le  p r e p a r a t io n

The three real samples including apple, grape and lettuce were obtained from local markets in Thailand. For analysis, 50 g of cut 
sample was weighted accurately and transferred to a blender. Then 50 |iL of 500 ng mL-1 of standard mixture solution and chloroform were added. The mixture was homogenized with blender and transferred into centrifuge tubes. After centrifugation at 4000 rpm for 10 min, all of the organic phases were filtered through a Buchner funnel with Whatman filter paper No. 4 and transferred 
to 250 mL vessel of the rotary vacuum evaporator for evaporation to dryness at room temperature. The residues were dissolved in 4.5 mL of acetonitrile using ultrasonic stirring, filtered through the 0.2 pm pore size of nylon membrane, and collected in 5mL of volumetric flask. After that, acetonitrile filtered through the 
0.2 pm pore size of nylon membrane was added to adjust volume to 5 mL of solution. Finally, 50 pL of the solution was injected into the UHPLC system. The determination of DTCs in samples was analyzed within the linear dynamic range that obtained by adding different volume of 500 pg mL- ' of standard mixture solution into 
the blank sample and prepared following the above treatment.
2 .7 . M e th o d  v a lid a t io n

Standard solutions and samples were analyzed, and the currents were integrated. A calibration curve of standard solutions 
was performed under optimal conditions and treated with linear least square regression analysis using the Excel software package. The limit of detection (LOD) and limit of quantification (LOQ) were 
determined from the 3 รพ/ร and 10 Sbi/S, respectively, where Sbi is standard deviation of blank (ท = 10), and ร is sensitivity of method, obtained from the slope of the linearity. For the precision of intra
day and inter-day, three concentrations of DCTs (1, 6, and 12 pg mL-1) were observed for three times within a day and three different days. To validate the developed method, UHPLC-ED was compared to the standard method of UHPLC coupled with ultraviolet detection (UHPLC-UV) using the paired t-test.

3. Results and discussion
3.1. S u r fa c e  m o r p h o lo g y  o f  A u N P s  m o d i f ie d  SPCE

Gold (HI) solution was used to generate the AuNPs on the electrode surface by electrodeposition. The surface morphology of 
bare SPCE and AuNPs modified SPCE was investigated using

A

Fig. 1. SEM im ages o f  (A ) bare  SPCE and (B ) AuNPs m o d if ie d  SPCE p repared  by 
e le c tro d e p o s itio n  o f  I0  m M  g o ld  ( i l l )  s o lu tio n  a t a p p lie d  p o te n tia l o f  -0 .6  V  fo r  50 ร.

scanning electron microscope (SEM) as shown in Fig. 1A and B, respectively. After the modification, the well dispersed gold 
particles in nanoscale was observed (Fig. 1B). The distribution of 
AuNPs on the electrode surface led to increase the surface area and improve the electrochemical sensitivity of the modified electrode.
3.2. O p t im iz a t io n  o f  t h e  e le c tr o d e  m o d i f ic a t io n

For the electrode modification using electrodeposition technique, the deposition potential and deposition time were optimized because these factors can effect to the analytical results. First, thiram was selected as the representative compounds because it is the best electrochemically active species at bare carbon electrode. Therefore, it is easy to observe the signal obtained from modified 
and unmodified electrode. To obtain the optimal condition of AuNPs modified SPCE, the dependence of deposition potential and
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Fig. 2. E ffect o f  th e  (A )  d e p o s it io n  p o te n tia l and (B) d e p o s it io n  t im e  o f  th ira m  a t 
AuNPs m o d if ie d  SPCE. Data are sh o w n  as the  m e a n ± S D  d e riv e d  fro m  th re e  
rep lica tes.

deposition time were studied using cyclic voltammetry, and the relationship between the studied parameter and current response of thiram was plotted. The deposition potential was studied in the 
range of -1.0 to 0.2 V. The current signal of thiram was initially increased as the function of deposition potential from -1.0 to - 0.6 V and then decreased (Fig. 2A). For the deposition time, the current signal of thiram increased from 10 ร to 50 ร and then 
decreased (Fig. 2B). Therefore, the deposition potential of -0.6 V and the deposition time of 50 ร were chosen as optimal parameters for modification of AuNPs onto the electrode surface.
3 .3 . E le c t io c h e m ic a l  r e s p o n s e  o f  th ir a m  a t  A u N P s  m o d i f ie d  SPCE

As mentioned above, thiram is the best electrochemically active species. Thus, it was used as the representative of DTCs to study 
the electrochemical response. The cyclic voltammogram (CV) of 10 jig mL-1 of thiram obtained from bare SPCE and AuNPs modified SPCE at the potential range of 0.0 to 1.4 V was shown in Fig. 3. From CV results, the anodic current of thiram was investigated, and the current at AuNPs modified SPCE was significantly higher than the current obtained from bare SPCE due to 
the distribution of AuNPs on the electrode surface. We believe that the AuNPs on the electrode surface can enhance electron transfer and also improve the electrochemical determination of DTCs. For the comparison of oxidation current density between AuNPs 
modified SPCE and bare SPCE (Fig. 3B), the higher current density 
about nine times was observed at AuNPs modified SPCE. This result indicated that the AuNPs modified SPCE can be assuring 
electrode for the detection of thiram, disulfiram, and DEDMTDS. Therefore, this modified electrode can be an alternative electrode

B
140

Bare SPCE AuNPs
Fig. 3 . (A ) C yc lic  v o lta m m o g ra m  o f  th ira m  a t th e  AuNPs m o d if ie d  SPCE (re d  lin e ) 
co m p a re d  to  bare  SPCE (b lu e  lin e )  and  (B ) co m p a ris o n  o f  o x id a t io n  c u r re n t d e n s ity  
b e tw e e n  AuNPs m o d if ie d  SPCE (re d  ro d )  and bare  SPCE (b lu e  ro d )  vs. Ag /A gC l a t the 
c o n c e n tra tio n  o f  10 pg m L " 1 in  5 5 :4 5  o f  0 .05 M  p h o sp h a te  s o lu tio n  pH  5: 
a c e to n itr ile , scan ra te  100 m V  ร - 1 .

Time (min)
F ig. 4. R e presen ta tive  U H IT C -E D  c h ro m a to g ra m  o f  12 pg m L - ' o f  th ira m  (a), 
DEDMTDS (b ), and d is u lf ira m  (c ) in  a m o b ile  phase (0 .0 5  M  pho spha te  s o lu tio n  
(p H  5): a c e to n itr ile ) ,  th e  d e te c tio n  p o te n tia l o f  1.2 V  vs. Ag /AgC l u s ing  AuNPs 
m o d if ie d  SPCE, the  in je c t io n  v o lu m e  o f  50  pL, and  th e  f lo w  ra te  o f  1.5 m L  m in - '. 
C h ro m a to g ra m s  are re p re se n ta tive  o f  at least th re e  in d e p e n d e n t re p e tit io n s .

for using as working electrode with the advantages of low-cost material, simple fabrication and high sensitivity in case of detection DTCs.
3 .4 . UH PLC s e p a r a t io n

เท this work, C18 column was used to separate thiram, 
DEDMTDS, and disulfiram by isocratic elution. The effect of percentage of acetonitrile used in the mobile phase on the
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retention characteristics was first evaluated. When the percentage of acetonitrile < 40 was used, the separation time was higher than 
20 min and peak broadening of disulfiram was observed. On the other hand, at higher content of acetonitrile in mobile phase, the 
current signal of thiram, DEDMTDS, and disulfiram were decreased due to the low of diffusion coefficient with changing ionic strength 
of the medium. Therefore, the acetonitrile of 45% was selected as

F ig. 5 . H y d ro d y n a m ic  v o lta m m e tr ic  resu lts  a t th e  AuNPs m o d if ie d  SPCE fo r  a 10 ug 
๓ 1 “ ' each m ix tu re  (5 0  |iL  to ta l)  o f  th ira m  and d is u lf ira m . (A )  th ira m  (b lu e  line ), 
DEDMTDS (g re e n  lin e ), d is u lf ira m  (re d  lin e ) , and  b a ckg rou nd  (p u rp le  lin e ) : 
(B ) h y d ro d y n a m ic  v o lta m m o g ra m  o f  s ig n a l- to -b a c k g ro u n d  ra tios . The  o th e r  con 
d it io n s  a re  th e  sam e as in  F ig! 4 . Data are s h o w n  as th e  m ean +  1 SD d e riv e d  fro m  
th re e  in d e p e n d e n t re p e tit io n s .

compromise to achieve the completely separated them within 6 min with good sensitivity. In addition, 0.05 M phosphate buffer 
solution (pH 5) was chosen as the electrolyte solution because the high concentration of salt in buffer solution was not suitable for the UHPLC system. The chromatogram for the separation of 
standard mixture solution was shown in Fig. 4. The retention time of thiram, DEDMTDS, and disulfiram was 1.5, 2.6, and 5.4 min, respectively, and the retention time stability was found in the 
range of 0.1% to 1.5%. The peak widths were 11.6 ร for thiram, 14.2 ร 
for DEDMTDS, and 18.8 ร for disulfiram. Therefore, this proposed system offers the rapid time for separating DTCs.
3 .5 . H y d r o d y n a m ic  v o l t a m m e t r y

Hydrodynamic voltammetry was used to optimize the detection potential. The potential was studied in the range of 0.8 to 1.4 V. The peak current after each injection at different potential was recorded corresponding to the background current. These data were plotted as a 
function of applied potential to obtain the hydrodynamic curves as shown in Fig. 5. The detection potentials significantly affected the oxidation current of the thiram, DEDMTDS, and disulfiram as well as 
the background current (Fig. 5A). Therefore, the net current after background subtraction was studied, and signal-to-background (ร/B) 
ratios were plotted corresponding to the detection potential. It was found that the current increased when the potential increased up to1.2 V for all compounds (Fig. 5B). Therefore, the detection potential of1.2 V was selected as optimal detection potential for amperometric 
detection of thiram, DEDMTDS, and disulfiram after their separation with UHPLC.

3 .6 . M e th o d  v a lid a t io n  

3 .6 .1 . A n a ly t ic a l  p e r fo r m a n c e
The analytical performance of this proposed system was studied. 

The calibration curve between the concentration and current response of analytes was plotted as shown in Fig. 6. Under the optimal conditions, the linearity was observed in the range of 0.07 to 15 pg mL “1 for thiram, 0.07 to 12 pg mL-1 for DEDMTDS, and 0.5 to 15 pg mL-1 for disulfiram. The limit of detection (LOD) and limit of quantification (LOQ) were calculated from 3 Sbi/S and 10 Sbi/S, 
where Sbi is the standard deviation of blank measurements (ท=10), and ร is the sensitivity of the method or the slope of linearity. Good linearity value with r2 >  0.99 was obtained. LODs and LOQs were 
summarized in Table 1. In addition, when the performance of AuNPs

Time (min)
F ig. 6. The a m p e ro m e tr ic  v o lta m m o g ra m  fo r  d if fe re n t  co n c e n tra tio n s  o f  th ira m  (a). DEDMTDS (b ), and  d is u lf ira m  (c )  (0 .0 7  to  15 pg  m L - 1 ) u s in g  AuNPs m o d if ie d  SPCE and 
the  co rre s p o n d in g  c a lib ra t io n  p lo ts  ( in se t) . M easu re m e n ts  w e re  p e r fo rm e d  u n d e r th e  o p t im a l co n d itio n s .
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Table 1
L inea rity , l im it  o f  d e te c tio n  (LOD) and  l im it  o f  q u a n tita t io n  (LOQ ) o f  the  UHPLC-ED m e th o d  (ก =  3).

A n a ly te L inea r range (ng  m L -1  ) Slope (peak h e ig h t)  (pA /ng  m L ~ ' ) In te rc e p t ( f iA ) r2 LOD (ng  m L -1  ) L O Q (p g  m L “ ' )

T h ira m 0 .0 7 -1 5 0.2585 0.1636 0.9905 0.022 0.074

DEDMTDS 0 0 7 -1 2 0.3247 0.129 0 9 9 4 5 0.023 0.076

D is u lf ira m 0 .5 -1 5 0.1283 0.0406 0.9948 0.165 0.551

Table 2
Recent re p o r t u s in g  d if fe re n t  types o f  e lec trode s  fo r e le c tro c h e m ic a l d e te rm in a tio n  o f  DTCs.

M o d if ie d  e le c tro d e D e te c tio n  m e th o d L in e a rity  
range 

(p g  m L ' )

LOD
(fig  m L - 1 )

A n a ly te Real sam ple Reference

C y lin d ric a l ca rbon  f ib e r  
m ic ro e le c tro d e

S quare-w ave  v o lta m m e try 0 .2 4 -1 4 4 0.10 T h ira m G rape [7 |

G ra p h ite -p o ly  ( te tra flu o ro e th y le n e ) A m p e ro m e try 2 -1 0 0 0.14-1.0 T h ira m  and  d is u lf ira m A p p le 17.6)

H a ng in g  m e rc u ry  d ro p  e lec trode D iffe re n tia l pu lse 
v o lta m m e try

0 .0 1 -0 .6 0 0 1 Z ira m rice [2 7 1

H ang in g  m e rc u ry  d ro p  e lec trode S quare-w ave  v o lta m m e try 0 .01-0 .19 0.0072 Z ira m Potato, cabbage and 
to m a to

(28]

AuNPs m o d if ie d  SPCE A m p e ro m e try 0 .0 7 -1 5 0 .0 2 2 -
0.165

T h ira m , DEDMTDS and 
d is u lf ira m

G rape, ap p le  and le ttu c e This
w o rk

Table 3
The in tra - and in te r-p re c is io n s  and recoveries  o f  the  UHPLC-ED m e th o d  (ท = 3 ) .

Samples S p iked  le v e l ( fig  m L - 1 ) A n a ly te In tra -d a y In te r-d a y

R ecovery (%) RSD (%) Recovery (%) RSD (%)
A p p le 1 T h ira m 97.1 1.1 99.0 3.7

DEDMTDS 101.5 0 2 100.6 1.0
D is u lf ira m 104.1 3.3 1 0 0 6 4.9

3 T il i ram 102.7 0.1 100.7 5.7
DEDMTDS 102.7 0 3 1 0 2 0 1.4
D is u lf ira m 1 08 5 0.3 103.3 4.4

6 T h ira m 109.0 0 9 104.0 4.4
DEDMTDS 109.2 1.3 1 0 4 8 4.0
D is u lf ira m 97.4 0.6 98.1 2.4

9 T h ira m 109.3 0 6 107.0 1.8
DEDMTDS 109 2 0.3 107.7 1.7
D is u lf ira m 103.6 0.6 104 2 4.9

12 T il i ram 101 5 0.2 101 9 0.7
DEDMTDS 1 0 6 5 0.4 102.5 3.4
D is u lf ira m 102.6 0  2 101.4 2.5

G rape 1 T h ira m 100.1 0.2 102.3 3.3
DEDMTDS 101.5 2.3 9 9 7 1 9
D is u lf ira m 1 08 8 0 7 104.2 7.7

3 T h ira m 103.9 0.6 1 0 0 7 2 8
DEDMTDS 1 0 5 2 0 2 102.2 2.5
D is u lf ira m 107.9 0.3 1 0 4 7 2.7

6 T h ira m 103.5 1.0 103.3 2.9
DEDMTDS 98.9 1.5 102.6 4.9
D is u lf ira m 98.4 0.2 100.6 3.4

9 T h ira m 107 4 0.5 107.2 0.1
DEDMTDS 100.4 1.0 102.6 4.7
D is u lf ira m 97.5 0 4 98.0 2.6

12 T h ira m 106.1 0.4 103.3 2.4
DEDMTDS 1021 0 7 101.9 0.8
D is u lf ira m 1 0 0 5 0.3 100.9 5.0

Lettuce 1 T h ira m 98.8 0.8 101.9 3.4
DEDMTDS 102.6 1.4 101.6 1.4
D is u lf ira m 102.4 1.7 100.8 4.3

3 T h ira m 105.1 0.9 99.7 4.8
DEDMTDS 102.4 1.0 103.4 3 6
D is u lf ira m 1041 1.9 9 9 0 4.9

6 T h ira m 9 8 9 0.2 9 6 7 4.4
DEDMTDS 9 8 7 0 5 101 7 4 7
D is u lf ira m 1 0 6 0 0.5 101.3 4.1

9 T h ira m 108.0 1.8 105.8 2.5
DEDMTDS 100.5 3 7 101.8 3.8
D is u lf ira m 103.1 0.8 102.6 4.2

12 T il ira  m 102 6 13 101.6 2.5
DEDMTDS 100.5 2 9 1011 0.8
D is u lf ira m 100.1 0.6 1 02 5 2.3
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Table 4
D e te rm in a tio n  o f  DTCs le ve l in  d if fe re n t  sam ples (ท =  3) b y  tra d it io n a l UHPLC-UV m e th o d  and th e  deve loped  UHPLC-ED m e th o d  re p o rte d  here.

Samples

A p p le

Crape

Lettuce

Paired tw o - ta il tes t

S p iked le ve l (pg  m L “ ')  A n a ly te  A m o u n t fo u n d  (ng  m L ~ ')  (x  ±  SD) % recove ry

UHPLC-ED UHPLC-UV UHPLC-ED UHPLC-

1 T h ira m 0 .99  ±  0 .04 1.02 +  0.03 99.0 102.2

DEDMTDS 101 ± 0 .0 1 1.01 ± 0 .0 2 100.6 101.1
D is u lf ira m 0.98 ± 0 .0 5 1.01 +  0.05 97.5 100.6

6 T h ira m 6.24 ±  0.27 5.79 +  0 .26 104.0 96.5

DEDMTDS 6 1 5  +  0.10 6.12 +  0.19 102.5 101.9
D is u lf ira m 5 89  +  0.14 5 72 +  0.13 98.1 95.4

12 T h ira m 12.23 +  0 .50 11.90 +  0 .36 101.9 9 9 2
DEDMTDS 12.30 +  0 .49 1178 +  0 6 2 102.5 98.1

D is u lf ira m 12.42 +  0.25 12.26 +  0.23 103.5 102.1

1 T h ira m 1.02 +  0.03 1.02 +  0 .02 102.3 1 0 2 2
DEDMTDS 1.01 +  0.02 1.00 +  0.01 100.8 99.7
D is u lf ira m 1.04 +  0  08 0 .99  ±  0.01 104.2 9 8 7

6 T h ira m 6.20 +  0.18 5.92 +  0 1 9 103.3 98.7
DEDMTDS 6 .1 5 + 0 3 0 6.01 ±  0 .22 102.6 100.1
D is u lf ira m 6 .04  +  0.21 6 .04  +  0 1 2 100.6 100.7

12 T h ira m 12.17 +  0 .34 12.09 +  0.41 101.4 100.8
DEDMTDS 12.23 +  0 .60 12.00 +  0 .60 1019 1 0 0 0
D is u lf ira m 12 40  +  0.41 12 3 0  +  0 2 0 103.3 102 5

1 T h ira m 1.02 +  0.03 0 .98  +  0.03 101.9 98.1
DEDMTDS 1 02  ±  0  01 1.02 ±  0.04 102.2 101.6
D is u lf ira m 1.01 ±  0 .04 0.97 +  0.09 100.8 97.1

6 T h ira m 5.80 +  0 .26 5.75 ±  0.25 96.7 95.8
DEDMTDS 6.10 +  0.28 5 99  +  0  22 101,7 9 9 8
D is u lf ira m 6 08 +  0.25 5 9 9  +  0 1 3 101.3 9 9 8

12 T h ira m 12.20 +  0.41 11.98 +  0.27 101.6 99.9
DEDMTDS 12.13 +  0.47 11.94 +  0.62 101.1 99.5
D is u lf ira m 1 2 3 0  +  0 .20 1 2 .1 1 + 0 .3 5 102.5 100.9

t  va lues (a t ไ ng m L - 1 ) T h ira m 0.104
DEDMTDS 0.898
D is u lf ira m 0 7 9 2

t  values (a t 6  ng m L - 1 ) T h ira m 2.293
DEDMTDS 3.029
D is u lf ira m 1.747

t va lues (a t 12 |ig  m L - 1 ) T h ira m 2.808
DEDMTDS 2.989
D is u lf ira m -0 .2 4 3

t c r it ic a l 4.303

modified SPCE was compared to the other previous electrodes for the detection of DTCs as shown in Table 2. It was found that the LODs obtained from the proposed electrode were lower than using cylind
rical carbon fiber [7] and graphite-poly (tetrafluoroethylene) composite electrode [26]. However, few researches used the mercury 
electrode to provide lower LOD than this method but the mercury is toxic [27,28 j! Therefore, the proposed electrode offers less toxicity, 
uncomplicated, and low cost. Additionally, the proposed electrode shows good electrocatalytic properties for DTCs detection to obtain a high electrochemical sensitivity.

3 .6 .2 . A p p l ic a t io n  to  r e a l  s a m p le sTo assess the applicability of the proposed method, target compounds in samples from local supermarkets were investigated. The proposed method was applied for the detection of three different samples, including apple, grape, and lettuce. The standard addition method was chosen to investigate the reliability of 
this proposed system. The precision of the analytical process was 
evaluated by the repeatability of the process. The spiked concentrations in the dynamic linearity between 1 to 15 pg mL-1 were studied to calculate the RSD percentage. The summary of intra- 
and inter-day precision, and recovery that obtained from the 
proposed method was shown in Table 3. The RSDs and recoveries of intra-day were found in the range of 0.1-3.7% and 94.3-108.8%, 
respectively, while the inter-day RSDs and recoveries were found in the range of 0.1-5.7% and 95.8-107.7%, respectively. Therefore,

this method is an alternative and suitable for rapid separation and simultaneous determination of DTCs.To validate the proposed method, UHPLC-UV was used as a 
standard method to compare the acceptable and reliable. The results obtained from UHPLC-ED and UHPLC-UV were compared by a paired t-test at the 95% confidence for three samples that spiked with three 
standard concentrations (1, 6, and 12 pg mL-1 to represent the low, medium, and high level, respectively). The critical t-value was significantly higher than calculated t-values between two assays. From 
the results shown in Table 4, the calculated t-values of three concentrations were found in the range of -0.243 to 3.029 and lower than critical t-values (4.303). It can be concluded that there is. no significant difference between UHPLC-ED and conventional UHPLC- 
UV method. Therefore, the results obtained from UHPLC coupled with amperometric detection using AuNPs modified SPCE is acceptable and 
reliable for applying to simultaneous determination of DTCs in food.

4. Conclusions
AuNPs modified SPCE was firstly developed for the determination of thiram, disulfiram, and DEDMTDS after their separation with UHPLC system. Under the optimal conditions, the separation 

was complete within 6 min, and the high current response signal was obtained at AuNPs modified SPCE. The main advantages for the use of AuNPs modified SPCE are in term of high sensitivity, low-cost and simple fabrication-based material. Reproducible signal from %RSD for intra- and inter-day were below 5%. These
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results indicated that the high reproducibility was obtained using this system for long time. Moreover, the proposed UHPLC-ED 
system is an acceptable and reliable method compared to standard UHPLC-UV system using paired t-test. Ultimately, the UHPLC 
coupled with AuNPs modified SPCE amperometry is successfully 
applied for real samples. This proposed electrode could be a novel 
or an alternative electrode in UHPLC-ED system for the simulta
neous determination of DTCs in fruits and vegetables with low 
cost material, simple fabrication, and high sensitivity.
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Abstract We propose a novel alternative approach to long
term glycaemic monitoring using eggshell membranes 
(ESMs) as a new immobilising platform for the selective 
label-free electrochemical sensing of glycated haemoglobin 
(IlbAlc), a vital clinical index of the glycaemic status in dia
betic individuals. Due to the unique features of a novel 3- 
aminophenylboronic acid-modified ESM, selective binding 
was obtained via cis-diol interactions. This newly developed 
device provides clinical applicability as an affinity membrane- 
based biosensor for the identification of HbAlc over a clini
cally relevant range (2.3 - 14 %) with a detection limit of 
0.19%. The proposed membrane-based biosensor also exhib
ited good reproducibility. When analysing normal and abnor
mal HbAlc levels, the within-run coefficients of variation 
were 1.68 and 1.83 %, respectively. The run-to-run
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coefficients of variation were 1.97 and 2.02 %, respectively. 
These results demonstrated that this method achieved the pre
cise and selective measurement of HbAlc. Compared with a 
commercial HbAlc kit, the results demonstrated excellent 
agreement between the techniques (ท =15), demonstrating 
the clinical applicability of this sensor for monitoring 
glycaemic control. Thus, this low-cost sensing platform using 
the proposed membrane-based biosensor is ideal for point-of- 
care diagnostics.

Keywords Glycated haemoglobin (HbAlc) - Diabetes 
mellitus ■ 3-aminophenylboronic acid • Eggshell membrane - 
Membrane-based biosensor - Selective label-free electro
chemical detection

Introduction
The alarming increases in mortality and health care expendi
tures resulting from diabetes have brought about considerable 
efforts to make disease-related measurements outside clinical 
settings, especially at a patient’s bedside. High blood glucose 
contributes significantly towards many chronic complications, 
e.g., atherosclerosis, kidney failure, retinopathy, and cognitive 
degeneration [1, 2]. The frequent monitoring of glycaemic 
levels is of great importance for preventing the serious com
plications associated with diabetes and also for delaying the 
clinical progression of the disease. Traditionally, glycated 
haemoglobin (HbAlc) has been used as a predominant bio
marker for the long-term assessment of glycaemic control in 
clinical practice. HbAlc is irreversibly fonned by a slow, non- 
enzymatic glycation process at one or both of the N-terminal 
valine residues of the (3-chains of haemoglobin over a long 
period of time, which corresponds to the average lifespan of 
erythrocytes in the preceding 2-3 months. The American
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Diabetes Association (ADA) strongly recommends maintain
ing tight control over the level ofHbAlc, with recommended 
values lower than 7 % and using HbA 1 c level as a diagnostic 
criterion for diabetes [3], A quantitative measurement of 
HbAlc should be performed at least twice a year in patients 
with good glycaemic control and at least once every 3 months 
in individuals with poor glycaemic control [3].

Currently, the quantitative analysis of HbAlc is performed 
with a variety of analytical techniques, including electropho
resis [4], ion-exchange chromatography [5], boronate affinity 
chromatography [6], mass spectrometry [7-9], immunoassays 
[10-13], electrochemical detection [14-19], piezoelectric sen
sors [20-22], chemiluminescence [23], surface plasmon reso
nance [24] and surface-enhanced resonance Raman spectros
copy [25], Among these available techniques, the major draw
backs are that such methods are rather complicated, take a 
long time for the analysis [10] and require tire use of labelled 
antibodies [ 16], expensive equipment [2 0 , 22] and/or sample 
preparation prior to the analysis [26]. Additionally, the effects 
of haemoglobin variants and chemically modified derivatives 
could also complicate these methods of IlbAlc measurement 
[4]. Although boronate affinity chromatography and mass 
spectrometry appear to be unaffected by interference from 
haemoglobin derivatives, the high-priced cost of analysis 
and the need for sophisticated instruments making these 
methods unsuitable for routine clinical usage [7],

Due to the unique features of boronic acid binding, this 
compound is of interest in developing an alternative detection 
method to distinguish between non-glycated haemoglobin 
(HbAo) and HbAlc. Boronate groups are able to form stable 
complexes with the diol groups from glycated proteins under 
alkaline conditions [27]. Consequently, a boronate derivative 
is a critical component of an affinity biosensor for the analysis 
of glycosylated biomolecules. More recently, to amplify the 
electrochemical signal, Song et al. proposed the competition 
assay between HbAlc and glucose oxidase on the boronate- 
modified electrode surface for HbAlc determination in whole 
blood samples [17], The proposed biosensor provided a linear 
response covering the clinical reference range found in diabet
ic patients (4.5-15 %). However, in contrast to the 
voltammetric and amperometric methods, impedimetric mea
surements gain the full benefits of understanding the chemical 
reaction mechanisms, including electron transfer, absorption, 
conductance, and mass transport of the redox probe [28]. 
Therefore, for this purpose, the use of electrochemical imped
ance spectroscopy for investigating chemical characteristics is 
highly desirable. A technique for selective HbAlc biosensing 
by impedance spectroscopy has been previously reported to 
enable the detennination of HbAlc concentrations with high 
sensitivity [29-31]. This previously reported technique 
depended primarily on a self-assembled monolayer (SAM) 
of thiophene-3-boronic acid (T3BA) on gold electrodes. 
However, the dynamic detection range has yet to match the

physiological range of HbAlc in real blood samples (3- 
13 mg mLT1) [21], Thus, improvements of the sensing inter
face are needed to achieve an acceptable linear range for the 
clinical assessment of HbAlc.

Porous fibres consisting of proteins, e.g., eggshell mem
branes (ESMs), have attracted much attention because of the 
wide potential applications of these fibres as low-cost plat
forms for immobilisation. Previous studies on other selective 
microporous membranes [32, 33] suggested the potential 
problems of delicate operation and high cost as important 
barriers for the development of membrane-based biosensors. 
ESM, a naturally occurring biological polymer, has a distinct 
property of an interconnected porous structure, making ESM a 
useful biomaterial to use as a template for surface modifica
tion. ESM is generally available, affordable, abundant, bio
compatible and environmentally friendly. Moreover, the 
amines and amides on its surface present positively charged 
functional groups can be functionally modified [34]. Because 
of these properties, ESM has currently been used in several 
biomedical applications as a membrane for guided bone re
generation [35], a biological dressing to promote the 
infection-free healing of wounds [36] and a platform for pro
tein immobilisation [37, 38].

To date, no data is currently available on label-free biosens
ing with boronate affinity applications. Therefore, the primary 
aim of this work was to investigate the possibility of using 
ESM as a new immobilising platform for surface modification 
with boronate derivatives. Such a platform can be applied to 
the generation of an affinity-based biosensor to identify 
HbAlc. In this study, a novel ESM-based analytical device 
for the quantitative measurement of HbAlc in patient blood 
samples was constructed and evaluated. The selective 3- 
aminophenylboronic acid (APBA)-modified ESM was con
structed as a specific binding component of a device for the 
label-free electrochemical impedance spectroscopy measure
ment. The APBA plays a key role in the selective binding of 
HbAlc via cis—diol interactions with a boronate-recognition 
group. To our knowledge, this newly proposed device is the 
first ESM-based biosensors for determining HbAlc in blood 
samples. Using ESM as a new immobilising platfonn, our 
study demonstrated that ESM can be used in the development 
of a reliable and inexpensive device for assaying HbAlc.

Materials and methods 

Reagents and chemicals

For assaying HbAlc levels, a Lyphochek® HbAlc Linearity 
Set and Lyphochek® Diabetes Controls were purchased from 
BioRad Laboratories (Hercules, CA, USA). Analytical grade 
chemicals were used throughout this study. APBA, 4- 
ethylmorpholine, sodium chloride, potassium chloride,
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potassium hexacyanoferrate II, potassium hexacyanoferrate 
in, a glutaraldehyde solution (25 %, พ /พ ), ethanolamine, so
dium acetate trihydrate, potassium cyanide, sodium phosphate 
monobasic, sodium phosphate dibasic, potassium ferricya- 
nide, sodium bicarbonate and haemoglobin-Ao were obtained 
from Sigma (St. Louis, MO, USA). Hydrochloric acid, Brij® 
35 (polyoxyethylene (23) lauryl ether detergent) and acetic 
acid were acquired from Merck (Dannstadt, Germany). The 
materials used to determine the haematocrit (Hct) values, in
cluding microhaematocrit tubes, a microcapillary reader, and a 
microhaematocrit centrifuge, were manufactured by Vitrex 
Medical A/S (Ilerlev, Denmark), International Equipment 
Company (Needham Heights, MA, USA) and Hawksley and 
Sons Ltd. (S ussex , E ng land ), re sp ec tiv e ly . A 
cyanmethaemoglobin standard solution was available from a 
local service provider. The commercial platinum screen- 
printed electrode was supplied by DropSens (Asturias, 
Spain). To determine the HbAlc levels in the whole blood 
samples, commercial in2it™ (II) Ale test kits from BioRad 
Laboratories (Hercules, CA, USA) were employed to validate 
the method based on well-established boronate affinity 
chromatography.

ESM preparation
Chicken eggs were purchased from the local supermarket and 
stored at 4 ๐c  before use. The ESM is a double-layered mem
brane inside the eggshell composed of highly cross-linked 
proteins. According to the method described by Yeni et al. 
[39], to obtain the whole ESMs, eggs were soaked in absolute 
acetic acid at 4 °c for 18 h and the membrane was subsequent
ly peeled off of the broken eggshell. Afterwards, the mem
branes were cleansed with a copious amount of deionised 
water before cutting into circles with a diameter of approxi
mately 13 mm. The circular ESMs were stored in a 10-mM 4- 
ethylmorpholine buffer containing 0.25 M KC1 and 0.1 M 
NaCl until further use.

To characterise the microstructure of the ESM with and 
without the immobilised HbAlc, a scanning electron micro
scope (JSM-5410LV, JEOL, Tokyo, Japan) and transmission 
electron microscope (TEM-2100, JEOL, Tokyo, Japan) were 
used to study the surface and internal structure of the ESMs. 
For scanning electron microscopy (SEM), the dried circular 
membranes were placed on a specimen stub and coated with a 
thin layer of gold before analysis. To prepare the ESMs for 
transmission electron microscopy (TEM), the membranes 
were initially fixed with a 2.5 %  (พ /พ ) glutaraldehyde solution 
and 1 % (พ/v) osmium tetroxide before being dehydrated with 
a series of washes with ethanol at concentrations ranging from 
35 to 95 %. The membranes were further immersed in propyl
ene oxide, embedded in an epoxy resin solution, dried, and 
then cut to 90-nm thickness using an ultramicrotome before 
being placed on a copper grid. Finally, to increase the contrast

level of the image, the membranes were stained with uranyl 
acetate and lead citrate before tire TEM investigation.

Surface modification with APBA
Unless otherwise stated, for fabrication of the APBA- 
modified ESM, a drop of glutaraldehyde solution was placed 
on the surface of the membrane, which was then thoroughly 
washed with 10 rnM 4-ethylmorpholine buffer before the ad
dition of 2.5 mg mL_1 of APBA. The excess aldehyde groups 
were subsequently removed by rinsing with 10 ffiM ethanol
amine followed by an additional wash. Finally, various con
centrations of HbAlc were used to investigate whether 
HbAlc could bind to the selective sensing surface via cis-diol 
interactions. Each consecutive step was carried out on the 
same piece of platinum screen-printed electrode with the use 
of the electroactive redox probe. The electrochemical imped
ance spectroscopy measurement was conducted in a step-wise 
manner. The APBA-modified ESMs could be used repeatedly 
after washing with a regeneration buffer, 10 rnM sodium ace
tate at pH 5, which reversed the HbAlc binding reaction. A 
sodium acetate buffer could be used to remove HbAlc from 
the APBA-modified membranes because the binding of 
boronate groups with diol groups has been shown to be quite 
unstable under acidic conditions [40],

Glutaraldehyde was used as a coupling agent and served as 
a homo-bifunctional crosslinker between the amine moiety of 
APBA and the amine groups on the surface of the ESM, as 
depicted in Fig. lb. The aldehyde group is expected to attach 
to the amine group of APBA. Afterwards, any remaining al
dehyde groups were then blocked with the ethanolamine buff
er. In such a case, the specific binding between the boronic 
acid groups and HbAlc occurs via cis-diol interactions.

Sample preparation
Healthy participants and diabetic patients, as defined by the 
American Diabetes Association criteria [41], volunteered to 
take part in our study. Written informed consent was obtained 
from all the individuals before the study began. The project 
regarding the development of membrane-based biosensors 
was approved by the Ethics Review Committee for Research 
Involving Human Research Subjects, Health Sciences Group, 
Chulalongkom University (ECCU) under approval number 
COA No. 057/2557. Whole blood samples were collected in 
vacuum blood collection tubes using tripotassium etliylenedi- 
aminetetraacetic acid (K3EDTA) as an anticoagulant. The Hct 
and total haemoglobin (Hb) were quantified using the 
m icrocapillary and cyanm ethaem oglobin methods 
(Drabkin’s reagent), respectively. After measuring the Ilct 
and total Hb, centrifugation was used to separate the plasma 
from cells, and then the plasma was discarded to eliminate 
glucose and other glycated proteins existing in the plasma.
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Fig. 1 S ch em atic  d iag ram  o f  the 
p ro p o se d  E S M -based  b io se n so r 
illustra ting  (a) a  con figu ra tio n  o f  
th e  labe l-free  e lec tro ch em ica l im 
p ed an ce  sy ste m  se tu p  and  (๖) a 
reac tio n  sch em e  fo r im m o b ilis ing  
A P B  A  o n  the su rface  o f  E S M s

E ggshell m em brane 3 -A m inop lieny lbo ron ic  acid -m odified  
eggshell m em brane

The red blood cells remaining were carefully washed three 
times with physiological saline (a 0.9 % sodium chloride so
lution) to remove the plasma completely. To prepare the red 
blood cell lysates, a haemolysing buffer solution (26 mM 
NaH2P 0 4, 7.4 mM Na2H P04 and 13.5 mM KCN), as pre
pared according to a previous study [14], was used to lyse 
the red blood cells prior to the electrochemical impedance 
measurement.

Label-free electrochemical impedance spectroscopy 
system setup
The label-free electrochemical impedance spectroscopy mea
surement was earned out with a potentiostat/galvanostat in- 
s t r u m e n t  (A u to la b  P G S T A T 3 0 , E co  C h e m ie , 
The Netherlands) equipped with the Frequency Response 
Analyser system software. In tins study, the impedance detec
tion system was connected to a commercial platinum screen- 
printed electrode (DropSens, Asturias, Spain) for the selective 
electrochemical sensing of HbAlc. This new configuration is 
illustrated in Fig. la. A circle-sized APBA-modified ESM 
(13 mm) was well positioned on the platinum screen-printed 
electrode surface and covered all of the three electrodes, 
consisting of the counter (CE), working (WE) and reference 
electrodes (RE). The membrane was carefully placed over the 
electrode to prevent the formation of air bubbles between both 
layers. The whole assembly, i.e., an integrated electrode with a 
thin layer of ESM, an O-ring and a custom-ordered holder, 
was clamped together through a magnetic force. The electron
ic connections were accomplished by a customised designed

electronic connector. The impedance measurement was con
ducted over a frequency range of 10 Hz to 100 kHz with an 
applied current potential of 10 mV. The redox ions, i.e., a 5- 
raM (Fe(CN)6)3~/4_ solution containing 0.25 M KC1 and 
0.1 M NaCl dissolved in 10 mM 4-ethylmorpholine buffer, 
were prepared and used as an electroactive probe throughout 
the experiment. The impedance data were fitted to an 
equivalent-circuit model using the NOVA 1.9 software.

Results and discussion
Surface characterisation of the ESM
The ESM, a thin film adhering inside the eggshell, is com
posed of three thin membranes, namely, the outer ESM, inner 
ESM and limiting membrane, from outside to inside [42], In 
our study, the entire ESM was used as a sheet membrane, and 
the membrane surface that contacts the shell was called the 
outer surface, whereas the opposite surface was called the 
inner surface. Figure 2 displays scanning electron micro
graphs (a-d) and transmission electron micrographs (e, f) of 
ESMs with and without the immobilised red blood cell ly
sates. The surface structure was found to be different side of 
an ESM, as shown in Fig. 2a. The total thickness of the ESM 
was approximately 60-70 pm, which is in agreement with the 
work of Takiguchi et al. [43]. A network-like structure was 
observed on the ESM surface (Fig. 2b), indicating that the 
ESM consisted of highly cross-linked protein fibres and cav
ities. The fibres o f the inner layer were smaller and smoother
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Fig. 2 S E M  im ag es o f  the E SM : (a) cro ss-sec tio n , (b) o u te r  su rface , (c) in n e r su rfa ce  a n d  (d) a fte r  ex p o su re  to  H b A lc ;  a n d  T E M  im ag es o f  E S M : (e) 
m em b ra n e  fibres con s is tin g  o f  a  co llagen -rich  c o re  su rro u n d e d  b y  a  m an tle  lay e r and  e x tra -fib re  sp ac e s  and  (1) a fte r ex p o su re  to  H b A lc

than those of the outer layer (Fig. 2c). After the immobilisa
tion of APB A, the red blood cell lysates were able to adhere to 
the surface of the ESM, as depicted in Fig. 2d. Our analysis 
indicated that the red blood cell lysates were successfully 
immobilised on the surface of the ESM. Figure 2e presents 
the TEM micrograph showing that the membrane fibres are 1- 
4 urn in diameter and separated by extra-fibre spaces. Each 
fibre consists of a collagen-rich core that is surrounded by a 
glycoprotein-rich mantle [44]. The internal cavity of the ESM 
was occupied by HbAlc after exposure to the red blood cell 
lysates (Fig. 2f). These results implied that some components 
of the red blood cell lysates attached to the surface of the 
ESM, while other components entered into the interlacing 
network of ESM fibres.

HbAlc optimisation of the assay
E ffe c t o f  p H

The effect of pH has been widely perceived to be the most 
crucial factor for affinity binding between HbAlc and the 
boronate groups. ๒ general, under alkaline conditions, boron- 
ic acid is transformed to its tetrahedral anionic form, which 
subsequently reacts with the diol group of a glycated protein 
to form a cyclic ester. A pH above the \~)K.11 value of APBA is 
typically considered optimal for this reaction; however, it has 
been suggested that determining the optimum pH for binding 
is not this simple [45], Therefore, ๒ this study, the effect of pH 
on binding was investigated with a 10-mM 4-ethyhnorpholine 
buffer solution containing 0.25 M KC1 and 0.1 M NaCl to 
maintain the pH at 8, 8.5, 9 or 9.5. As shown in Fig. 3, the 
normalised ratio of stimulated resistance plotted against the

I IbAlc concentration was greatly impacted by pH. The results 
revealed that the sensitivity of the HbAlc assay increased with 
increasing pH. Although the binding o f H bA lc to the 
boronate complexes at pH 9.5 provided the highest sensitivity, 
this pH was disregarded due to the narrow linearity also ob
tained at this pH. Furthermore, under extremely alkaline con
ditions, the tertiary and quaternary structures of glycated pro
teins would be subject to dénaturation. Thus, a pH of 8.5 was 
instead selected for all subsequent experiments because this 
pH provided a wider linear range that extended to 14 % 
HbAlc. At pH values close to the p K„ of APBA, the boronate 
group is expected to exist in an anionic form, which is able to 
bind specifically with a diol to form the boronate ester. 
Similarly, Pribyl et al. also suggested that a pH above 8 can 
generally be accepted as an optimum condition [22],

Fig. 3 T h e  e ffe c t o f  p H  o n  H bA  1 c  b in d in g ; circles p H  ร, triangles p H  
8 .5 , inverted triangles p H  9  a n d  squares p H  9 .5
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Effects o f glutaraldehyde and APBA concentrations

In our system, the glutaraldehyde solution was used as a cross- 
linking agent to achieve covalent bonding between the amino 
groups of the ESMs and amine functional groups of APBA. 
Two levels of an HbAlc standard solution were employed to 
investigate the effect of glutaraldehyde concentration on the 
impedance signal response of the APBA-modified ESMs at a 
concentration of 0.25 mg mL~' APBA. After 5 min of glutar
aldehyde immobilisation, when normal and high levels of 
H bA lc were assayed, the impedance response o f the 
membrane-based biosensor increased with increasing concen
trations of glutaraldehyde, as depicted in Fig. SI A in the 
Electronic supplementary material. Hence, a 25 % (wAv) glu
taraldehyde solution was the optimum condition and was se
lected for all subsequent experiments. In comparison, when 
using ESM as an enzyme immobilisation platform, higher 
glutaraldehyde concentrations lead to a decrease in the sensi
tivity of the biosensor due to the dénaturation o f the enzyme. 
In general, a 2.5 % (พ/พ) glutaraldehyde solution has been 
chosen as the optimal cross-linking agent for enzyme immo
bilisation; however, the immobilisation normally occurs over 
a prolonged period ranging from 30 min to 8 h, permitting 
long-term contact o f the enzymes with glutaraldehyde 
[46-48], In contrast, the method of choice in this study in
volved an immobilisation strategy that utilised a higher con
centration o f glutaraldehyde and a short contact time. This 
approach is not without precedent because several instances 
of using high concentrations of glutaraldehyde have been re
ported in the literature [49-51],

The concentration of APBA was also a relevant factor that 
directly affected the binding of HbAlc to the ESM-based 
biosensor. The signal response increased with an increasing 
concentration o f APBA, as depicted in Fig. SIB in the 
Electronic supplementary material). However, when the con
centration of APBA was higher than 0.25 mg ml, ', the re
sponse reached a maximum value, indicating that the amount 
of APBA had achieved equilibrium. Tlius, 0.25 mg mL_) of 
APBA was used for all subsequent experiments.

Effect o f  incubation time

A ltera tion  o f the tim es for the APBA and H b A lc  
immobilisations on the ESMs could affect the amount of 
immobilised boronic acid functional groups and HbAlc mol
ecules, respectively, on the surface of the ESMs, which are in 
direct proportion to the sensitivity of the membrane-based 
biosensors. Thus, the effect on HbAlc detection of APBA 
immobilisation times from 10 to 40 min was also investigated 
(Fig. S2A in the Electronic supplementary material). When 
assaying two levels of HbAlc with 0.25 mg mL-1 of APBA, 
the impedance signal increased gradually as the immobilisa
tion time increased from 10 to 20 min and the signal reached a

steady state after 20 min of incubation. Therefore, the opti
mum immobilisation time for APBA was determined to be 
20 min. Figure S2B in the Electronic supplementary material 
illustrates the effect of HbAlc immobilisation time on the 
impedance signal obtained from the APBA-modified ESM. 
In this case, when assaying two levels of HbAlc, the signal 
response increased with an increasing incubation time and 
approached the maximum value after 15 min. Thus, consider
ing a compromise between the signal response and analysis 
time, a 15-min incubation time was used throughout our 
studies.

Analytical characteristics
EIS characterisation o f  the sensing interface

One of the distinctive features of ESM is that its structure is 
composed of an intricate lattice meshwork of large and small 
fibres interlocking with each other, and the ESM surface is 
expected to contain the reactive functional groups, i.e., amines 
and amides, that are expected to react with APBA via a glu
taraldehyde coupling agent. In our study, the inner surface of 
the ESM was subjected to step-wise boronate modifications 
with a platinum screen-printed electrode underneath. Label- 
free electrochemical impedance measurements were subse
quently perfonned following each step of the surface modifi
cation. Figure 4 has Nyquist plots for the kinetic redox pro
cess, using (Fe(CN)6)'W4~ as an electroactive probe, on a bare 
p latinum  screen-prin ted  electrode and on the ESM, 
glutaraldehyde-activated ESM and APBA-modified ESM. 
Compared with the impedance data obtained from a bare elec
trode, a twofold increase in the charge-transfer resistance (Ret) 
was observed when the membrane was placed on the

Fig. 4 N y q u is t  p lo ts  fo r  th e  s te p w is e  a n a ly s is  o f  th e  circles  b a re  
e le c tro d e , squares  E S M , triangles  g lu ta r a ld e h y d e - t r e a te d  E S M  a n d  
inverted triangles A P B A -m o d if ie d  E S M  su rfa c e  in  th e  p re s e n c e  o f  a 
5 m M  (F e  (C N )6)JV4~redox p ro b e  in 10 naM  4 -e th y lm o rp h o lin e  b u ffe r 
(p H  8.5)
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electrode. This evidence implies that the fibrous ESM 
immobilised on the surface o f platinum electrode was 
blocking redox species movement. When the glutaraldehyde 
solution was applied, the curve broadened significantly, indi
cating a dramatic increase in resistance. Surprisingly, when 
the glutaraldehyde-activated ESM was further modified with 
APBA, the Ret s ig n ifican tly  decreased, ind icating  
neutralisation of the negative charges of the redox probes. 
The observed decrease in the Ret may result from the almost 
neutral net charge of APBA in a buffer with a pH close to the 
pKa of APBA. In addition, APBA may directly bind to the 
surface of the ESM because the network of protein fibres in 
this type of membrane is composed of a collagen-rich core and 
a glycoprotein-rich mantle [52]. To investigate whether the 
impedance changes were due to the resistance o f the mem
brane, a control experiment was also performed using the 
screen-printed electrode without ESM prepared in the same 
manner as the electrode in the proposed system. Nyquist plots 
for the stepwise modification of screen-printed electrodes are 
shown in Fig. ร3 (Electronic supplementary material). The 
impedance response obtained from the glutaraldehyde- 
treated electrode was significantly decreased compared with 
that obtained from the bare electrode. Additionally, the 
glutaraldehyde-treated electrode was not responsive to the 
0.25 mg mL-1 APBA. The impedance signals of the APBA- 
modified electrode were not in direct proportion to the various 
concentrations of HbAlc, implying that the changes in imped
ance of the proposed membrane-based system were due to the 
resistance of the membrane.

Calibration curve fo r  the detection o f HbAlc

The differential change in impedance with increasing HbAlc 
concentrations is clearly indicated in the Nyquist plot, as 
depicted in Fig. 5a. After exposure to the HbAlc, the Ret was 
significantly increased due to the ability of HbAlc to ๒teract 
with APBA on the modified ESM and thus hinder the move
ment of redox species to the platinum electrode surface below 
the ESM. A control experiment was also carried out using an 
ESM without immobilised APBA, which was prepared in a 
manner similar to the proposed system. The impedance signal 
response towards HbAlc over the concentration range of 2.3 to 
14 % remained unchanged compared with the baseline signal 
of the ESM (Fig. S4 in the Electronic supplementary material). 
This result confirmed that the impedance signal arose from the 
specific binding between the APBA-modified ESM and 
HbAlc via cis-diol interactions. Additionally, as shown in 
Fig. 5b, a significant phase shift was observed after attachment 
of the HbAlc and a less obvious change occurred with increas
ing concentrations of HbAlc. Dramatic changes in impedance 
were noticed at the lower frequency ranges (Fig. 5c), thereby 
demonstrating the sensitive response of the APBA-modified 
ESM towards HbAlc.

The impedance data are satisfactorily described by the be
haviour of a system with the equivalent circuit shown in 
Fig. 5d (inset), which comprises a series of two constant- 
phase elements (CPEs) in parallel with two resistances (Rp) 
and the Warburg impedance element (พ), along with the so
lution resistance (Rs). The good fitting results are shown in 
Fig. S5 (Electronic supplementary material). In this model, Rs 
corresponds primarily to the resistance of the electrolyte solu
tion, whereas Rp 1 and Rp2 are the Ret values that correspond 
to the membrane resistance and charge-transfer kinetics at the 
platinum screen-printed electrode, respectively. A CPE is used 
to describe the non-Faradic process at the membrane solution 
and electrode-solution layers. The CPE is defined as 
ZCPE=(A'jjya, where A is a proportionality factor, น) is the 
angular factor and a  is an exponential term with a value be
tween 0 and 1. When the value of a  is equal to 1, the CPE acts 
as a resistor [28]. Based on the results o f fitting the electro
chemical impedance data to this equivalent circuit, an increase 
in the membrane resistance Rpl response is observed in the 
presence of increasing HbAlc concentrations. These results 
implied that the immobilised HbAlc could fully occupy the 
porous network of the ESM; therefore, the electroactive probe 
was not accessible to the surface of the platinum electrode, 
resulting in an increase in the Ret. The rate constant for the 
Faradic reaction of (Fe(CN)6)3_/4_, an electroactive probe, has 
been described using the electrochemical basis o f the Ret, as 
ind icated  in the fo llow ing equation  [53]: R ct= R T / 
(ท2/72A/cnm ,Q  where R is the gas constant, T is the tempera
ture, ท is the number of electrons transferred, F  is the Faraday 
constant, A is the electrode surface area, Æ0app is the rate con
stant of the redox process and c  is the concentration o f the 
redox species. In our proposed system, the A and the Â:°app can 
be altered by the stepwise modification process.

The normalised ratio o f the resistances derived from the 
fitted resistance values was plotted versus the various concen
trations of HbAlc, as illustrated in Fig. 5d. The results re
vealed that the normalised response was linear up to 14 % of 
HbAlc, with a regression equation of y=0.1151JC+2.2216 
( r =0.990). The detection limit, defined by a signal-to-noise 
ratio of 3, was found to be 0.19 %, a slightly higher sensitivity 
than that described by Kim et al. [14]. These findings suggest 
that the proposed system provides sufficient sensitivity to 
measure the concentration of HbAlc within the required clin
ically relevant range o f HbAlc, where 4—6 % is considered 
normal and covers the clinical reference range of diabetes 
(6.5-15 %) [3], Compared with other electrochemical imped
ance measurements ofH bA lc, the proposed membrane-based 
biosensor provides a wider linear range for assaying HbAlc 
[29-31]. ESM has a distinctive property. The higher the po
rous fibres, the higher the immobilisation surface areas, is 
available for boronate-binding sites. Hence, the high surface 
density of the available boronate groups increases the sensi
tivity and linearity o f the proposed biosensor. With the
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F ig . 5  Im p ed an ce  d a ta  ob ta ined  
from  (a )  N y q u ist p lo t, (b) B ode- 
p h a se  p lo t o f  th e  A P B A -m o d ified  
E S M  b efo re  a n d  a fte r  it w as e x 
p o se d  to v ario us  c o n c en tra tio n s  o f  
H b A lc :  circles A P B A -m o d ified  
E S M , squares 2 .3 % , triangles 
4 .6  % , inverted triangles 6 .3  % , 
diamonds 10 %  a n d  hexagons 
14 %  H b A lc ;  (c) B o d e -in o d u lu s  
p lo t  a n d  (d) v aria tio n  o f  the  n o r
m a lised  ch a rg e-tran sfe r  res is tan ce  
(Ret) w ith  resp ec t to  th e  c o n c en 
tra tio n  o f  H b A  1 c  (% ). Inset right, 
an  e q u iv a le n t c ircu it fo r a n a ly sin g  
th e  im p edan ce  d ata ; Rs so lu tion  
resis tan ce, R p l  m em b ra n e  resis
tance , Rp2  c h a rg e -tran sfe r  k in e t
ics, CPE  c o n s tan t-p h a se  e lem en t, 
พ  W arburg  im p edan ce

a

z„ (ท)
c d

proposed ESM biosensor, samples can be directly tested with
out requiring additional sample dilution steps and avoiding 
pipetting errors. In addition, this label-free affinity platform 
provides US with a better understanding of interfacial sensing 
mechanisms and a great tool for glycaemic monitoring in di
abetic patients, especially those in developing countries. A 
favourable comparison of the analytical characteristics for 
HbAlc determination using boronate-based electrochemical 
methods is provided in greater detail in Table SI (Electronic 
supplementary material). Importantly, according to the standard 
interpretation norms of HbAlc in clinical practice, the HbAlc 
concentration should be expressed as the percentage of total 
haemoglobin (i.e., mmol mol-1 or %). Thus, in our studies, 
the HbAlc haemolysate standards (% HbAlc), which are cur
rently used for commercial instruments, were selected as being 
representative of real clinical samples. As demonstrated here, 
the proposed membrane-based system leads to a substantial 
improvement in the dynamic detection range of HbAlc (up to 
14 %) and also exhibits excellent sensitivity. Such capabilities 
make this method useful for real sample analysis and for 
assessing the glycaemic levels for clinical diagnosis.

Reproducibility

The reliability of the proposed membrane-based biosensor 
was determined with a precision assay that included two levels 
of HbAlc, i.e., normal (4.6 %) and diabetic (10 %) HbAlc

concentrations, performed on the same day and on three con
secutive days. Tire results revealed that the within-run repro
ducibility (each concentration; ท =10) was indicated by CVs 
o f 1.68 and 1.83 % when assaying normal and abnormal levels 
of HbAlc, respectively. Furthennore, the run-to-run reproduc
ibility studies at normal and abnormal levels resulted in CVs 
of 1.97 and 2.02 %, respectively, assessed on three consecu
tive days (each concentration; «=30). The regeneration exper
iment is also demonstrated in Fig. S6 (Electronic supplemen
tary material). Due to the reversible binding between HbAlc 
and boronate-recognition groups, the proposed membrane- 
based biosensor could be used as a reusable sensing platform. 
After repeated usage of the proposed membrane-based biosen
sor, similar signal responses were observed up to 10 cycles 
without losing APBA activity. Recently, Sacks et al. recom
mended that an intra-laboratory cv  should be less than 2 % 
(National Glycohemoglobin Standardisation Programme 
(NGSP) units) because a difference of 0.5 % HbAlc between 
successive patient samples represented a significant change in 
glycaemic control [54], Therefore, these findings clearly dem
onstrate that our proposed system provides an accurate assess
ment of HbAlc with great precision and also meets the per
formance goal for HbAlc measurement. Additionally, the 
storage stability o f the screen-printed electrode covered with 
the boronate-modified ESM was also investigated by soaking 
the system in ultrapure water. Unfortunately, our results 
showed that the activity of APBA sensing interface was
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greatly diminished after storing the electrode for a few days. 
The decrease in signal response could be due to detachment of 
the boronate group from the ESM. Thus, future studies on the 
storage stability of the boronate-modified ESM will be needed 
to be investigated.

Selectivity study

For clinical purposes, a whole blood specimen is the most com
plex matrix because there are many interfering molecules pres
ent, including endogenous (unconjugated bilirubin, glucose, 
glycated proteins or high hypertriglyceridaemia) and exogenous 
substances (commonly prescribed drugs and supplements). 
Considering the underlying principles of the boronate affinity 
measurement method, this analytical concept is based on a 
unique structural characteristic of HbAlc. The boronate- 
recognition group is able to covalently bind to the diol group of 
any glycated protein or sugar. Accordingly, the method described 
here may not be specific only to HbAlc but may also bind to 
glucose, glycated albumin, and other glycated proteins interfering 
in whole blood samples. However, in our study, these endoge
nous interfering substances present in plasma were negligible 
because these substances were completely removed from the 
red blood cells by centrifugation and washing with physiological 
saline. As stated earlier, the red blood cell lysates were prepared 
before being subjected to the impedance analysis. Therefore, to 
evaluate the selectivity of the proposed membrane-based biosen
sor for the detennination of HbAlc in authentic blood samples, 
the use of I lbAo was one possible way to investigate whether the 
non-glycated protein could interfere with the specificity of the 
proposed assay. The experiment was carried out utilising the 
boronate-modified ESM prepared in a manner similar to that 
for HbAlc determination, as described in the ‘Materials and 
methods’, but HbAo was used instead. Compared with the signal 
response of boronate-modified membranes, the impedance data 
in the response towards HbAo remained unchanged over the 
concentration range of 10 to 20 g dL_l (data not shown). These 
results imply that our proposed membrane-based system is able 
to very precisely detennine the HbAlc content in authentic blood 
samples, indicating the clinical applicability of the present meth
od to monitor glycaemic levels in diabetic individuals.

Most importantly, for the correct interpretation o f HbAlc 
measurements in clinical practice, the analytical interference 
of genetic variants, i.e., HbS, HbC, HbD, HbF and HbE and 
chemical derivatives of haemoglobin, i.e., carbamyl-Hb and 
pre-HbAlc, is of particular note when guaranteeing the reli
ability of the results. However, to our knowledge, compared 
with the other available methods for HbAlc determination, 
the boronate affinity binding method is generally considered 
to be less affected by the presence of haemoglobin variants 
and modified derivatives [55,56]. Recent data obtained from a 
comparison between the International Federation of Clinical 
Chemistry and Laboratory Medicine (IFCC) reference method

and boronate affinity method showed that boronate affinity 
method was not affected by the presence of most common 
haemoglobin variants [56]. However, the characteristics of 
the patient population should be carefully considered during 
the selection of HbAlc assay method, including the preva
lence of haemoglobin variants. Additional physiological fac
tors, such as severe iron-deficiency anaemia, haemolytic anae
mia or any conditions that directly affect the erythrocyte 
lifespan, should be considered as potential restrictions for 
interpreting HbAlc assay results.

Assay comparison

Fifteen red blood cell lysate samples obtained from non
diabetic and diabetic volunteers were analysed for HbAlc 
levels using the proposed membrane-based system in parallel 
with the current commercially available method. All of the

ล

Average or conventional method and 3-Aminophenylboronic acid- 
modified eggshell membrane method (%)

Fig. 6 C o m p ariso n  o f  th e  p ro p o se d  E S M -b a se d  a na ly tica l s y s te m  and  
th e  c u rre n t  c o m m e rc ia lly  a v a ila b le  m e th o d  fo r  H b A l c  m e a su re m e n t 
u s in g  (a) a  B la n d -A ltm a n  b ias  p lo t  a n d  (b) P a ss in g -B a b lo k  reg re ss io n  
ana ly sis
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samples were analysed for haemoglobin and haematocrit 
values, which were determined to be within the ranges of 
11-18 g dL~' and 30-47 %, respectively. The agreement 
and correlation between the two approaches were assessed 
using the Bland-Altman bias plot and a Passing-Bablok re
gression analysis, respectively. The results revealed a reliable 
relationship between the proposed membrane-based system 
and the commercially available method within an agreement 
interval of ±1.96 SD. As demonstrated in Fig. 6a, these results 
suggest that the two methods could be used interchangeably. 
The results derived from our system were highly correlated 
with those obtained using the commercially available kit, with 
a Passing-Bablok regression equation ofy=1.0000x+0.0100, 
as shown in Fig. 6b. Based on a 95 % confidence interval, the 
values o f the y-intercept (0.0100) and the slope (1.0000) were 
trustworthy and covered a range of -0.4600 to 0.3017 and
0.9478 to 1.1000, respectively. In other words, these data 
demonstrate a good agreement between these two methods, 
and the proposed ESM-based method provides an alternative 
approach to monitoring HbAlc levels in authentic blood sam
ples. In this case, the glycaemic status o f each individual can 
be determined.

Conclusions
The proposed ESM-based biosensor was remarkably selective 
in detennining HbAlc levels because this method was suc
cessfully applied to the analysis of authentic samples via a 
label-free electrochemical impedance measurement, in which 
the results demonstrated good agreement with the commer
cially available affinity method. The results showed in a step
wise process that the boronate-modified ESM was highly re
sponsive to a wide range o f HbAlc levels, indicating that this 
method is suitable for the clinical monitoring o f glycaemic 
control. A novel APBA-modified ESM also provides a cost- 
effective biosensor for the diagnosis of diabetes, which is 
highly desirous in under-developed countries. Without the 
use of other detection labels, such as antibodies, dyes, or fluo
rescent materials, the proposed system has the merit of great 
simplicity. With the utilisation of an affinity membrane-based 
biosensor, this method has the potential for continuously mon
itoring glycaemic levels in diabetic patients and can be appli
cable to determining the presence of other glycated proteins, 
e.g., glycated albumin, found in plasma.
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A developm ent of ultra-high perform ance liquid chrom atographic coupled w ith a novel inkjet-prin ted  
conductive ink-modified e lectrode for a fast and sim ultaneous determ ination  of polyphenolic an ti
oxidants was achieved. Two prin ting  techniques w ere selected for fabrication and m odification including 
(i) an in-house screen-prin ting  m ethod and (ii) an inkjet-prin ting  m ethod, respectively. A conductive ink 
containing graphene and polyaniline nanocom posite (G-PANI) was precisely casted onto the  surface of 
screen-prin ted  carbon electrode (SPCE) using a dim atix inkjet m aterial printer. Compared to  a bare SPCE, 
the  G-PANI-modified screen-prin ted  carbon electrode (G-PANI/SPCE) exhibited h igher electrochem ical 
sensitivity w ith increase (2-4 tim es) of peak cu rren t of each antioxidant. Moreover, four antioxidants 
w ere  successfully separated  and de term ined  w ith in  3 m in using a reverse phase ultra-h igh perform ance 
liquid chrom atography (UHPLC) w ith a mobile phase containing phosphate  buffer and acetonitrile  (90:10 
v/v). Under an optim al detection  potential at +1.2  V vs. Ag/AgCl, linear calibrations and  lim its of 
detection  (5/N=3) for antioxidants w ere found to be 0.01-10 pg m L~' and 1.38-1.94 ng mL“ \  respec
tively. Finally, this proposed m ethod has been successfully used for the  determ ination  of antiox idan ts in 
tea  sam ples, the results obtained from our presented  m ethod  w ere w ith in  a highly good ag reem en t those 
obtained from a standard  UHPLC-UV m ethod.

© 2015 Elsevier B.v. All rights reserved.

1. Introduction
Tea is one of the most widely consumed beverages in the world. A 

commercial dried tea has been normally collected from tea leaves 
which a scientific name is Camellia sinensis from an Aceae family of 
the Theales order [1,2]. Tea consumption has linked w ith decreased 
risks including cancer, cardiovascular abnormalities, arthritis, and 
pathogenic infections [3]. A tea infusion provides numerous essential 
compounds for a human health such as polyphenolic antioxidants, 
caffeine, amino acids, vitamins, carbohydrates, and trace elements [4], 
The conventional tea beverage contains a variety of major polyphenols

^Selected papers presented at The 19th International Conference on Flow 
Injection Analysis and Related Techniques and Related Techniques, Fukuoka, Japan, 
November 30-December 5, 2014.
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0039-9140/© 2015 Elsevier B.v. All rights reserved.

consisting of epicatechin (EC), epicatechin-3-galIate (ECG), epigallo- 
catechin (EGC), epigallocatechin-3-gallate (EGCG), catechin (C), gallic 
acid (GA), and caffeic acid (CFA). To monitor a quality control of tea, a 
determination of these polyphenol contents in the tea as well as in the 
beverages is very important in the various research fields including 
nutritional and epidemiological studies. Therefore, it is necessary to 
develop an appropriate approach to determine the phenolic com
pounds simultaneously in tea samples to evaluate their qualities and 
health promoting properties.

Various conventional analytical methods for separation and 
simultaneous determination of polyphenolic antioxidants have been 
reported 15 -71. One o f the remarkable technique to measure these 
antioxidants is high performance liquid chromatography (HPLC). 
However, the HPLC method provided the limitation in term of time- 
consuming which all separation and determination processes were 
longer than 30 min approximately [8,9], To decrease the separation 
time for simultaneous measurement of polyphenolic antioxidants, 
ultra-high performance liquid chromatography (UHPLC) has become 
an interesting technique to produce high-throughput analysis

http://www.elsevier.com/locate/talanta
mailto:corawon@chula.ac.th
http://dx.doi.Org/10.1016/j.talanta.2015.05.020
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because of its fast analysis and high resolution [ 10,11]. For detection 
mode, an electrochemical detection offers high potential of interest 
They can be used as a detector in the UHPLC system for the deter
mination of varietal electroactive antioxidants [12-14]. Various 
electrode materials have been also applied to detect these electro
active polyphenolic compounds such as metal electrode (platinum 
electrode 115]), glassy carbon electrode (GCE) [16,17], carbon-paste 
electrode (CPE) 118] and screen-printed carbon electrode (SPCE) 119]. 
Among these electrode materials, SPCEs have been paid much 
interest due to its significantly low cost, disposability, and easy to 
couple w ith a thin-layer flow cell for the electrochemical detector in 
the how-based system.

To enhance the electrochemical sensitivity of working electrode, 
the electrode modification has been a remarkable issue for current 
ongoing research. Several modification techniques have been 
applied such as simple drop-casting [2 0 ], electropolymerization 
[21,22], spin-coating [23,24], electrospraying [25] and electrospin
ning [26]. An inkjet printing has been demonstrated to be an 
attractive method for the electrode modification providing low cost, 
high production speed, selectivity, and compatibility w ith a wide 
range of materials and substrates. This technique is able to precisely 
deposit very small droplets of modifier in a picoliter level (2-12 pL) 
to prepare ultra-thin film  onto the surface of substrate w ith a high 
production speed and a high pattern resolution [27-33], For 
another strategy to improve the electrode surface area in the elec
trochemical system, an electrode modification using a noticeable 
nanomaterial has played an important role to enhance the elec
trochemical sensitivity o f the sensors. Various kinds of nanoma
terials have been used as an electrode modifier such as metallic 
nanoparticles (i.e. gold, silver, and platinum) 134], carbon-based 
nanoparticles (i.e. fullerene, single-wall carbon nanotube and m ulti
wall carbon nanotube) [35].

Currently, graphene (G) is a distinguished nanomaterial modi
fier which is highly useful for electroanalysis due to its very large 
two-dimensional electrical conductivity, and excellent electron 
transfer rate. However, the drawback o f using G to modify elec
trode is agglomeration; therefore, to prevent this lim itation of G, 
polyaniline (PANI) has been also used as an electrode modifier to 
improve the G distribution on the electrode surface. PANI is a 
versatile conducting polymer owing to its high electrical con
ductivity, thermal and chemical stability, simplicity to synthesize, 
and wide range of potential applications [36,37],

Such the benefits of G and PANI, in this work, we interested in 
the use of the inkjet printing technology to print the conductive 
G-PANI ink onto the SPCE. They would be an alternative way to 
enhance the electrochemical sensing and catalytic capabilities of 
the electrochemical detection in the UHPLC system.

Therefore, the aim of this work is to develop an outstanding 
inkjet-printed G-PANl-modified SPCE (G-PANI/SPCE) to use as a 
new electrochemical sensor for chromatographic determination of 
antioxidants in tea samples. The inkjet printing technology was 
applied to produce thin-film  of G-PANI among on the surface of 
SPCE w ith  high reproducibility. The physical and electrochemical 
properties o f G-PANI/SPCE were then characterized. The optimal G- 
PANI/SPCE was coupled w ith  the UHPLC system for amperometric 
and simultaneous determination of four antioxidants in teas.

2. Experimental
2.J. Reagents

HPLC-grade acetonitrile and methanol were obtained from 
Merck (Darmstadt, Germany). Graphene (G) was ordered from A.c. 
ร (Medford, USA). Gallic acid (GA), (-)-epigallocatechin (EGC), 
( +  )-catechin (C), caffeic acid (CFA), ortho-phosphoric acid 85%,

Fig. 1. SEM images of (a) bare SPCE and (b) inkjet-printed G-PANi/SPCE prepared 
by inkjet printing and (c) TEM image of G-PANI.

potassium dihydrogen phosphate (KH2P04), polyaniline, camphor- 
10-sulfonic acid (C,0H,604ร) and N-methyl-2-pyrrolidone (NMP) 
were purchased from Sigma-Aldrich (St. Louis, USA). M illi-Q  water 
from Milipore (R > 18.2 M Q  cm~1) was used to prepare buffers 
and stock standard solutions, stock standard solutions of GA, EGC,
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Fig. 2. (a) Comparison of oxidation current of the ratios between graphene and 
polyaniline, (b) cyclic voltammogram of ใ mM ferri(HI)cyanide in 0.1 M KC1 with 
scan rate 100 mVร- ,  when compared G-PANI/SPCE with bare SPCE and (c) effect 
of number of inkjet-printed layer on anodic peak current of 1 mM gallic acid. (For 
interpretation of the references to color in this figure, the reader is referred to the 
web version of this article.)

c and CFA were prepared by dissolving each compound at a con
centration of I.Om gm L - 1  in phosphate buffer (pH 3). Stock 
solutions were stored at -4°c and resulted to be stable for a 
month. All solutions and solvents were filtered by 0.22 pm nylon 
membranes before to use in the UHPLC system.

2.2. Electrode fabrication and modification

A disposable screen-printed carbon electrode (SPCE) was fab
ricated using an in-house screen-printing method. Firstly, a carbon 
ink was screen-printed onto a polyethylene terephthalate (PET) 
substrate to form a working electrode pattern. A silver/silver

chloride (Ag/AgCl) was then printed as a conductive pad. The 
printed electrodes were baked in an oven at 65 °c for 30 min to 
remove solvent and organic residues.

For the electrode modification procedure, an electrode modifier 
was initially prepared by a physical mixing between graphene 
(G) and polyaniline (PANI) solutions. Graphene powder (10 mg) 
was dispersed in 10 mL N-methyl-2-pyrrolidone (NMP). PANI 
solution was prepared by dissolving 20 mg of PANI (emeraldine 
base) and 25.8 mg of camphor-10-sulfonic acid (C10H,6O4S) in 
10 mL of NMP. After that, the well-m ixing PANI solution was stir
red for 5 h. The solutions of G and PANI were mixed together and 
stirred for 1 h to produce conductive ink. After that, the mixture 
was centrifuged at 5000 rpm for 30 min and filtered at 0.43 (im. 
The remaining conductive ink is ready to use for the inkjet
printing. The conductive G-PANI ink was loaded into a cartridge 
and printed onto the working electrode area of SPCE by using a 
piezoelectric Dimatix™ Materials Printer (DMP-2800, FUJIFILM 
Dimatix, Inc., Santa Clara, USA). The optimal inkjet printing con
ditions including drop spacing of 25 pm and a firing frequency of 
17 V was chosen for applying a small droplet size of 10 pL on the 
SPCE surface. The inkjet-printed G-PANI/SPCE was heated in an 
oven at 120 °c for 5 min to evaporate an organic solvent in the 
conductive ink.

2.3. Electrochemical measurement

Cyclic voltammetric experiments were performed on eDAQ. 
(eDAQ Pty Ltd., Australia) w ith  a standard three-electrode system. 
In this work, the working electrodes (WE) consisted o f bare SPCE 
and G-PANI/SPCE. The platinum wire and Ag/AgCI electrodes were 
used as the auxiliary (AE) and reference electrodes (RE), respec
tively. Cyclic voltammetric responses of the standard solution such 
as 1 mM potassium ferri(lll)cyanide (K3[Fe(CN)6]) in 0.1 M KC1, 
170.12 pgm L" 1 gallic acid, 50.00 pgm L " 1 epigallocatechin, 
10.00 pg mL- 1  catechin, and 180.16 pg mL- 1  caffeic acid in 0.1 M 
phosphate buffer (pH 3):acetonitrile (90:10) were investigated at 
the scan rare of 100 mV ร-1 .

2.4. UHPLC separation and electrochemical detection (UHPLC-ECD)

The UHPLC analysis was achieved using a UFLCXR (Shimadzu 
Corporation, Japan), comprising of a 20 ADXR solvent deliver unit, 
an auto sampler (S1L-20A) w ith  0.1-100 pL loop, an Kinetex™ 
core-shell C18 column (50 mm X  4.6 mm i.d.; particle size, 2.6 pm, 
Phenomenex), a thin-layer flow cell (GL Science Inc.), and an 
amperometric detector. The thin-layer flow cell composed of a 
working G-PANI/SPCE, an auxiliary stainless steel electrode, and a 
reference Ag/AgCl electrode (Bioanalytical system Inc., USA). A 
1 mm thick silicon rubber gasket was used as a vacancy in the flow 
cell for lim iting the surface area of G-PANI/SPCE. The separation of 
four antioxidants was carried out w ith  an isocratic elution con
sisting of 0.1 M phosphate buffer (pH 3): ACN (90:10 v/v) w ith  an 
injection volume of 50 pL, flow rate o f 0.8 mL m in "1, and an 
applied potential of -I-1.2 V vs. Ag/AgCI. For hydrodynamic vol
tammetry, the applied potential in the amperometric detection 
was examined in a range of 0.8-1.4 V vs. Ag/AgCl. The hydro- 
dynamic voltammogram was plotted between peak current and 
applied potential. Limits o f detection (LOD) and quantification 
(LOQ) were calculated from the 3SDb/S and 10SDb/s, respectively, 
where SDb is the standard deviation of blank (ท =  10), and ร is the 
slope of the linearity. For the precision of intra-day and inter-day, 
five concentrations of antioxidants (1, 3, 5, 7, and 9 pg m L "1) were 
examined for 3 times w ith in a day and three different days. To 
validate this proposed method, UHPLC-ECD was compared to 
UHPLC coupled w ith ultra-violet detection (UHPLC-UV) using the 
same chromatographic conditions. Furthermore, the recovery was
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Fig. 3. Cyclic voltammogram of (a) 170.12 Mg mL- ' GA, (b) 50.00 M g ml- 1 ECC, (c) 10.00 M g mL-1 c and (d) 180.16 M g mL" '. CFA measured on the G-PANI/SPCE compared to 
the bare SPCE in the 0.1 M phosphate solution pH 3: acetonitrile (90:10) at a scan rate of 100 mV ร-1. (Inset) The comparison of oxidation current density between bare SPCE 
and G-PANI/SPCE vs. Ag/AgCI.

determined by spiking known antioxidant concentrations. The 
results obtained between the proposed UHPLC-ECD and the 
standard UHPLC-UV methods were compared.

2.5. Preparation o f tea extracts

Dried tea leaves of 0.1 g were weighted and crushed w ith  a 
mortar and pestle. The tea infusion was prepared by an extraction 
of tea leaves w ith  10 mL freshly hot water at 80 °c, and stirred 
w ith a magnetic stirrer bar for 10 min. Tea extracts were filtered 
through paper filters, then through 0.22  pm syringe filter and 
diluted w ith  MilliQ. grade water. Tea infusions were daily prepared 
and resulted to be stable over the experiment duration.

3. Results and discussion
3.1. Surface morphology o f G-PANI/SPCE

The solution of C-PAN1 w ith a ratio of 1:2 was inkjet-printed 
onto the SPCE surface in order to form a thin layer of G-PANI 
nanomodifier on the surface. The morphology of G-PANI nano
composite onto the SPCE surface was examined by a scanning 
electron microscope (SEM), and its image has been shown in Fig. 1. 
As shown in the SEM and TEM images, a well uniform dispersion 
of G-PANI nanocomposites was clearly observed on the SPCE 
surface w ith unprecedented number of G, leading to increase 
surface area of SPCE and thus improve electrochemical sensitivity 
of the modified SPCE.

3.2. Electrochemical characterization o f G-PANI/SPCE

Influence o f G:PANI ratio on a cyclic voltammetric response was 
in itia lly investigated using 1 mM ferri(HI)cyanide in 0.1 M KC1. The 
G:PAN1 modifier concentration in the different proportions was 
varied as shown in Fig. 2a. It was found that the anodic peak 
currents were related to the amount of G-PANI on the electrode 
surface. The G:PANI ratio of 1:2 provided the highest anodic peak 
current response, compared to other ratios. For higher ratio than 
1 :2 , anodic peak currents decreased while the capacitive current 
(background current) increased. Thus, this ratio could be the 
optimal condition for electrode preparation. We believed that the 
decrease of redox peak current at higher ratio between G and PANI 
is due to the G agglomeration w ith in the G-PANI modifier layer. 
Cyclic voltammetric behaviors of 1 mM ferri(III)cyanide were also 
measured using bare SPCE and G-PANI/SPCE. The comparison was 
shown Fig. 2b. Using G-PANI/SPCE, the well-defined anodic and 
cathodic peaks w ith an increase of peak current and a decrease of 
potential difference (AE=Epia-Epc) were obtained. The ÀEp of 
ferri/ferrocyanide measured on G-PANI/SPCE was found to be 
0.19 V vs. Ag/AgCl (red solid line) while ÀEp obtained from bare 
SPCE was found to be 0.42 V vs. Ag/AgCl (blue solid line). These 
results indicated that the proposed inkjet-printed G-PANI nano
composites can increase the electron transfer kinetics for 
measurement.

Moreover, the electrochemical response o f G-PANI/SPCE could 
be affected by the number o f inkjet-printed G-PANI layers. The 
number of printed layer in the range of 0-5 layers was optimized 
as shown in Fig. 2c. The result shows that, when the number of

I  tfimn
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Table 1
Linearity, limit of detection (LOD) and limit of quantitative (LOQJ of four 
antioxidants.

Analyte Linear 
range 
( M g  m l" 1)

Calibration equations R2 LOD
(ng mL-1 ]

LOQ
1 (ng mL-1)

GA 0.1-10 y=3.7314x-0.1214 0.9950 138 4.59
EGC 0.01-10 y = 3 0 2 0 2 x -0.2870 0.9962 1.80 5.97
c 001-10 y =2.2018x—0.2082 0.9946 1 94 6.46
CFA 0.01-10 y=1.5108x-0.1982 0.9942 1.93 6.43

3.3. Electrochemical detection o f antioxidants using G-PANl/SPCE

-0.5
0.8 1.0 1.2 1.4

Potential (V) vs.Ag/AgCl

b

600

Fig. 4. (a) Hydrodynamic voltammetric results at the C-PANI/SPCE for a 1 Mg mL"' 
each mixture of antioxidants, (b) Hydrodynamic voltammogram of signal-to- 
background ratios. Conditions: the flow rate of 0.8 mL min-1 and injection volume 
of 50 y[_ Data are shown as the mean ± 1 รอ derived from three independent 
repetitions.

Fig. 5. UHPLC-ECD chromatogram of 1 M g m L " 1 GA, EGC, c, and CFA in a mobile 
phase (0.1 M phosphate solution pH 3: acetonitrile (90:10)). Conditions: the opti
mal flow rate of 0.8 m l m in"', applied potential of + 1.2 V vs. Ag/AgCl, and injec
tion volume of 50 yL

layers increased from 0 to 2 layers, the current dramatically 
increased. Then over 3 printing layers, the current significantly 
decreased. We believed that the decrease of anodic current is due 
to the aggregation of excess G among on the SPCE surface. 
Therefore, the optimal number of printed layers was 2 layers.

Using the optimized G-PANI/SPCE, cyclic voltammetries of GA, 
EGC, c, and CFA were performed at scan rate of 100 mV ร- ,  as shown 
in Fig. 3. The well-defined irreversible peaks of GA, EGC, and c were 
observed while an obviously reversible peak of CFA was obtained. As 
expected, the cyclic voltammetric results showed that the proposed 
G-PANI/SPCE exhibited the higher current response and well- 
defined cyclic voltammograms when compared to those of bare 
SPCE. Compared between bare SPCE and G-PANI/SPCE, the peak 
potentials of EGC and CFA significantly shifted w ith the potential 
difference of 200 mV while the anodic peak potential of c slightly 
shifted w ith the potential difference of 50 mV approximately. From 
all results obtained, it is clearly seen that using G-PANI/SPCE can 
enhance the peak current around 2-4 times and the shift of peak 
potential can also increase. This indicated that the nanocomposite of 
G-PANl/SPCE provide the electrocatalysis toward the electrooxida
tion of all analytes. As results shown, it can be seen that the proposed 
electrode could be a promising and alternative choice of working 
electrode for sensitive detection of antioxidants due to inexpensive 
electrode material, simple fabrication, and high-throughput mod
ification process o f G-PANI/SPCE. Next the inkjet-printed G-PANI/ 
SPCE w ill be coupled w ith UF1PLC separation system for simulta
neous determination of four polyphenolic antioxidants.

3.4. Optimization o f the detection potential

To optimize the detection potential of each polyphenolic anti
oxidant for the electrochemical detection in UHPLC system, 
hydrodynamic voltammetry was employed w ith in  a detection 
potential range of 0.8-1.4V vs. Ag/AgCl as shown in Fig. 4. 
Hydrodynamic voltammetric curves, which displayed the peak 
area (Ap) of antioxidant and background, were significantly affec
ted by each detection potentials. It is evident that the Ap o f four 
antioxidants in itia lly  increased as the detection potential increased 
until the detection potential of +1.2V vs. Ag/AgCl. Thus, the 
detection potential of + 1 .2 V was chosen as optimal detection 
potential for amperometric detection of all four polyphenolic 
antioxidants, following their UHPLC separation.

3.5. UHPLC separation coupled w ith electrochemical detection 
(UHPLC-ECD)

เท order to provide additional selective determination o f anti
oxidant in tea, UHPLC systems coupled w ith  G-PANl/SPCE was 
used for the separation and simultaneous detection of poly
phenolic antioxidant. เท this work, the reversed phase C18 column 
was selected for the separation of four antioxidants using the 
UHPLC-ECD system. The 0.1 M phosphate buffer solution pH 3 was 
selected because it  offers the preferable separation and peak 
shapes. Moreover, the influence of acetonitrile percentage used in 
the mobile phase on the retention characteristics of polyphenolic 
antioxidants was investigated (data not shown). For 5% acetoni
trile, the total elution time was higher than 10 min. Above 10%
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Table 2
Comparison of recent report using different types of electrodes for electrochemical determination of antioxidants.

Modified electrode Detection method Analyte LOD (ng mL-1 ) Real sample Refs.

Ru(bpy)33 + modified Boron-doped diamond Chronoam-perometry c 35.12 - 1381
Nickel(II) complex and 3-mercapto-propionic acid on a gold Square wave voltammetry c 23976 Green tea (391

electrode
Glassy carbon electrode Amperometry GA 2.21 Green tea, black tea [401

c 6.74
Pencil-graphite electrode Differential pulse voltammetry CFA 15.91 Tea [411
Glassy carbon electrode Amperometry EGC 0.37 Green tea, human plasma 142]

c 0.35
Inkjet-printed Amperometry GA 1.38 Green tea, white tea, oolong tea. This work
G-PANI/SPCE EGC 1.80 black tea

c 1 94
CFA 1.93

Table 3
Content of polyphenol เท tea samples.

Samples Analyte Amount found (mg g‘ 
UHPLC-ECD

- ’) (x + SD) 
UHPLC-UV

Black tea GA 1.8442 ± 0.10 1.3073 ± 0.01
EGC 0.0986 + 0.02 0.1120 + 0.01
c 0.3215 + 0.09 0.6047 ± 0.01
CFA 0.4325 + 0.04 0.4871 ± 0.01

White tea GA 1.4032 + 0.15 0 7030 ± 0.03
c 2.5617 + 0.02 2 0877 ± 0 37
CFA 0.3851 ± 0.08 0.1703 ±  0.17

Oolong tea GA 0 5750 ± 0.05 0.6690 ± 0.06
c 0.6865 ±  0.06 0.5140 + 0.57
CFA 0.6828 ±  0.20 0.2661 ± 0.01

Green tea GA 0.1516 + 0.11 0.2325 ± 0 03
c 0.4813 + 0.15 0 5472 ± 0.04
CFA 0.1522 + 0.06 0.1966 + 0.02

Paired two-tail test t V  alues 1.7318
t Critical 2.1788

(v/v) acetonitrile, a shorter elution time was obtained, but low 
resolution and sensitivity were observed. Thus, a 0.1 M phosphate 
buffer pH 3 and acetonitrile in the ratio o f 90:10 v/v was selected 
as the optimal mobile phase, resulting the proper resolution of 
sharp peaks w ith  the high current response.

Using the optimized parameters, four antioxidants were com
pletely separated within 3 min, and the high current responses were 
observed for all antioxidants as shown in the UHPLC chromatogram 
in Fig. 5. The retention time of GA, EGC, c and CFA was 0.8, 1.6, 
2.2 and 2.9 min, respectively. It can be seen that this proposed 
UHPLC-ECD system provides not only rapid measurement but also 
high sensitivity for simultaneous determination of antioxidants.

3.6. Analytical performance

Linear regression analysis for the four polyphenolic anti
oxidants including GA, EGC, c, and CFA was performed. The Ap and 
concentration o f polyphenolic antioxidants was subjected to linear 
regression analysis. The analytical performance of our UHPLC-ECD 
system (linear range, calibration equation, correlation coefficients 
(R2), lim it of detection (LOD), and lim it of quantification (LOQ3) are 
summarized and reported in Table 1. Under the optimal condi
tions, the linear calibration of GA was found to be 0.1-10 |Tg mL- 1  

while the linear calibrations o f EGC, c, and CFA were 
0.01-10 |ig mL-1 . The linearity of the plots (ท=3) is better than 
0.994. Furthermore, the performance of the G-PANI/SPCE was 
compared to the other previous electrodes used for the determi
nation of electroactive antioxidants as shown in Table 2. Our 
proposed UHPLC-ECD method provided a good linearity and
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Fig. 6. UHPLC-ECD chromatograms of blank black tea sample (a) and black tea sample 
with spiked polyphenols concentration in the range of (b) 1, (c) 3, (d) 5, (e) 7 and 
(f) 9 \ig mL“ 1 measured on the G-PANl/SPCE under the optimal conditions.
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comparable LODs. The LODs obtained from our proposed method 
are better than those obtained from previous reports [38-42]. It 
means that this proposed method can be further useful, sensitive, 
and rapid for the simultaneous determination of polyphenolic 
antioxidant in the tea samples.

3.7. Application in real samples

The antioxidants of interest in green tea, white tea, oolong tea 
and black tea were determined using the proposed method. 
Quantification of antioxidants was achieved by the standard addi
tion method to investigate the reliability of this proposed system 
(Table 3). UHPLC-ECD chromatogram (Fig. 6 ) shows the peak cur
rent of four antioxidants in blank and in black tea sample that 
spiked each analyte at five concentrations (1, 3, 5, 7, and 
9 pg mL“ 1 ). To assess the precision of the method, the repeatability 
and reproducibility of the process was determined by calculating 
the relative standard deviation (RSD, ท=3), and the accuracy was 
reported as the recovery percentage. Table S1 shows the intra-day 
and inter-day precision and recovery for the detection of anti
oxidants in all tea samples which obtained from the proposed 
method. These results indicated recovery percentages of GA, EGC, c, 
and CFA were in a range of 83.9-110.0% w ith  RSDs < 5. Hence, this 
proposed method is an alternative for rapid separation and simul
taneous determination of antioxidants in teas.

The proposed method was also validated by the standard 
method o f UHPLC coupled w ith  ultra-violet detection (UHPLC -  
UV). A paired t-test at 95% confidential interval was achieved on 
the results obtained by spiked three concentrations of standard 
GA, EGC, c and CFA (1, 5 and 9 |ig m L -1 ) in tea samples. The 
experimental t-vaiues (t calculated) obtained by this novel method 
is 1.7318 and lower than critical t-values (2.1788). It can be con
cluded that there is no significant difference between UHPLC-ECD 
system and conventional UHPLC-UV method. Therefore, our pro
posed method is very useful and can be used as a new alternative 
assay for the determination of antioxidant compounds w ith highly 
sensitive and rapid analysis.

4. Conclusions
G-PAN1 conductive ink was modified on SPCE by inkjet printing 

for providing a superb electrochemical performance o f electrode, 
leading to improve the sensitivity of the antioxidants detection in 
the UHPLC system. Four antioxidants were successfully separated 
and quantified w ith in 3 min w ith good recovery and low LOD. The 
sensitivity, accuracy, and precision of our developed method were 
acceptable to measure the antioxidants. Therefore, this proposed 
method could be a new or an alternative and rapid method for the 
determination of antioxidants in tea samples.
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A nanocom posite of g raphene  (G), polyvinylpyrrolidone (PVP) and polyaniline (PANI) m odified onto 
screen-prin ted  carbon electrode (SPCE) using an electrospraying technique was developed for sim ulta
neous determ ination  of five parabens in beverages and cosm etic p roducts by high perform ance liquid 
chrom atography. PVP and PANI w ere used as the  dispersing agents o f g raphene, and  also for the  en 
hancem ent of electrochem ical conductivity  o f the  electrode. The electrochem ical behavior of each 
paraben was investigated using the  G/PVP/PANI nanocom posite-m odified SPCE, com pared to  the  u n 
m odified SPCE. Using HPLC along w ith  am perom etric  detection a t a controlled potential of + 1.2 V vs Ag/ 
AgCl, the  chrom atogram  of five parabens ob tained  from the m odified SPCE exhibits well defined peaks 
and higher cu rren t response than  those of its unm odified counterpart. Under the  optim al conditions, the 
calibration curves o f five parabens sim ilarly provide a linear range b e tw een  0.1 and 30 pg mL_1 w ith  the 
detection  lim its of 0.01 pg m L -’ for m ethyl paraben (MP), ethyl paraben (EP) and propyl paraben (PP), 
0.02 and  0.03 pg mL-1 for isobutyl paraben (IBP) and  butyl paraben  (BP), respectively. Furtherm ore, this 
proposed m ethod  was applied for the sim ultaneous determ ination  o f five parabens in real sam ples in 
cluding a soft drink and a cosm etic product w ith  satisfactory results, yielding the recovery in the  range of 
90.4-105.0%.

© 2015 Elsevier B.v. All rights reserved.

ไ. Introduction
Parabens (alkyl esters of p-hydroxybenzoic acid) have been 

widely used for a long time as antimicrobial preservatives in 
beverages, foods, pharmaceutical products and especially cosmetic 
products because of their biodegradability, stability, efficiency in 
wider pH range, non-volatility and other properties such as low 
cost and no color [ 1 ,2 ], When the length of alkyl chain increases, 
the antimicrobial activities o f the parabens increase while its 
water solubility decreases. Moreover, two or more parabens can 
often be used together to achieve synergistic effects [3,4], How
ever, high dose of these compounds are dangerous for customers 
because they can cause allergic contact dermatitis [5,6], In addi
tion, they can produce inhibitory effects on mitochondrial re
spiratory capacity, and eliminate the human reproductive

* Corresponding author.
E -m a il a d d r es s :  corawon@chula.acth (0. Chailapakul).

http://dx.doi.Org/10.l0l6/j.talanta.20l5.05.044 
0039-9140/© 2015 Elsevier B.v. All rights reserved.

potential [7-9], as well as promote breast cancer [10,11 j. There
fore, the use o f parabens has been limited by the European Eco
nomic Community (EEC), i.e. the maximum concentration allowed 
in cosmetics is 0.4% (พ /พ ) for single paraben and up to 0.8% (พ /พ) 
for their mixtures, and the maximum thresholds of paraben con
centration in foodstuffs and pharmaceutical products are 0 .1 % (พ / 
พ ) and 1% (พ/พ), respectively [12,13].

Various analytical methods have been utilized for the de
termination of parabens, for instance, UV-spectroscopy coupled 
w ith  high performance liquid chromatography (HPLC) [14-16), 
flame ionization detection in gas chromatography (GC) [17], and 
mass spectrometry (MS) [11,18], Electrochemical detection (ECD) 
is an alternative and very attractive detection method for the de
termination o f parabens because of its low cost, simplicity, fast 
analysis, portability and high sensitivity. A variety o f working 
electrodes have been established for the detection o f parabens, 
including moleculariy imprinted polymers (MIPS) film  on glassy 
carbon electrode [19], boron doped-diamond (BDD) electrode [20] 
and multi-wall carbon nanotubes (MWNTs) coupled w ith  nafion

http://www.elsevier.com/locate/talanta
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modified glassy carbon electrode [21 J. In this work, screen-printed 
carbon electrode (SPCE) was chosen as the working electrode due 
to its inexpensiveness and ease of preparation and modification. 
However, a bare SPCE may be lim ited by its inadequate sensitivity. 
To improve the sensitivity, nanomaterials such as carbon nano
tubes (CNTs), carbon nanofibers (CNFs) and carbon nanodots 
(CNDs) have been employed to modify the working electrodes and 
increase its surface area [22—24].

Graphene (G) is a monolayer, crystalline allotrope of carbon 
which is densely packed in a regular sp2-bonded atom into a two 
dimensional honeycomb lattices. Graphene has been widely stu
died in different fields due to its excellent physical and chemical 
properties. Recently, graphene has been adopted as a popular 
nanomaterial in electrochemistry because it exhibits many desir
able electrochemical properties such as large surface area, high 
electrical conductivity and rapid electron transfer [25-27]. Despite 
these numerous advantages, the uncontrolled agglomeration of 
graphene due to attractive Van der Waals forces can occur and 
result in inhomogeneity. Therefore, polyaniline (PAN1) and poly
vinyl pyrrolidone (PVP) were additionally used to increase the 
dispersion of graphene. PANI is an outstanding conducting poly
mer that is widely used for electrode modification in electro
chemical biosensors because of its excellent electrochemical 
properties, ease of synthesis and functionalization, high environ
mental stability, and low toxicity [28,29]. Meanwhile, it  has been 
reported that PVP can stabilize graphene at high concentration by 
dispersing it in any organic solvent [30].

Recently, there has been reported that G/PVP/PAN1 nano
composite-modified, paper-based biosensor was successfully de
veloped for the determination of cholesterol in a complex biolo
gical fluid (31 ]. เท addition, G/PAN1 nanocomposite-modified SPCE 
was also effectively coupled w ith  ultra-performance liquid chro
matography (UPLC) system for determination of eight sulfona
mides (SAs) in shrimp. The sensitivity of eight SAs was higher than 
the unmodified electrode including BDD electrode [32],

In this research, therefore, G/PVP/PANI nanocomposite-mod
ified SPCE was fabricated and used as the working electrode of 
electrochemical detection coupled w ith  HPLC. Electrospraying 
technique was chosen as the fabrication means because of its 
simplicity, homogeneity of droplets and cost efficiency. The cou
pled devices were utilized for simultaneous determination of five 
parabens w ith  satisfactory results. This proposed method is simple 
and inexpensive hence it  can be an alternative approach for sen
sitive determination of parabens in soft drinks and cosmetic 
products.

2. Experimental
2.1. Chemicals and materials

All solutions were prepared by dilution w ith  ultra-purified 
deionized (R >  18.2 M £2cm "1), M illi-Q  water (Merck Millipore, 
Germany). Stock standard solutions o f five parabens 
(1000 pg mL-1 ), namely methyl paraben (MP), ethyl paraben (EP), 
propyl paraben (PP), butyl paraben (BP) (Sigma-Aldrich, USA) and 
isobutyl paraben (IBP) (Tokyo Chemical Industry, Japan), were 
prepared in M illi-Q  water: acetonitrile (1:1, v/v). The standard 
working solutions were diluted from these stock solutions to the 
desired concentrations.

In HPLC, all solutions were filtered through 0.22 pm Nylon 
membrane filter paper (Vertical Chromatography Co., Ltd, Thai
land). The mobile phase was a mixture of buffer solution and 
acetonitrile (60:40, %v/v). The buffer solution was 0.05 M phos
phate buffer prepared from potassium dihydrogen phosphate 
(KH2P04; Carlo Erba Reagenti-SDS, France) and di-sodium

hydrogen phosphate (Na2HP04; Merck, Germany), and then pre
cisely adjusted to the desired pH w ith ortho-phosphoric acid (85%) 
and sodium hydroxide (NaOH) (Merck, Germany).

22. Instruments

Cyclic voltammetry was carried out by a potentiostat (CHI 
1232A, CHI Instrument, USA) w ith three-electrode system; a G/ 
PVP/PANI nanocomposite-modified screen-printed carbon elec
trode as working electrode, silver/silver chloride (Ag/AgCl) as re
ference electrode, and platinum wire as counter electrode. Elec
trochemical measurement was performed in a home-made cell at 
room temperature.

An HPLC system (Shimadzu LC-20AD XR UFLC shimadzu, Japan) 
w ith  a chromatographic column of Luna 5 pm C18 column 
(150 mm X  4.6 mm i.d.) from Phenomenex (CA, USA) was used. A 
thin-layer flow cell (GL Sciences, Inc., USA) was assembled to the 
HPLC as a detection un it which was comprised of three electrodes; 
a G/PVP/PANl-modified SPCE working electrode, a Ag/AgCl re
ference electrode (Bioanalytical System, Inc., USA) and a stainless 
steel tube counter electrode.

2.3. Fabrication o f C/PVP/PANI nanocomposite-modified SPCE

SPCEs used in this research were produced in our laboratory by 
a screen-printing technique. First, Ag/AgCl ink (Gwent group, 
United Kingdom) was printed onto a PVC substrate as an electrical 
connector and then dried in an oven at 55 °c for 1 h. After that, 
carbon ink (Gwent group, United Kingdom) was printed as an 
active area of working electrode and dried in an oven under the 
same condition.

For the modification of SPCE, a G/PVP/PANI nanocomposite 
solution was sprayed onto the SPCE by the electrospraying tech
nique. The conditions used including flow rate, the distance be
tween the needle and the ground collector, and applying voltage 
were 1.0 mL m in-1, 5 cm, and 9 kv, respectively [31]. Twenty 
milligrams of graphene nanopowder (SkySpring Nanomaterials, 
Inc., USA) and 20 mg of PVP (Sigma-Aldrich, USA) were dispersed 
in 10 mL of dimethylformaminde (DMF) and sonicated for 6  h at 
room temperature. Next, PANI was doped w ith  camphor-10-sul- 
fonic acid (CSA) to make it conductive and subsequently dissolved 
in chloroform [28]. The G/PVP/PANI nanocomposite solution was 
then prepared by mixing of a dispersed graphene solution and a 
doped PANI solution w ith  a ratio of 1:1 v/v.

2.4. Electrochemical measurement

The electrochemical characteristic o f G/PVP/PANI nanocompo
site-modified SPCE was investigated by cyclic voltammetry (CV) of 
ferri/'ferrocyanideredox couple. CV was also used for the study of 
electrochemical behavior of each concerned paraben in 0.05 M 
phosphate buffer solution (pH 6 ) on the G/PVP/PANI modified 
SPCE. The potential range of CV was scanned from -0 .6  V to 
+  1.0V for ferri/ferrocyanide and +0.4 V to +1.3V for parabens 
w ith  a scan rate of 100 mV ร-1 .

A mixture of five parabens was separated by HPLC using 0.05 M 
phosphate buffer (pH 6 ):acetonitrile (60:40. %v/v) as mobile phase, 
flow rate of 1.5 rnLmin , and injection volume of 50 pL The re
sulting chromatograms were obtained w ith  amperometry w ith  an 
applied constant potential of + 1.2 V vs Ag/AgCl at room tem
perature (~25  °C).

2.5. Analysis o f real samples

The developed method was applied for the determination of 
five parabens in a soft drink sample and a cosmetic product
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(makeup remover). One m illilite r o f sample was extracted w ith 
2.5 mL of methanol. The solution was sonicated in an ultrasonic 
bath for 15 min. Prior to the sample injection, the extracted sam
ples were filtered through 0.22 pm Nylon membrane filters (Ver
tical Chromatography Co., Ltd, Thailand), spiked ( if  no parabens 
were present) and analyzed by the proposed technique.

3. Results and discussion
3.Î. Characterization o f G/PVP/PANI nanocomposite-modified SPCE

Firstly, the morphology of the G/PVP/PANI nanocomposite the 
on the electrode surface was investigated by scanning electron 
microscopy (SEM) Fig. 1(A) shows the SEM image presenting a 
uniform distribution o f the homogeneous nanocomposites on the 
SPCE surface. Furthermore, the transmission electron microscopy 
(TEM) image, shown in Fig. 1(B), indicated that the dispersed 
graphene did not agglomerate.

in this work, the electrochemical characterization of G/PVP/ 
PAN1 nanocomposite-modified SPCEs was in itially investigated 
using ferri/ferrocyanide redox couple. The resulting cyclic vol- 
tammograms are shown in Fig. 2(A). It was observed that the cyclic

A

B

Fig. 1. SEM image (A) and TEM image (B) with the electron diffraction pattern of 
graphene (inset picture) of the G/PVP/PANI nanocomposite-modified SPCE.
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Fig. 2. (A) Cyclic voltammograms of 1 mM ferri/ferrocyanide redox couple in 0.5 M 
KC1 on the G/PVP/PANI nanocomposite-modified SPCE (solid line) and the un
modified SPCE (dashed line).
(B) The relationship between square root of the potential scan rate and cathodic 
and anodic peak current density for electrochemical characterization of the G/PVP/ 
PANI nanocomposite-modified SPCE.

voltammogram exhibited a well-defined peak shape illustrating 
the kinetic of electron transfer process on the G/PVP/PANI nano- 
composite-modified SPCE. In addition, the oxidation peak at 
+0.15 V and the reduction peak at around -0 .6  to -0 .2  V and 
+0.5 V derived from the modified electrode using G/PVP/PANI 
nanocomposite were usually found in the cyclic voltammogram. 
However, there is no overlapping from these peaks w ith  the target 
analyles. The response current of ferri/ferrocyanide obtained from 
G/PVP/PANI nanocomposite-modified SPCE was remarkably higher 
than those o f the unmodified SPCE. It indicates that the proposed 
modified electrode could be very useful for electroanalysis appli
cations. เท addition, to investigate the mass transfer process of the 
modified electrode, the potential scan rates of cv in the ferri/fer
rocyanide solution were varied in the range of 20 to 100 mV ร- , , 
and the currents were measured. The relationship between the 
anodic and cathodic peak currents, and the square root of scan rate 
were linear as shown in Fig. 2(B). It was verified that the mass 
transfer process o f G/PVP/PANI nanocomposite-modified SPCE was 
controlled by the diffusion process.

3.2. Electrochemical behavior o f parabens

The electrochemical behaviors of five parabens in each single 
standard solution were investigated in 0.05 M phosphate buffer 
(pH 6 ) on the G/PVP/PANI nanocomposite-modified SPCE
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Methyl paraben Ethylparaben

modified S PCE (solid line) and the unmodified SPCE (dashed line); potential scan rate of too mV ร"1.
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Fig. 5. The inter-day study of lO ugm L"1 of five parabens in G.05 M phosphate 
buffer solution (pH 6):acetonitrile (60:40, %v/v) on G/PVP/PANI nanocomposite- 
modified SPCE.

Fig. 4. Hydrodynamic voltammogram signal-to-background ratios at G/PVP/PANI 
nanocomposite-modified SPCE of 10 jig mL"1 parabens in 0.05 M phosphate buffer 
solution (pH 6):acetonitrile (60:40, %v/v).

electrode. Furthermore, the five parabens were oxidized at a si
milar anodic peak potential of about +1.0 V vs Ag/AgCl.

compared w ith  the unmodified SPCE by cv technique. The cyclic 
voltammograms in Fig. 3 show that all five parabens presented the 
anodic peaks w ith  the irreversible reaction, and the peak currents 
of each paraben obtained by the modified SPCE were approxi
mately between 3-8 times higher than those using the unmodified

3.3. Ratio o f mobile phase

Prior to the investigation of the mobile phase ratio, pH value of 
phosphate buffer solution were examined in the range o f 4-8. The 
phosphate buffer solution pH 6  was found to be the most

Table 1
Summary of analytical performances of the proposed method (HPLC-ECD) using G/PVP/PANI nanocomposite-modified SPCE for the simultaneous determination of five 
parabens (ท = 3).

Analyte Linear range LOD (irgmL-1) LO Q O igm L ')
Linearity (|igrnL"') Slope (pC mL ng_1) y-intercept (pC) R 2

Methyl paraben 0.1-30 0.1665 + 0.0112 0.0732 + 0.0249 0.9923-0.9960 0.01 0.04
Ethyl paraben 0.1-30 0.1138 + 0 0110 0.0341 ± 0.0195 0.9934-0.9984 001 0.04
Propyl paraben 0.1-30 0.0725 ± 0.0084 0.0254 + 0.0115 09958-0.9997 0.01 0.04
Isobutyl paraben 0.1-30 0.0357 ± 0.0086 0 0256 + 0 0116 0.9954-0.9996 0.02 0.06
Butyl paraben 0.1-30 0.0333 ±  0.0078 0.0221 ± 0.0085 09948-09994 0.03 0.10
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Fig. 6. Chromatograms of five parabens in real samples, a soft drink sample (A), a 
soft drink sample spiked with 5pgm L-1 parabens (B) and a cosmetic product 
sample (C). in the mobile phase of 0.05 M phosphate buffer solution (pH 6):acet- 
onitrile (60:40, %v/v).

beneficial for paraben detection. Using HPLC w ith  C18 packed 
column in an isocratic system for the simultaneous determination 
of five parabens, the ratio of mobile phase between 0.05 M 
phosphate buffer solution (pH 6 ) and acetonitrile was examined by 
varying percentages of acetonitrile in the range of 35-55% (v/v). It 
was found that the separation time was longer than 15 min when 
the percentage of acetonitrile was lower than 40%. Faster separa
tion was achieved by increasing the percentage of acetonitrile; 
however, the peaks of the isomeric compounds of BP and IBP were 
not resolved when the percentage of acetonitrile was above 45% 
(SI ). Therefore, the ratio between 0.05 M phosphate buffer (pH 6 ) 
and acetonitrile of 60:40 (%v/v) was chosen as optimal for the 
mobile phase for further experiments.

3.4. Hydrodynamic voltammetry

Hydrodynamic voltammetry was utilized for the optimization 
o f applied potential to determine five parabens. The applied po
tentials were examined from +1.0 to + 1.4 V vs Ag/AgCl. The ratios 
of oxidation peak currents and background currents (S/B) of five 
parabens continually increased when higher potentials were ap
plied; however, the S/B significantly decreased when the poten
tials above + 1.2 V were applied partly due to the increasing 
background currents (shown in Fig. 4). TTie potential of +1.2 V vs 
Ag/AgCl was clearly the optimal applied potential and hence was 
adopted for the simultaneous determination of five parabens w ith 
amperometric detection.

3.5. Analytical performance

Under the optimal conditions, the calibration curves obtained 
for various concentrations of five parabens, were established. Key 
analyticalfrom these measurements were summarized in Table 1. 
The calibration curves of five parabens were linear in similarly 
equal range o f 0.1 and 30pgm L~ ' w ith the coefficients of de
termination (R2) of higher than 0.99 (ท=3). The lim it of detection 
(LOD) and the lim it of quantitation (LOQJ were calculated from 
3sb/s and lOSb/S, respectively, where sb is the standard deviation 
of repeated blank measurements (ท =  1 0 ) and ร is the slope of the 
calibration curve. LOD and LOQ of five parabens were found to be 
in the range of 0.01-0.03 pg mL- 1  and 0.04-0.10 pg mL-1 , 
respectively.

The intra-day precision of 30 measurements was evaluated to 
ascertain the stability of this proposed method. It was found that 
the obtained peak currents did not significantly change in re
peated measurements w ith  the relative standard deviation (RSD) 
in  the range of 3.42-7.20% for all five parabens. เท addition, the 
inter-day precision was also investigated for 3 days w ith  the same 
electrode. It was found that the modified electrode can be used 
more than 3 days because the sensitivity did not significantly 
change as shown in Fig. 5.

3.6. Analysis o f real samples

Eventually, the proposed method using the G/PVP/PANI nano
composite-modified SPCE coupled w ith  HPLC was applied to si
multaneously detect five parabens in real samples. A soft drink 
and a cosmetic product were selected as a model of sample be
cause they were reported to have a chance to contaminate w ith 
parabens.

The chromatogram in Fig. 6 (A) of the soft drink sample ap
parently showed no sign of any paraben. Therefore, the soft drink 
sample was spiked w ith  standard parabens at a concentration of 
5pgm L~ ’ to investigate the accuracy of this proposed method 
from the recovery by the standard addition method and the typical 
chromatogram of the spiked sample is shown in Fig. 6 (B). The 
peaks of MP, BP, pp, IBP and BP were obtained at the retention 
times of 2.5, 3.7, 6.0,10.0 and 10.5 min, respectively. The recovery 
was in the range of 90.4-105.0% for five parabens which is well 
w ith in  the acceprange of the Association of Official Analytical 
Chemists (AOAC) recommended values (80-115% recovery for 
10 pg mL- 1  o f analyte concentration).

For the cosmetic product, the chromatogram in Fig. 6 (C) reveals

Table 2
Summarized results of the simultaneous determination of five parabens เท real samples by the proposed method (HPIC-ECD) using the C/PVP/PANI nanocomposite-modified
SPCE, compared with the traditional standard method (HPLC-UV).

Sample Analyte Spiked (ng mL-1) Found (ngm L-1) 
HPLC-ECD HPLC-UV

Recovery (%) 
HPLC-ECD HPLC-UV

t-Value of the two method

( ĉritical (95% Cl) = 2.3060)
Soft drink MP _ ND ND .

EP - ND ND - - -

PP - ND ND - - -

IBP - ND ND - - _
BP - ND ND - - _

Soft drink MP 5 4.52 ±  0.31 4.78 ± 0.28 90.4 95.6 1.39
EP 5 5.10 + 0.39 4.82 ± 0.28 102.0 964 1.30
PP 5 5.13 + 0.32 4.87 ± 0.27 102.6 97.4 1.39
IBP 5 5 25 + 0.32 4.91+0.24 105.0 98.2 1.90
BP 5 4.92 ± 0.42 4 90 ± 0.25 98.4 980 0.09
MP - 498.67 + 16.62 504.00 ± 5.25 - - 0.68
EP - - - - - -

Cosmetic PP - 134.60 + 16.62 134.75 ±11.81 - - 0.02
IBP - - - - - _

BP - - _ _ _
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peaks of MP and PP at the retention times of 2.6 and 6.4 min, re
spectively. The remaining peak at retention time of 5.7 min is an 
unknown eiectrochemically active specie in the cosmetic sample. 
To investigate accuracy, the results of this proposed method 
(HPLC-ECD) using the G/PVP/PANI nanocomposite-modified SPCE 
were then compared to those obtained from a standard traditional 
method, HPLC-UV. The student's t-test was used to evaluate the 
two different methods. The calculated t-values obtained were 
smaller than the t-critical value, indicating that there is no sig
nificant difference between the proposed method and the HPLC- 
UV method at a confidence interval (Cl) o f 95%. The summary of 
real samples analyses is shown in Table 2.

4. Conclusion
A novel G/PVP/PANI nanocomposite-modified SPCE for the si

multaneous determination of five parabens using HPLC was suc
cessfully developed. The SPCE is inexpensive and easy to modify. 
The G/PVP/PANI nanocomposite solution was sprayed onto the 
SPCE resulting in the increase in sensitivity of the electrode. The 
homogeneous and well distributed G/PVP/PANI on SPCE was de
monstrated. The determination of five parabens by the modified 
electrode exhibited higher sensitivity than that of the conven
tional electrode. The modified electrode was not only easy to 
prepare but also readily coupled w ith  HPLC for simultaneous de
termination of five parabens. The separation was completed in 
12 min. In addition, the proposed method has been successfully 
applied to analyze beverages and cosmetic products w ith  good 
agreement to the HPLC-UV method.
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A sim ple and highly sensitive electrochem ical sensor based on an electrochem ically reduced graphene 
oxide-m odified screen-prin ted  carbon electrode (ERCO-SPCE) for the sim ultaneous de term ination  of 
sunset yellow (SY) and tartraz ine  (TZ) was proposed. An ERGO film was coated onto the  e lectrode surface 
using a cyclic vo ltam m etric  m ethod and then  characterized by scanning electron m icroscopy (SEM). เท 
0.1 M phosphate buffer at a pH of 6, the  tw o oxidation peaks of SY and TZ appeared separately  a t 0.41 and 
0.70 V, respectively. Surprisingly, the  electrochem ical response rem arkably increased approxim ately 90- 
and 20-fold for SY and TZ, respectively, using the  m odified e lectrode in com parison to  the  unm odified 
electrode. The calibration curves exhibited linear ranges from 0.01 to 20.0 pM for SY and from 0.02 to 
20.0 pM for TZ. The lim its of detection w ere found to be 0.50 and 4.50 nM (a t S /N = 3) for SY and TZ, 
respectively. Furtherm ore, this detection platform  provided very high selectivity for the  m easu rem en t of 
both colorants. This electrochem ical sensor was successfully applied to de term ine the  am oun t of SY and 
TZ in comm ercial beverages. Comparison of the results obtained from this proposed m ethod to those 
obtained by an in-house standard  technique proved th a t th is developed m ethod has good ag reem en t in 
term s of accuracy for practical applications. This sensor offers an inexpensive, rapid and sensitive d e 
term ination . The proposed system  is therefore suitable for routine analysis and  should be an  alternative  
m ethod for the  analysis o f food colorants.

© 2016 Elsevier B.v. All rights reserved.

1. Introduction
W ith the beginning of a new era in the food industry, more 

food additives have been introduced to aid in food preservation 
and processing. The use of food additives has also been proven to 
extend the shelf-life and/or enhance the food quality and texture 
11 ]. However, these food additives can only be incorporated in 
certain food products, and they must fall w ith in  a specified dosage 
as well as have a justified purpose. A food additive overdose is 
considered as food adulteration, as these foods possess toxicity or 
lack any technical-functional purpose. Therefore, the use of food 
additives in the food industry requires ethical consideration [2 |.

Food colorants, either synthetic or in a natural form, are

* Corresponding author.
E - m a il a d d r es s :  corawon@diula.ac.th (O. Chailapakul).
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0039-9140/© 2016 Elsevier B.v. All rights reserved.

normally used as food additives to enhance consumer acceptance. 
Sunset yellow (SY, E lio ) and tartrazine (TZ, E102), classified as azo 
dyes, are common synthetic colorants that are extensively em
ployed in the food industry due to their low production cost, 
charming color uniformity and excellent water solubility as well as 
their high stability to light, oxygen and pH [3-5], However, they 
can cause detrimental effects to health when they are excessively 
consumed. In recent studies, extensive consumption of SY and TZ 
was found to significantly decrease the thymus weight and alter 
the monocyte counts as well as induce allergic responses including 
contact urticaria, angioneurotic edema, asthma, contact anaphy
laxis and immunosuppression in humans [6.7). Because they are 
harmful to human health, the use o f colorants as food additives 
is strictly controlled by laws and regulations. The maximum 
acceptable content by the international and national legislation 
is 100 |ig/mL when they are employed individually or in

http://www.elsevier.com/locate/talanta
mailto:corawon@diula.ac.th
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combination [8 ], The European University Association and some 
European countries such as Finland and Norway have already 
excluded these colorants and consider them to be carcinogenic 
agents [9], According to Thai Food Act B. E. 2547, notification 281, 
colorants are not permitted to be incorporated into many food 
categories such as pickled/osmosed fruit, fresh-cut fruit, processed 
meat, smoked meat and dried meat. Yet, some manufacturers i l
legally incorporate these substances into their products. The pre
sence of colorants in food samples indicates that some food pro
ducers lack responsibility and ethics, and it also indicates that 
these colorants are still widely used in foods beyond the use 
permitted by rules and regulations [1 0 ].

Various techniques have been developed and applied over the 
last few decades for the examination of SY and TZ. Currently, the 
most widely used techniques for the determination of colorants 
are spectrophotometry [ 1 1 ], high performance liquid chromato
graphy (HPLC) [12], column chromatography [13], and capillary 
electrophoresis [14]. Nevertheless, the first two aforementioned 
techniques have some disadvantages. In particular, these two 
techniques exhibit low sensitivity and specificity, require ex
pertize, are time-consuming, and require instrumentation that is 
complicated as well as expensive. Therefore, a detection method 
that offers a short analysis time, a simple and low cost process, 
high sensitivity and high selectivity is still in demand and im 
portant for food safety and human health.

Different electrochemical methods for the simultaneous de
termination of SY and TZ in commercial beverages have been re
ported. The high sensitivity, small sample volume requirement, 
low cost, simplicity, short analysis time and portability are the key 
requirements o f a detection method. Various types of electrodes 
have been employed to successfully fabricate a sensor that allowed 
simultaneous measurement of SY and TZ. Examples of such elec
trodes include a pretreated boron-doped diamond electrode, a 
graphene phosphotungstic-modified glassy carbon electrode (GN- 
PTA/GCE), a graphene Ti02-modified GCE (GN-Ti02/GCE), a gold 
nanoparticle-modified carbon paste electrode (Au NPs/CPE), a 
multi-walled carbon nanotubes-modified GCE (MWCNT/GCE) and 
a platinum wire-coated electrode [15-20], Unfortunately, these 
electrodes are non-disposable and rather expensive to use for the 
routine analysis of food colorants. Therefore, a critical step towards 
routine analysis is the development of a disposable sensor that 
simultaneously detects SY and TZ w ithout compromising the 
electrochemical sensitivity and selectivity.

Graphene, a single sheet of carbon atoms settled in a honey
comb lattice, has recently received research interest due to its 
potential in improving the conductivity of the modified sensor. It 
has been applied in many applications, especially in the electro
chemical field. Graphene-modified electrochemical sensors have 
been reported in the detection of phytohormones, biomolecules, 
pharmaceuticals, food additives and environmental pollutants 
[21-25]. Flowever, it was found that graphene tends to form irre
versible agglomerates through strong Jt-Ji stacking and Van der 
Waals interactions, which restricts its application and storage [26J.

Chemically synthesized graphene has been considered to be a 
new substitute for graphene because of its similar characteristics 
and ease of synthesis. Synthetic graphene is usually obtained from 
reduced graphite oxide prepared via Flummers's method, followed 
by reducing the ultrasonically exfoliated graphene oxide (GO) w ith 
hydrazine [27]. An alternative method reported for the prepara
tion of graphene involves reacting sodium metal and ethanol, 
followed by thermal exfoliation and reduction of the GO inter
mediate [28], Although a simpler method for graphene synthesis 
has been reported, preparation of a graphene solution for further 
electrode modification is troublesome. Recently, the GO inter
mediate has received intense research interest due to its con
venience in storage and fast dissolution in water w ithout any

dispersing agents. Flowever, among these reduction methods, both 
chemical and physical reduction of an intermediate still possess 
some disadvantages because of the toxicity of reducing agents, 
expense and several steps in the reduction process.

Recently, an environmentally friendly electrochemical reduc
tion of GO w ith controllable size and thickness has been reported. 
This technique is an attractive alternative method for the reduc
tion of GO to obtain a graphene sheet due to its simple instru
mental setup. Moreover, it also offers easy preparation, cost-ef
fectiveness and non-toxicity. The electrochemical reduction of GO 
film  (ERGO) obtained by employing this technique can enhance 
the large specific surface area and electrochemical conductance of 
the electrochemical sensor, thus improving the analytical perfor
mance [29|.

An electrochemical sensor for the simultaneous determination 
of SY and TZ using an electrochemically reduced graphene oxide- 
modified screen-printed carbon electrode (ERGO-SPCE) has not yet 
been reported. Therefore, the main objective of this work is to 
propose a simple and highly sensitive electrochemical sensor 
based on an ERGO-SPCE to use as a novel method for the de
termination of SY and TZ. A green and facile routine electro
chemical reduction method was employed to produce an ERGO 
film  onto the electrode surface in one step. This disposable SPCE 
employed was inexpensively and easily prepared. Analytical 
parameters, such as the sensitivity, selectivity and reproducibility, 
were also investigated. This developed electrochemical sensor was 
also applied to quantify the amounts of SY and TZ in practical 
samples to validate the performance o f the developed sensor.

2. Experimental
2.Î. Chemicals and apparatus

Graphite powder (mesh size < 100 pm) was purchased from 
Sigma Aldrich (CA, USA). Carbon ink and silver/silver chloride were 
purchased from Acheson (CA, USA). The screen-printed block was 
made by Chaiyaboon Co. Ltd. (Bangkok, Thailand). Analytical grade 
diethylene glycol monobutyl ether and ethylene glycol monobutyl 
ether acetate, as binder solution in the ink preparation step, and 
other analytical grade reagents were purchased from Merck (CA, 
USA). Food grade, sunset yellow (batch: 21,023) and tartrazine 
(batch: 20,633) standard samples were obtained from BRENNTAG 
Co. Ltd. (Bangkok, Thailand). Graphene oxide (GO) was purchased 
from XF Nano, Inc. (Nanjing, China).

All electrochemical measurements were performed on a 
PGSTAT 30 potentiostat (Metrohm Siam Co. Ltd.) and controlled 
w ith the general purpose electrochemical system (GPES) software 
(Utrecht, Netherlands). A disposable screen-printed carbon elec
trode (SPCE) was fabricated using an in-house screen-printing 
method. All measurements were conducted using a differential 
pulse voltammetric method at room temperature (25 °C). The 
surface morphologies of the unmodified and modified electrode 
were verified using scanning electron microscopy (SEM). The 
presence of the ERGO film  on the electrode surface was monitored 
employing infrared spectroscopy (1R).

For the analysis employing compendium of method, used in 
parallel w ith the proposed approach to confirm the accuracy and 
acceptability of method, the system consisted of a pump (Model 
CM 3200), UV-vis detector (absorbance at 235 nM, model SM 
3200), C18 column (250 mm X  4.6 mm i.d.; particle size, 5 pm, 
Phenomenex). The separation was carried out w ith an isocratic 
elution consisting of 5 mM tetra-n-butyl ammonium hydroxide 
(TBAH), pH 4.5:ACN (52:48v/v) w ith an injection volume of 20 pL, 
flow rate of 1.2 mL m in-1 .
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22. Preparation o f the screen-printed carbon electrode (SPŒ)

A disposable SPCE was used in this present work because of its 
cost-effectiveness and ease of preparation. The design and pre
paration of the three-electrode system were previously described 
[30]. A pattern of electrode, designed using Adobe Illustrator 
program (Fig. SI, Supporting information (SI)). The SPCE was fab
ricated using an in-house screen-printing method. The ink com
position included graphite powder and carbon ink at a ratio of 
0.2:1 (พ/พ). Silver/silver chloride ink was first printed onto a 
polyvinyl chloride (PVC) substrate to be used as both the pseudo
reference electrode (RE) and the conductive pads. Next, the carbon 
ink was printed onto the same PVC substrate as the second layer to 
form both the working electrode (WE, 3 mm i.d.) and counter 
electrode (CE). The finished electrode was then heated at 55 °c for 
1 h to remove the solvent and dry the electrode.

2.3. Electrochemical reduction o f graphene oxide (ERGO)

A protocol of ERGO preparation was previously described [29], 
GO sheet (1 mg) was first dissolved in 1 mL deionized water w ith 
applying sonication for 1 h to achieve homogeneous solution. The 
GO solution was subsequently diluted w ith 0.1 M phosphate buffer 
(0.1 M Na2HP04 and 0.1 M KH2PO4) of pH 6  to give a final con
centration of GO in working solution of 70% (v/v). The working 
solution (40 pL) was then dropped onto the electrode surface, and 
followed by the electrochemical reduction of GO using a cyclic 
voltammetric technique. The reduction potential was scanned 
from 0.1 to -1.5 V w ith a scan rate of 100 mV/ร for 16 cycles. The 
modified electrode was then rinsed twice w ith  deionized water.

The schematic illustration o f an ERGO is shown in Fig. 1.

2.4. Preparation o f standard solutions and electrochemical 
measurements

Food grade synthetic colorants, SY and TZ, were selected as the 
analytes in this work. A stock standard solution (5 mM) was 
freshly prepared for each determination in phosphate buffer o f pH 
6 . For the study of pH effect, a solution pH was adjusted using 
NaOH (1 M) and cone. H 3 P O 4 .  The designated concentrations of 
analytes were diluted from stock solutions. For electrochemical 
measurement, the analytes solution (40 pL) was dropped onto a 
freshly prepared electrode and subsequently accumulated at open- 
circuit for 3 min (otherwise stated see Section 3 . 2 ) ,  and followed 
by electrochemical measurement. Limits of detection (LOD) and 
quantification (LOQ) were calculated from the S / N = 3  and 10S D b / S ,  

respectively, where S D b  is the standard deviation of blank ( ท = 10 ) ,  

and ร is the slope of the linearity.
Evaluation of the selectivity, largely reflects the analytical 

performance, was also examined using the same protocol as 
mentioned above using 50-fold excess of interfering substances. 
The selectivity was determined by comparing the signals obtained 
from the ERGO-SPCE w ith  and w ithout the presence o f inter
ferences such as glucose, ascorbic acid, sodium and iron, which are 
commonly added in drinks.

In all cases, the differential pulse voltammetry (DPV) was per
formed w ith 60 mV amplitude, 50 mV/ร scan rate and 10 mV step 
potential. These employed experimental parameters were the 
optimized parameters. For the optimization of each parameter, the 
amplitude interval was investigated from 10 to 80 mV (Fig. S2(A),

GO ERGO

Fig. 1. Schematic illustration of ERGO-modified SPCE. Condition: cv was scanned from o.i to -1.5 V for sixteen cycles, scan rate of 100 mV/s.
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SI), and the step potential was from 2 to 20 mV (Fig. ร2(B), SI).

2.5. Sample preparation

The seven beverages employed in this work consisted of two 
soft drinks, two juice concentrate drinks, two energy drinks and 
one thirst quencher sample, which were purchased from a local 
supermarket and used directly w ithout further pretreatment. 
When measuring SY and TZ using a ERGO-SPCE, a designated 
sample concentration was diluted employing 0.1 M phosphate 
buffer of pH 6 , and then analyzed according to the analytical 
procedure.

เท addition, compendium of methods for food analysis was also 
used to determine the amount of SY and TZ in these samples in 
parallel w ith  the results obtained from the proposed approach to 
confirm the accuracy and acceptability of method. Compendium of 
method is applicable to the determination of food containing SY 
and TZ by high performance liquid chromatography method 
(HPLC). The preparation of sample was performed as previously 
described [31]. Briefly, liquid sample of 10 g was weighed accu
rately (or appropriate amount) and 50 mL of distilled water was 
subsequently added into the samples w ith constant stirring. After 
that, 10 mL of each sample was pipetted into each 50 mL beaker, 
followed by the addition of 30 mL of distilled water and acidified 
using glacial acetic acid. Finally, polyamide powder of 0.2-5.0 g is 
added into the adjusted samples, stirred w ith  a stirring rod and 
left for 10  min or until all colors from the solution are adsorbed 
onto polyamide. Next, polyamide was subsequently added into the 
column and followed by a washing step using 5 mL acetone until 
no color is adsorbed onto polyamide and then combined all eluted 
fraction. These fractions were evaporated until nearly dry and 
small amount of distilled water was subsequently added into the 
samples to dissolve residue as final step. The results obtained from 
the ERGO-SPCE and compendiums of method were compared.

Furthermore, the recovery was determined by spiking known 
SY and TZ concentrations into the samples and then analyzed ac
cording to the same procedure.

3. Results and discussion
3.1. Characterization o f the EGRO-SPCE

3.1.1. Scanning electron microscopy (SEM)
The surface morphologies of bare and ERGO-modified SPCEs 

were verified using SEM to confirm the presence of ERGO sheets 
on the electrode surface. As shown in Fig. 2B and c, after the 
electrochemical reduction of GO, the surface became more rough 
and non-exquisite compared to the bare electrode (Fig. 2A). SEM 
images of the electrode surface obviously showed that the surface

was dominantly covered by the irregularly crumbled and sheet
like structure o f ERGO. Furthermore, i t  seemingly appears that the 
density and thickness of the EGRO sheet was gradually increased 
w ith  increasing the number of scan cycle, as shown in Fig. 2A and 
B (eight cycles) and c (sixteen cycles), respectively. This led to an 
increase in the effective surface on the electrode and improvement 
in the conductivity of the modified sensor, which helps determine 
the detection sensitivity [29]. The obtained results indicated that 
GO was electrochemically reduced onto the electrode surface 
during the operation.

3.1.2. Electrochemical impedance spectroscopy (EIS)
To confirm the improvement o f the conductivity of the mod

ified sensor, an experiment using the EIS technique for measuring 
the charge transfer resistance (Ret) o f active species on electrode 
surface was carried out. The obtained results displayed that a 
semicircle w ith  a large diameter was observed on the unmodified 
electrode (SPCE), and the semicircle became much smaller on the 
modified electrode (ERGO-SPCE) (Fig. S3, SI). In a Nyquist plot, the 
semicircle diameter represents the Ret of the active species, which 
is Fe(CN)6 3 _,4 ~ 1 on the electrode surface. Herein, the Ret values of 
Fe(CN)s 3 *“ ,4~ on the SPCE, GO-SPCE and ERGO-SPCE were found 
to be 20.29 kQ, 8.09 kQ and 0.43 k(2, respectively. The greatly 
depressed Ret values revealed that conductivity of the developed 
sensor was improved after the formation of the ERGO-SPCE, con
sequently resulting in higher signals and sensitivity [32].

From the relationship between Ret and the heterogeneous 
electron-transfer rate constant (Ket) according to Eq. (1), the Ket 
value could be successfully obtained.

Ket = ท2F2RetACred0x (1 )

In Eq. (1), A is the geometrical area of the electrode surface, and 
Credax corresponds to the concentration of the redox couple. Ac
cording to Eq. (1), the Ket values were calculated to be 
3.74 X  10- 5  cm ร-1 , 9.39 X  10~ 5 cm ร- ,  and 176.9 X  10~ 5 cm ร- 1  

for the SPCE, GO-SPCE and ERGO-SPCE, respectively. The ERGO- 
SPCE exhibited a noticeable increase in the Ket value in comparison 
to the SPCE. Based on this evidence, it can be concluded that the 
electron transfer process on the ERGO-SPCE is easier and faster 
than that on the SPCE [33].

Furthermore, to illustrate that the ERGO could improve the 
surface area of the SPCE, the electroactive surface areas (A) of or
dinary SPCE and ERGO-modified electrodes were determined 
employing CV in a 5.0 mM Fe(CN)6 4_,3~ solution containing 0.1 M 
KC1 at various scan rates (v) according to the Randles-Sevcik 
equation, as follows: ip=2.69 X  105 A D1/2 ท3,2 v1,z c, where D is 
the diffusion coefficient of Fe(CN)64_,3_, c is the concentration of 
Fe(CN)64-/3~, and ท is the number of involved electrons. As shown 
in Fig. 3, both the peak currents (ip) of ERGO-modified (Fig. 3A)

A. bare electrode B. eight cycles c. sixteen cycles

Fig. 2. SEM images of the bare (A) and ERGO-modified SPCE at eight (B) and sixteen (C) scan cycles.
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(A)

(B)

and unmodified electrodes (Fig. 3B) were proportional to the 
square root of the scan rate. W ith the constant parameters of D 
(7.6 X  10- 6  cm2 ร - 1), c (5 mM) and ท (1 electron), an approximate 
value of A according to the Randles-Sevcik equation could be 
successfully achieved. The electroactive surface areas were calcu
lated to be 0.335 cm2 and 0.186 cm2 for the modified and un
modified electrodes, respectively, where the electroactive surface 
area of the electrode increased 1.86-fold. This result provided ef
fective evidence for the superior conductivity o f ERGO as expected 
134].

3.1.3. Infrared spectroscopy (IR)
According to sensor preparation, to prove that GO was elec- 

trochemicaliy reduced by voltammetric cycling, an IR technique 
was carried out. The IR spectrum of the GO-SPCE showed all of the 
characteristic bands for GO including the following: c = 0  
stretching at 1574 cm-1 , C-O stretching at 1051 cm-1 , and finally 
the OH stretching at 3350 cm-1 . The IR of the ERGO-SPCE pre
served all of the characteristic bands of GO, except that the peak 
due to c = 0  stretching at 1574 cm - 1  completely disappeared. 
This result indicates that the c = 0  functional group in GO was 
reduced during the voltammetric cycling (Fig. S4, SI). Moreover, 
the IR of ERGO-SPCE also exhibited the appearance o f the new

peak at 2949 cm-1 , which is due to the CH2 vibrations. This sug
gests that GO was converted to ERGO by voltammetric cycling [35].

3.2. Electrochemical behaviors o f food colorants on the developed 
sensor

The electrochemical behaviors of SY and TZ on the SPCE, GO- 
SPCE and ERGO-SPCE were first investigated by a cyclic voltam
metric (CV) technique to differentiate the oxidation peak potential 
of each colorant As shown in Fig. 4A, the SPCE and GO-SPCE 
showed almost no anodic peaks o f SY and TZ. This was due to that 
GO is electrochemically insulating by nature [26]. เท contrast, the 
comparison exhibited that the peak currents o f SY and TZ were 
significantly improved and well-defined peaks were observed on 
the ERGO-SPCE. Using a DPV technique, the results displayed that 
the peak separation between SY and TZ was increased at the 
ERGO-SPCE. The potential difference of the modified electrode was 
higher than that of the bare electrode by approximately 0.3 mV. 
The oxidation peaks appeared separately at approximately 0.41 
and 0.70 V for SY and TZ, respectively, on the modified electrode 
(Fig. 4B). Surprisingly, the oxidation current was remarkably in
creased by approximately 90- and 20-fold for SY and TZ, respec
tively, in comparison to the unmodified electrode. These results
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(A)

(B) (C)

Fig. 4. cv (A) and DPV voltammograms (B) of the modified and unmodified SPCE, (C) accumulation time effect on the oxidation current of SY and TZ (10 |iM) in 0.1 M 
phosphate buffer solution of pH 6.0.

suggested that the ERGO-modified electrode could improve the 
sensitivity of detection, which is consistent w ith the previously 
reported results [36].

To enhance the sensitivity o f detection, the effect o f accumu
lation time w ith  and w ithout applying potential on the current 
response of these colorants was examined. W ith applying poten
tial, (at +0.4 V w ith  various times from 0 to 120 ร), the current 
signal was almost unchanged or negligible for the oxidation cur
rent of both SY and TZ (data not show). More interestingly, as 
shown in Fig. 4C, the current signals of both colorants w ith  dif
ferent accumulation times at the open-circuit were enhanced and 
reached maximums at 3 min. The current signal then reached a

plateau after further increasing the accumulation time, and an 
accumulation time o f 3 min was therefore selected. As a result, it 
can be concluded that the accumulation time affects the increase 
o f the current signal. In other words, it can be assumed that the 
accumulation potential has no effect on the current responses of 
SY and TZ, which is consistent w ith  the previous report ]37],

3.3. Influence o f the CO concentrations on the current responses o f 
SY and TZ

As the electrochemical reduction of GO can control the thick
ness and size of the produced ERGO film by varying either the
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(A)
20 mV

Potential/V vs Ag/AgCI (Scan rate)1/2/(mV ร-1)1,'2

(C) (D)

Fig. 5. cv curves of 10 pM SY (A) and TZ (B) in phosphate buffer solution of pH 6 under different scan rates and linear relation between logarithm of peak current and 
logarithm of scan rate for SY (C) and TZ (D).
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electrochemical parameters or GO concentration [29], to achieve 
proper conditions for detection, the effects of the GO concentra
tion and number of reduction cycles on the current responses of SY 
and TZ were examined. For the optimization of the GO loading, a

gradual increase in the concentrations of GO in the working so
lution from 0 to 0.7 mg/mL results in remarkable increases in the 
oxidation peak currents of both colorants (Fig. S5(A). Si). During 
this period, the surface concentration of GO greatly increases,

(C) (D)

Fig. 6. DPV voltammograms represent the influence of pH values on the Ep of 7 pM SY (A) and 10 pM TZ (B) and dependence of Ep on the natural logarithms of scan rate of 
SY (C) and TZ (D) at ERGO-SPCE under the optimized condition.
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showing a higher accumulation efficiency and current responses to 
SY and TZ. The maximum currents o f both colorants were obtained 
at 0.7 mg/mL of GO, and the oxidation peak currents gradually 
decrease as the GO concentration was further raised from 0.7 to 
1.1 mg/mL. As for the decreases in the analytical signals of both 
analytes, a possible explanation could be that multiple layers of 
graphene (more than 10  layers) are generated on the electrode 
surface when a high concentration of GO is employed, which 
makes it characteristically similar to graphite material. The GO 
concentration of 0.7 mg/mL was therefore selected to modify the 
sensors.

Additionally, to achieve the optimal conditions, the effect o f the 
number of scan cycles was examined. The obtained results ex
hibited that the current responses of both colorants gradually in
crease w ith increasing the number o f scan cycles (fig. S5(B), SI) 
and reach a maximum current at sixteen scan cycles. After more 
cycles, the decreased signal might be caused by the same reason 
aforementioned, which IS that multiple layers of the ERGO film  are 
generated on the electrode surface affecting the electron transfer 
between the analytes and the electrode surface.

3.4. Effect o f the scan rate

determination of these colorants. Tne decreases o f oxidation sig
nals at pH higher than 6  could be attributed to the oxidation of 
phenolic hydroxyl group w ith  one proton transferred in the elec
trochemical reaction [40]. The pKa values of these synthetic col
orants are 9.4 and 10.4 for TZ and SY, respectively. As the obtained 
results, it can be concluded that pH value is the most important 
parameter for electrochemical detection o f these colorants.

To propose a possible mechanism, the electrochemical beha
viors of SY and TZ on the EGRO-SPCE were studied using a cv 
technique at the different scan rates. The oxidation currents of SY 
(Fig. 5A, section 3.4) and TZ (Fig. 5B, section 3.4) increased linearly 
w ith  the square root o f the scan rate, which is typical of diffusion 
controlled currents. The oxidation peaks of both SY and TZ shifted 
positively w ith  ascending scan rates. Additionally, the oxidation 
peak o f SY exhibited a reversible process, while TZ displayed an 
irreversible electrode process. This relationship is in accordance 
w ith  Eq. (2).

0.780 + แ (ๆ dk4 4- k») + เท

= K + - ^ — In V 
2<xnF (2)

In this section, to f it  a diffusion-controlled redox process, the 
influence of the scan rate on the peak currents of SY and TZ was 
examined by cyclic voltammetry. From this study, the results re
vealed that the peak potentials (Ep) o f both colorants shifted po
sitively w ith  faster scan rates. As shown in Fig. 5A and B, linear 
relationships between the square root o f the scan rate and current 
response were obtained from 20 to 100 mV ร- 1  and 25- 
125 mV ร- ' for SY and TZ, respectively, which are typical of d if
fusion controlled currents, and the equations can be expressed as 
follows: Ip (SY) =  0.6369 V1' 2 -  2.6707, R2 =0.9955; Ip (TZ)=0.0307 
v 1'2-0.0460, R2=0.9988.

In addition, to confirm a diffusion-controlled redox process, 
plots of the log Ip verses the log V were established in Fig. 5 
corresponding to the following equation: log Ip (SY)= 
0.56881ogv-0.7804, R2=0.9918; log Ip (TZ)=0.61021ogv-1.7952, 
R2= 0.9994. The slopes of 0.56 (Fig. 5C) and 0.61 (Fig. 5D) for SY 
and TZ, respectively, were close to the theoretically expected value 
of 0.5 for a purely diffusion controlled current [38], This result 
further confirms that the electro-oxidation of SY and TZ was a 
diffusion controlled process.

3.5. Study o f the electrochemical mechanism at the ERCO-SPCE

To determine the number of electrons and protons in the re
action of each analyte at the ERGO-SPCE, the influence o f pH on 
the Ep of SY and TZ was examined using a DPV technique. A plot of 
Ep vs pH values was first constructed to obtain the ratio between 
protons and electrons in the reaction. As exhibited in Fig. 6 , the 
anodic potentials o f SY (Fig. 6A) and TZ (Fig. 6 B) were found to be 
dependent on pH values and shifted to more negative values when 
the pH of the medium was increased. This suggested that a proton 
participates in the oxidation o f both SY and TZ. The equations of 
pH dependency can be expressed as follows: Epa (SY)= — 
0.0520 pH +0.904, R2 =  0.9912 and Epa (TZ)= -0.0658 pH +1.215, 
R2 =  0.9965. Slopes of —0.052 mV and —0.065 mV for SY and TZ, 
respectively, were obtained and are near the theoretical value of 
-0 .059 mV per unit. This result confirms that an equal number of 
electrons and protons are involved in the reaction [16], The highest 
peak current was obtained at a pH o f 6 . This pH was then em
ployed in this study. It is noted that the oxidation signals of both 
SY and TZ gradually increased w ith increasing pH values from 4 to 
6  and then slightly decreased w ith  further pH increases. Thus, pH 
values higher than 6  were unsuitable for electrochemical

In Eq. (2), a  is the transfer coefficient, k° is the standard hetero
geneous rate constant o f the reaction, ท is the number o f electrons 
transferred, V is the scan rate, and E° is the formal redox potential. 
Other symbols have their usual meanings. Based on this result, to 
obtain the number o f electrons participating in the reaction, plots 
of Ep vs In V for SY (Fig. 6 C) and TZ (Fig. 6 D) were constructed.

According to Eq. (2), the plots of Ep vs In V have good corre
lation, and the values of an can be calculated to be 0.51 and 0.67 
for SY and TZ, respectively, from the slope of each (0.0251 and 
0.0189). Commonly, a  is assumed to be 0.5. Consequently, the 
involvement of one electron was concluded for the reactions of 
both SY and TZ.

According to the relationship of Ep and pH, we know that an 
equal number of electrons and protons participated in the oxida
tion reaction of both SY and TZ. Based on this result, it  can be 
concluded that the oxidation mechanisms of SY and TZ involve one 
electron and one proton being transferred, which is consistent 
w ith  the previously reported results [16,39]. The proposed me
chanisms are illustrated in Fig. 7A and B for SY and TZ, respectively.

3.6. Calibration curve

After the formation of the ERGO-SPCE and obtaining the opti
mized conditions, calibration plots of the current signals obtained 
from the DPV analysis and various tested colorant concentrations 
were constructed. Fig. 8A and B illustrate the DPV responses of SY 
and TZ under different concentrations, respectively. To observe the 
synergistic interference of them, the concentrations were fixed at 
0.2 pM and 5 pM for SY and TZ, respectively. As shown in Fig. 8A, it 
was found that the oxidation signal of 5 pM TZ was almost un
changed as the concentration of SY increased from 0.01 to 20 pM. 
A similar experiment was also carried out for TZ, as shown in 
Fig. 8 B. When the concentration of TZ was increased from 0.02 to 
20 pM, the oxidation current of 0.2 pM SY appeared to be stable. 
Therefore, the oxidation signals o f SY and TZ on ERGO-SCPE were 
independent, and their synergistic interference was negligible. The 
calibration curve o f SY exhibited a linear range frorn 0.01 to 
20.0 pM w ith  a R2 value of 0.9958. For TZ determination, it was 
found that the oxidation peak current plotted against various 
tested concentrations of TZ exhibited linear correlation in the 
range from 0.02 to 20.0 pM w ith  a R2 value of 0.9949. The LODs 
were experimentally obtained and found to be 0.50 nM for SY and 
4.50 nM for TZ. The LOQs were calculated to be 0.029 and 0.190 pM
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(A)

NaOOC NaOOC
Fig. 7. The mechanisms for electrochemical process of SY (A) and TZ (B).

(A)

Fig. 8. Representative DPV of ERGO-SPCE with various SY (A) and TZ (B) concentrations, under the optimized parameters.
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Table 1
Comparison of the analytical performance between the developed and previously 
reported electrochemical sensor for the simultaneous determination of both 
colorants.

Working
electrode

pH Linear range (nM) 

SY TZ

Limit of detection 
(pM)
SY TZ

Reference

P-CD-PDDA- 5 0.05-20 0.05-20 0 .0 1 2 0 0.0140 [9]
GRJ/GC-
RDE1’

Pretreated- H2SO4 0 .0 2 - 0.0999- 0.0131 0.0627 115)
BDDr

GN-PTA11/
(0.1 M) 
4.4

4.76
0.0332-

5.660
0 1 1 2 - 0 .0011 0.0561 [16]

GCE<!
CN-T02/CPEf H2SO4

0.464
0 .0 2 -

2.810
0 .0 2 - 0.0060 0.0080 [17]

Au NPs/CPE
(0.1 M) 
4

2.050 
0 .1- 2 .0

1.180
0.05-1.6 0.0300 0 .0 0 2 0 1 IS]

MWCNP/GCE 8 0.0553- 0374- 0 .0 2 0 0 01880 [19]
ERGO/SPCE 6

11.053
0 .0 1 - 2 0

74.86
0 .0 2 - 2 0 0.0005 0.0045 This work

‘  p-cyclodextrin-coated poly (diallyldimethylammonium chloridej-functiona- 
lized graphene.

6 Classy carbon-rotating disk electrode.
'  Boron-doped diamond electrode. 
d Graphene layer-wrapped phosphotungstic acid hybrid.
'  Glassy carbon electrode.
'  Carbon paste electrode. 
s Multi-walled carbon nanotubes.

(at S/N = 10) for SY and TZ, respectively. The percent relative 
standard deviations (%RSD) for each set of SY and TZ determina
tions (ท=3) including the slope, intercept, LOD and LOQ. were 
found to be in the range from 2.07 to 11.51. These %RSD values 
indicated that excellent reproducibility was achieved. The %RSD 
was calculated according to Eq. (3), where SD is the standard de
viation of the current signal.

%RSD = (SD/mean) X 10 (3 )

Compared w ith  the previously reported electrochemical 
methods for the simultaneous determination o f SY and TZ, this 
new sensing platform exhibited a wider dynamic range and 
higher sensitivity. Additionally, the detection limits were as low as 
0.50 and 4.50 nM for SY and TZ, respectively, as confirmed in 
Table 1.

3.7. Selectivity and reproducibility o f the detection

The selectivity of a method is a crucial factor for a practical 
measurement due to various interfering substances present in the 
system, such as glucose, ascorbic acid, sodium and iron. The results 
displayed that when interfering substances are present, the peak 
current changed insignificantly, indicating that the developed 
ERGO-SPCE sensor had good selectivity for the determinations of 
SY and TZ (see Fig. S6(A) and (B), SI).

To evaluate the reproducibility of the proposed method, seven 
sensors were prepared by the same process. The electrochemical 
sensor was tested at concentrations of 2, 5 and 10 pM for each 
colorant For SY determination, %RSDs of 7.8%, 4.5% and 1.6% were 
obtained, respectively. An excellent reproducibility was also ob
tained for TZ detection, and the %RSDs o f reproducibility were 
found to be 7.11%, 6.82% and 2.15%, respectively. The obtained re
sults suggested that the proposed method remarkably minimized 
the sensor-to-sensor deviation, and excellent fabrication re
producibility was achieved.

Table 2
Comparison of the obtained results between the proposed method and HPLC for 
detection of SY and TZ in seven beverages. Accumulation time was 3 min at open- 
circuit.

Sample no. Analyte By developed 
sensor (mg/L)

Compendium of 
method (HPLC) (mg/ 
L)

Relative er
ror (%)

1 SY 4.10 ± 0.04 3.95 ± 0.02 3.79
TZ 19.04 ± 0.91 18.55 ± 0.07 2.64

2 SY 5.70 ± 0.05 5.56 ± 0.24 2.51
TZ 5.04 ± 0.09 4.83 ± 0 01 4.34

3 SY 4.54 + 0 53 4.75 ± 0 03 -4.42
TZ 16.56 + 0.16 15.80 + 0.01 4.81

4 SY 28.95 + 0.75 30.43 + 0.01 -4 .86
TZ 31.49+1.21 32.45 ± 0 03 -2.95

5 SY 43.33+ 1.70 43.14 + 0.03 0.44
TZ - - -

6 SY 10.17 ± 0.41 9.93 ±  0.05 2.41
TZ - - -

7 SY - - -

TZ 1.49 + 0.07 1.55 ± 0.02 -3 .87
Note: values reported are mean of three replicates (ท=3).

3.8. Application o f a ERGO-SPCE fo r  the determination o f SY and TZ 
in practical samples

To demonstrate its suitability and potential application for 
practical sample analysis, the proposed method was applied to 
determine SY and TZ in seven selected beverages, which were 
purchased from a local supermarket. The seven beverages em
ployed in this work consisted o f two soft drinks, two juice con
centrate drinks, two energy drinks and one thirst quencher sam
ple. เท one type of soft drink, in 0.1 M phosphate buffer at a pH of 
6 after 3 min of accumulation time, two oxidation peaks appeared 
at approximately 0.4 V and 0.7 V w ith the ERGO-SPCE, which im 
ply that both SY and TZ were present. After standard solutions of 
both colorants were added, it  was found that the oxidation peak 
currents increased (Fig. S7, SI). Otherwise, the contents of SY and 
TZ in the sample can be achieved according to the oxidation peak 
current ratio.

The contents o f both colorants were also validated employing 
the compendium of methods to confirm the accuracy o f this 
method. The comparison o f the results between the proposed 
system and compendium method agreed as displayed in Table 2. 
Each reported value is a mean of three replicates (n=3), and the 
relative standard deviation (RSD<5) using this method was ac
ceptable, indicating good repeatability. A paired t-test at a 95% 
confidence interval was achieved on the results obtained from real 
samples analysis. The experimental t-value (t calculated) obtained 
by this novel method is in the range from 1.2318 to 2.0334 and is 
lower than the critical t-value (2.920). It can be concluded that 
there is no significant difference between proposed method and 
the compendium of methods. Therefore, our proposed strategy 
is reliable and can be used as a new alternative assay for the 
determination o f SY and TZ w ith  highly sensitive and rapid 
analysis.

เท addition, the accuracy of the proposed method was eval
uated by performing a recovery test after introducing known 
amounts of SY and TZ into the samples and then analyzing them 
according to the same procedure. The amounts of SY and TZ were 
determined using the standard addition method. The %recovery 
values are in the range from 80.74 to 117.59, suggesting that the 
determination of SY and TZ using an ERGO-SPCE is precise and 
feasible (Table SI, SI).
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4. Conclusions

A novel electrochem ical senso r for th e  sim ultaneous d eterm i- 
nation  o f SY and  TZ based on an  ERGO-modified disposable SPCE 
w as successfully developed  and applied to d etect th e  SY and TZ 
con ten ts  in som e com m ercial beverages. The ERGO-modified SPCE 
can greatly  enhance th e  electrochem ical signals of both colorants, 
suggesting  rem arkable surface en h an cem en t effects. The calibra
tion  curves of SY and TZ exhibited linear correlation from 0.01 to 
20.0 nM, and 0 .02-20.0 pM, respectively, and th e  corresponding 
LODs w ere as low as 0.50 and 4.50 nM, respectively. Furtherm ore, 
th e  peak cu rren t w as changed insignificantly in the p resence o f 
in terfering  substances, suggesting th a t th e  selectivity of th e  d e
veloped sen so r w as excellent. For practical analysis, th e  obtained 
resu lts from  th is proposed m ethod  agreed well w ith  those ob
tained  from the com pendium  of m ethods, in -house standard  
technique. The advantages o f th is sensor include th e  ease o f p re
paration , reduced  tim e consum ption  and non-toxicity. The elec
trod e is easily and inexpensively p repared, and  it requires only a 
sm all sam ple volum e (40 pL). The in stru m en t set-up  is also sim ple. 
Therefore, th e  p resen t technique should be suitable as a novel 
m ethod  for th e  rapid  dete rm in a tio n  o f these food colorants. Ad
ditionally, th is sensing platform  m ay provide a prom ising alte r
native choice for practical application in biological and env iron
m en ta l analysis.
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K eyw ords:
Graphene
PEDOTPSS
Electrospraying
Total antioxidant capacity
DPPH

This w ork  describes th e  d e v e lo p m en t o f  a novel n an ocom posite- g rap h en e /p o ly  (3 ,4 -e th y len ed io x y th io p h en e): 
po ly  (s ty ren e su lfo n a te )  m o d ified  s c re e n -p r in te d  carb o n  e lec tro d e  (G/PEDOT:PSS/SPCE) fo r th e  ev a lu a tio n  o f  
to ta l an tio x id an t capacity  (TAC) based  o n  2 ,2 -d ipheny l-1 -p ic ry lhydrazy l (DPPH) assay. D rop le t-like  n a n o s tru c 
tu re s  o f  G/PEDOT: PSS w e re  fab ricated  on  th e  SPCE su rface  via e lec tro sp ray ing . T he e lec trochem ica l beh av io rs 
o f  b o th  u n m o d if ied  SPCE a n d  G/PEDOT: PSS m o d ified  SPCE w e re  in v e s tig a te d  by  cyclic  v o lta m m e try  (CV) 
us in g  a  s ta n d a rd  fe rri/fe rrocyan id e  [Fe(CN)6]3AI\  In te restin g ly , e lec tro sp ra y ed  G/PEDOT: PSS can  e n h an ce  th e  
c u r re n t re sp o n se  d u e  to  s im p le  in c rease  o f  th e  SPCE su rface  a rea . C om pared  to  a n  u n m o d ified  SPCE, th e  peak  
p o ten tia l d ifference (AEp) b e tw e en  ano d ic  an d  cathod ic  peak  po ten tia l o f  G/PEDOT: PSS m odified  SPCE su b s ta n 
tia lly  decreased , ind icatin g  the  faster e lec tron  tran sfe r  kinetics. M oreover, ou r sy stem  can be u sed  for q u an tita tio n  
ofTAC by ch ro n o am p ero m etric  d e te c tio n  o f residua l n o n -reac ted  DPPH level a t  th e  in te rfe ren ce  free cathod ic  re 
gion. W ith  add ition  o f  s ta n d a rd  T rolox an tio x idan t, th e  cathod ic  DPPH c u rre n t decreased . T he calib ra tio n  curve of 
Trolox a n tio x id an t w as found in  a  ran ge  o f  5 -3 0  jiM w ith  a  lim it o f d e tec tio n  (S/N =  3 ) o f 0 .59  pM a n d  a  lim it o f  
quan tifica tion  (S/N =  10) o f  1.97 pM. Finally, th is novel e lectrochem ical sen so r w as successfully app lied  for TAC 
eva lua tion  in Thai h e rb  an d  herba l beverage. T he resu lts  sh o w ed  a good ag ree m en t w ith  th e  co n v en tio n a l UV- 
visible sp ec tro p h o to m e tric  results.

© 2015 P ublished by Elsevier B.v.

1. Introduction

An antioxidant is defined as a molecule dim inishing the risk of 
harmful abnorm alities arising from an oxidative stress including 
A lzheimer's disease, cancer, asthm a, atherosclerosis, inflammation, 
rheum atoid arthritis, and cardiovascular disorder [ 1 j. The antioxidants 
neutralize adverse free radicals by either donating a hydrogen atom  or 
a single electron transfer mechanism [2]. Natural antioxidants found 
in fruits, vegetables and herbs such as vitam in c, vitamin E, phenolic 
compounds and flavonoids have high potential to  scavenge the free rad
icals. The consumed plants and foods containing an appropriate am ount 
of antioxidant play an im portant role as a source of antioxidants [3 ]. 
Nowadays, the antioxidants become the m ajor contents in various
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industrial products, such as health-care goods, foods and cosmetics. 
Thus, researchers have been continuously developed the m ethods to 
evaluate antioxidant capacity in natural products and foods, which 
might be beneficial for quality control of herbs and herbal beverages.

Various conventional analytical approaches have been used for 
the determ ination of total antioxidant capacity (TAC) including spectro
photom etry  [4], chemilum inescence spectroscopy [5], fluorescence 
spectroscopy [6 J, and chromatographic related techniques (7). Spectro
photom etry m easures the color change of oxidant, w hich is either an 
increase or decrease of absorbance at a specific wavelength. The absor
bance change is correlated to the concentration of antioxidant. Common 
spectrophotometric assays have been reported for the determination of 
TAC in various natural products and biological fluids such as 2,2'-azino- 
bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) [8 ] 2,2-diphenyl- 
1-picrylhydrazyl (DPPH) [9,10], and ferric reducing ability plasma 
(FRAP) [11] assays. One of the m ost interesting assays for evaluation 
ofTAC is spectrophotometric DPPH assay [12,13|. DPPH is a stable free 
radical which has an unpaired valence electron a t one atom of nitrogen 
bridge [14], Antioxidant can donate an H-atom to DPPH structure, lead
ing to the color change of DPPH solution from violet to pale yellow.

http://dxdoi.org/l0.1016/jjelechem 20l5.l1.037 
1572-6657/© 2015 Published by Elsevier BY.
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However, independence of sam ple turbidity and matrix color is re
quired for spectroscopic measurem ent [12,13].

Nowadays, an electrochemical technique has attracted much inter
es t because it offer's a great promise with excellent features such as 
high sensitivity, minimal pow er dem and, inherent miniaturization of 
electrode and controlled instrumentation [15], Moreover, electrochem
ical sensing of an electroactive DPPH radical is undisturbed by turbidity 
and color of testing solution. Several studies focus on the electrochemi
cal m easurem ent ofTAC using DPPH assay. For instance, Amatatongchai 
et al. developed a simple chronoam perom etric flow injection coupled 
w ith DPPH assay for TAC evaluation using carbon nanotube modified 
glassy carbon electrode (CNT/GC) [16]. Schulte et al. introduced an 
accurate computer-controlled chronoamperometric DPPH assay using 
an autom ated electrochemical m icrotiter plate for quantification of 
antioxidants in food samples [17]. Nonetheless, the previously reported 
electrochemical systems are designed to be small size, resulting in de
crease of electrochemical sensitivity.

To improve the sensitivity of electrochemical system, electrode 
modification using nanom aterials has become an attractive approach 
for ongoing researches. Especially, graphene (G), which is a single 
planar sheet of sp2-bonded carbon atom densely packed honeycomb 
two-dim ensional lattice [18], has become an outstanding nanom ate
rial for im proving the electrode perform ance due to its large surface 
area (theoretical value 2630 m2g~ 1 ), high electrical conductivity, strong 
mechanical strength , and good biocompatibility [19], Nevertheless, 
the pure form of G has a high tendency to agglom erate and restack 
to form graphite through p -p  stacking and van der Waals interaction. 
To solve this problem, G and conducting polymer have been used to 
form com posite m aterials in o rder to reduce the agglom eration of G 
[20-22], Conducting polym er has become a material of in terest for 
electrode surface modification because of its unique conduction ability 
and high environm ental stability. Various conducting polymers, such 
as polyaniline (PAN1) [23], polypyrrole (PPy) [24] and poly (3,4- 
ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT:PSS) [22] 
have been incorporated w ith G layer to improve the electrochemical 
perform ances of electrode [25]. PEDOT:PSS is one of an interesting 
conducting polym ers for electrode modification owing to its high 
conductivity, low redox potential and therm al stability [26], Karuwan 
e t al. developed the inkjet-printed G/PEDOT:PSS modified screen- 
prin ted  carbon electrode (SPCE) for electrochemical determ ination 
of salbutam ol in pharm aceutical products [26]. Moreover, electro
chemical biosensor based on G/PEDOT:PSS and glucose oxidase 
modified electrode w as developed for highly sensitive detection of 
glucose [27], Several electrode modification techniques such as drop
casting [28], electrodeposition [29], inkjet-printing [26], electro
spinning [30,31], and electrospraying [32-34] have been used. In 
this work, electrospraying w as selected as an electrode modifica
tion procedure to generate uniform  three-dim ension droplet-like 
composite on electrode surface by applying high voltage electric field. 
This technique significantly increases the specific surface area of elec
trode and provides fast electron transfer process, which is highly appro
priate for the developm ent of a highly sensitive electrochemical sensor 
[32-34],

This research aims to develop a chronoam perom etric sensor using 
an electrosprayed G/PEDOT: PSS modified SPCE coupled w ith DPPH 
assay for free radical scavenger screening ofTAC and then applies the 
developed system for evaluation ofTAC content in Thai herb and bever
age. W hen adding the testing solution, the decrease of the DPPH signal 
from the baseline was obtained and related to the antioxidant am ount 
in the sample solution. For chronoam perom etric sensing, the cathodic 
detection region was used to m onitor DPPH consum ption w ith no 
observed interference from easily oxidizable species such as polypheno- 
lic antioxidants [35]. For food sample analyses, this system was success
fully validated and com pared to standard spectrophotom etric assay 
with the satisfactory results. This novel approach might be an alterna
tive tool for TAC screening in food products.

2. Experim ent

2.1 . R ea g en t a n d  m a te r ia l

Graphene (G) nanopow der was purchased from SkySpring Nano- 
materials, Inc. (Flouston.TX, USA). Poly(3,4-ehylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS), 2,2-diphenyl-1-pycrilhydrazil 
(DF'PH), potassium  ferricyanide (K3[Fe(CN6)]), Trolox (6 -hydroxy- 
2,5,7,8-tetramethylchroman-2-carboxyficacid), and potassium ferrocy- 
anide (IC|[Fe(CN6)]) w ere obtained from Sigma-Aldrich (St. Louis, Mo, 
USA). D imethylformamide (DMF), absolute ethanol (C2H5OH), and 
potassium  dihydrogen phosphate (KH2PO4) w ere purchased from 
Carlo Erba Reagenti-SDS (Val de Reuil, France). Disodium hydrogen 
phosphate (Na2HP04), potassium  chloride (KCI), sodium  chloride 
(NaCl), and ascorbic acid (AA) w ere received from Merck (Darmstadt, 
Germany). Carbon and silver/silver chloride inks were purchased from 
Gwent group (Torfean, United Kingdom). All analytical grade reagents 
and milliQ, w ater (R > 18.2 MÛ cm) were used for all experiments. Phos
phate buffer saline (0.1 M, pH 7.0) and absolute ethanol were used as 
the supporting  electrolyte for all electrochem ical m easurem ents. An 
ethanolic phosphate buffer solution (EPBS) was p repared by mixing 
between 60% ethanol and PBS solution and used as a supporting electro
lyte. The stock solution of 2,2-diphenyl-l-pycrilhydrazil (DPPH) and 
2 mM standard  Trolox was freshly prepared in 0.1 M EPBS at a pH of 
7.0. After that, DPPH in ethanol w as sonicated using ultrasonicator to 
provide completely dissolved DPPH solution.

Thai herb (Indian gooseberry) and herbal drinks (Thai blueberry, 
mulberry, bamboo grass and gotu kola) were purchased from local su
perm arket in Thailand. Botanical names of these herbs are P h yllan th u s  
e m b lica  L (Indian gooseberry), A n tid e s m a  g lm e s e m b illa  Gaertn. (Thai 
blueberry), A n tid e s m a  g h a e s e m b illa  Gaertn. (m ulberry), T iliacora  
tr ia n d ra  (Colebr.) Diels (bamboo grass) and C en tella  a s ia tica  (L) Urban 
(gotu kola).

2 2 .  S cre e n -p r in te d  carbon  e lec tro d e  (SPCE) fa b r ic a tio n

For the electrode fabrication, the screen-printed carbon electrodes 
(SPCEs) w ere prepared in-house on polyvinyl chloride (PVC) substrate 
as described in previous studies [30,36]. Firstly, silver/silver chloride 
ink was printed on PVC surface to form a reference electrode (RE) and 
conducting pad. Then, carbon ink was printed onto PVC substate as a 
w orking electrode (WE) and counter electrode (CE), respectively. In 
each screen-printing step, SPCEs w ere dried in an oven at 55 °c for 1 h 
to evaporate the solvent The projective surface area of working elec
trode is 50 m m 2.

2.3. P re p a ra tio n  o f  G/PEDOT: PSS m o d if ie d  SPCE u s in g  e le c tro s p ra y in g  
fa b r ica tio n

G/PEDOT: PSS composite solution was prepared by physical mixing 
m ethod. Firstly, 4 mg of G nanopow ders was d ispersed in 1 mL of 
DMF and sonicated for 24 h at room tem perature. Then, 10 mg of 
PEDOT: PSS was dissolved in 1 mL of DMF and sonicated for 24 h at 
room temperature. After that, G and PEDOT:PSS solution was mixed to
gether with magnetic stirrer.

An electrospraying system consists of a high-voltage power supply 
(Gamma High Voltage Research, Ormond Beach, FL, USA), syringe 
pum p (Kent Scientific Corp., Torrington, CT, USA), ground collector 
(5 cm from the needle tip), plastic syringe, and stainless-steel needle. 
The com posite solution was filled in the plastic syringe and inserted 
into the syringe pum p with a constant flow rate of 1.0 mL h ~ '.  A 
high-voltage power supply was connected between stainless-steel nee
dle and ground collector. The counter (CE) and reference electrodes 
(RE) w ere covered w ith alum inum  foil to prevent spray from the 
electrospraying process. The optimal electrospraying conditions includ
ing 7.5 kv of applied voltage, and 6  min of spraying time were used for
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all experiments. A well-mixed G/PEDOT: PSS nanocomposite solution 
was electrosprayed onto the working electrode (WE) and then attached 
to a ground collector. Finally, the SPCE modified by G/PEDOT: PSS 
nanodroplet was obtained and used as a novel WE for further step.

The morphology of G/PEDOT:PSS nanodroplet and the dispersion of 
G were investigated by using a JSM-6400 field emission scanning elec
tron microscrope (japan Electron Optics Laboratory Co., Ltd., Japan) 
and a JEM-2100 tramsmission electron microscope (Japan Electron Op
tics Laboratory Co., Ltd., Japan).

2.4 . E lectroch em ica l m ea su re m en t

Electrochemical m easurem ent was performed using a potentiostat 
w ith e-corder 410 (eDAQ, Australia). Three electrode system consists 
of Ag/AgCl electrode as reference electrode, and carbon electrode as 
both w orking electrode and counter electrode. Cyclic voltam m etry 
(CV) was performed for electrochemical characterization of various 
SPCEs including bare SPCE, PEDOT:PSS/SPCE, and G/PEDOT:PSS/SPCE. 
First, the electrochemical behaviors of these electrodes were investigat
ed by CV using a standard solution of [Fe(CN)6p ‘/4" in 0.1 M KC1 with a 
scanning potential range between —0.2 to 1.2 V vs. Ag/AgCl and a scan 
rate of 250 mV/s.

For electrode optim ization, 2.5 mM DPPH in 0.1 M EPBS solution 
a t pH of 7.0 was used, s w v  m easurements were performed over a scan
ning potential range from 0 to +  0.6 V with a pulse amplitude of 25 mV, 
frequency of 15 Hz, and step height of 1 mV. For the determ ination of 
TAC, DPPH scavenging upon addition of antioxidant was monitored by 
chronoam perom etric m easurem ent. The testing solution was mixed 
w ith  6  mM DPPH at the ratio of 1:1 (v/v). Commercial vortex mixer 
(LMS Co., LTD., Tokyo, Japan) was used to mix the solution for 30 ร. 
Then, only 40 pL of m ixture was dropped onto the SPCE and measured 
the electrochemical response by chronoam perom etric detection. The 
chronoam perom etric experim ent was performed at the detection

potential of 0.2 V vs. Ag/AgCl. An amperometric response was recorded 
a t 40 ร, which was a 95% steady-state current. The linear calibration be
tw een the difference of cathodic DPPH current (betw een the adding and 
no adding standardTrolox solution) and Trolox concentration in a range 
of 5 -30  pM was constructed and treated w ith linear least square regres
sion analysis.

2.5 . P rep ara tion  o f  p la n t  e x tra c t

For antiox idan t extraction, fresh indian gooseberry pulps w ere 
grinded and dried. 10 g of dried pow der w as extracted using 100 mL 
ethanol for 24 h and then filtered through 0.45 pm filter paper. Ethanol 
was removed from filtered using a rotary evaporator at 40 ° c  The elude 
plant extract w as freeze-dried and then stored a t 4 °c until analysis as 
described in the previous report [17,37], เท case of herbal drink samples, 
these liquid samples w ere diluted 1 0 0 0  times and then  directly tested 
with our proposed m ethod w ithout any sample preparation step.

For the m ethod validation, UV-vis spectrophotoscopy w as used to 
determ ine TAC and compared w ith the results obtained from our pro
posed system [3], 0.2 mM DPPH solution, real sam ples and a standard 
Trolox were dissolved in ethanol-w ater. The solution of DPPH and dilut
ed real sam ples was mixed for 10 ร, and absorbance o f DPPH activity 
was m easured at 523 nm using ultraviolet-v is spectrophotom eter 
with ethanol as blank. [38].

3. Results and discussion

3.1. O p tim iza tio n  o f  e lec tro d e  m od ifica tio n

Firstly, the param eters influencing on the electrochemical sensitiv
ity of G/PEDOT: PSS/SPCE w ere investigated and optimized. The am ount 
of PEDOT: PSS loading and G loading in the range of 0 -12  mg/mL and 0 - 
10 mg/mL, respectively was studied. Then, the optim ized electrodes
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Fig. 1. Influence of the amount of PEDOT:PSS loading (Aand B) and amount of.c loading (Cand D) using square-wave voltammetric detection of 2.5 mM DPPH. c  concentration employed 
during the optimization of the am ount of PEDOT:PSS is 4 mg/mL while PEDOT:PSS concentration employed during the optimization of the amount of G is 10 mg/mL swv conditions: 
scanning potential range o fo  to + 0.6  V with a pulse amplitude of 25 mV, a square wave frequency o f  15 Hz, and a step height of 1 mV.
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were tested tow ards the electrochemical detection of DPPH by using 
ร พ V. Initially, the effect of PEDOT: PSS loading (mg/mL) on the electro
chemical sensitivity in the detection of DPPH was explored as shown in 
Fig. 1A and B. w h en  the am ount of PEDOT: PSS loading (mg/mL) 
increases from 2 to 10 mg/mL, the cathodic peak curren t slightly 
increases, and the curren t is highest w hen the am ount of PEDOT: PSS 
loading is 10 mg/mL. At 12 mg/mL of PEDOT: PSS loading, the cathodic 
peak current starts decreasing, which is probably the limited solubility 
of the polymers. Therefore, 10 mg/mL of PEDOT: PSS loading was select
ed as an optimum condition for the subsequent experiments.

Next, the optimal am ount of G loading was investigated as shown 
in Fig. 1C and D, respectively. These results verify that incorporation of 
G into PEDOT: PSS tends to improve the electrochemical conductivity 
of modified electrode. However, the cathodic peak currents decrease 
w hen the am ount of G loading is above 4 mg/mL. The decrease of 
cathodic current response is probably caused by the agglomeration of 
G within the nanocomposites [ 25). Thus, 4 mg/mL of G loading was cho
sen as an optimal G loading for further experiments.

3.2 . P hysical ch a ra c te r iza tio n  o f  C/PEDOT: PSS/SPCE

The surface morphology of G/PEDOT:PSS/SPCE was characterized by 
scanning electron microscopy (SEM). As shown in Fig. 2A, a SEM image 
displays the uniform 3D droplet-like structure of G/PEDOT:PSS on the 
electrode surface. Furtherm ore, a TEM image (Fig. 2B) shows the 
ultra-thin sheets of G verifying that G is well dispersed within the nano
composites w ithout severe agglomeration and the electron diffraction 
pattern of G is dem onstrated in Fig. 2C

3 3 .  E lec troch em ica l c h a ra c te r iza tio n  o f  G/PEDOT: PSS/SPCE

Fig. 3A shows the w ell-defined cyclic voltam m ogram s of standard 
ferri/ferrocyanide [Fe(CN)6]3/‘t" m easured on the unmodified SPCE 
and  G/PEDOT:PSS/SPCE. The results reveal th a t the cu rren t response 
m easured on G/PEDOT: PSS/SPCE is approxim ately 3-fold higher than 
the current response m easured on unmodified SPCE. Moreover, a signif
icant decrease of potential difference ( AEp) betw een anodic and cathod
ic peak potential of G/PEDOT:PSS/SPCE (AEp =  0.1 V) com pared to 
unmodified SPCE (AEp = 1 .0  V) indicating thatG/PEDOT:PSS nanocom
posite can also improve the electron transfer kinetics of this electro
chemical system.

Fig. 3B shows the cyclic voltammograms of DPPH solution measured 
on the unmodified SPCE compared to G/PEDOT:PSS/SPCE. Two revers
ible redox couples w ere observed (1st couple Epc =  0.22 V, Epa =  
0.31 V and the 2nd couple Epc =  0.66 V, Epa =  0.74 V vs. Ag/AgCl). Un
modified and modified SPCEs provide the similar AEp obtained from the 
cyclic voltammogram indicating that both are high conducting material. 
The current response m easured on G/PEDOT: PSS/SPCE is approxim ate
ly 2 -fold higher than  the cu rren t response m easured on unmodified 
SPCE. Furthermore, the electrochemical perform ance of DPPH is well 
m atched w ith the previous reports [39,40], These results suggest that 
G/PEDOT: PSS/SPCE can be an alternative electrochem ical sensor for 
the detection of free radical DPPH.

To investigate the mass transfer process of DPPH on the G/PEDOT: 
PSS/SPCE, the effect of scan rate on the curren t response was studied. 
As shown in cyclic voltammogram (Fig. 4A), two reversible redox cou
ple processes are observed, w hich c a r be explained by the Randle- 
Sevcik equation [41], As show n in Fig. 4B, both anodic and cathodic

Fig. 2. (A) SEM image of G/PEDOT: PSS/SPCE. (B) TEM image of G dispersed in nanocomposites and (C) electron diffraction pattern of G in nanocomposites.
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^  60 , — — G/PEDOT:PSS/SPCE
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Fig. 3. (A) Cyclic voltammograms o l 1.0 mM [Fe(CN)6]3 /4“ in 0.1 M KC1 with a scan rate of 
250 mV/ร measured on unmodified SPCE (blue line), PEDOT:PSS modified electrode {red 
line) and C/PEDOT:FSS modified electrode (green line). (B) cyclic voltammograms of 
2.5 mM DPPH in 0.1 M EPBS solution (pH 7.0) measured on unmodified SPCE (blue line) 
and on G/PEDOT:PSS/SPCE (green line), (inset) redox reaction of DPPH.

curren t responses are linearly proportional to  the square root of scan 
rate (v 1/2) in the range of 100-400 mV/ร. Thus, the redox process on 
G/PEDOT:PSS/SPCE is controlled by diffusion process which is no ad
sorption and a coupled reaction to electrochemical processes [38].

3.4 . E lectroch em ica l in ves tig a tio n  o f  DPPH in th e  p rese n c e  o fT ro lo x

Fig. 5A shows a representative cyclic voltam m ogram  of DPPH in 
the presence and absence ofTroiox. W ith adding 5 mM ofTrolox in 
the DPPH solution, the peaks corresponding to the redox reactions of 
DPPH disappeared. We believed that the decrease of cu rren t in the 
presence ofTrolox antioxidant is due to consum ption of electroactive 
DPPH, corresponding to hydrogen atom transfer (HAT) mechanism as 
shown in Eqs. (1) and (2).

DPPH-  + AH->DPPH* + A* (1)

DPPH* +  AH-*DPPH—H + A- (2)

W here DPPH* is 2,2-diphenyl-1-picrylhydrazine radical, AH is 
protonated  antioxidant and A* is deprotonated  antioxidant. As the 
DPPH — H occurred, concentration of DPPH-  and DPPH* which is avail
able for electrochemical detection also decreased. However, only anodic 
current (Ip,32) in the Fig. 5A dramatically increased. We believed that 
this is caused by the direct electro-oxidation ofTrolox. Thus, electro
chemical detection of non-reacted DPPH-  and DPPH* a t cathodic region
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Fig. 4. (A) Cyclic voltammogram of 2.5 mM DPPH in 0.1 M EPBS solution (pH 7.0) 
measured on G/PEDOÏ:PSS/SPCE at scan rate of 100, 150, 200, 250, 300, 350 and 
400 mV/ร and (B) relationship betw een anodic and cathodic peak currents (pA) versus 
(scan ra te )"2.

w as selected for the further experim ents to  avoid interfering response 
obtained from a directly electrochemical oxidation of antioxidant.

3.5. S elec tion  o f  d e te c tio n  p o te n tia l

According to previous literatures [2,42], the common antioxidants 
which are able to detect by using electrochemical m ethod are ascorbic 
acid, gallic acid, catechin and caffeic acid. Thus, the detection of these 
antioxidants was investigated by cyclic voltam m etry focusing on the 
detection at cathodic region as show n in the Fig. SI. W e found that 
the antioxidants which provided the cathodic peak response are only 
catechin and caffeic acid (Fig. S2). The cathodic peak potentials of 
catechin and caffeic acid w ere found to be —0.03 V and —0.025 V vs. 
Ag/AgCl, respectively. Moreover, the difference in the cathodic peak 
potential betw een DPPH and catechin was found to be 250 mV while 
potential difference betw een DPPH and caffeic acid was 245 mV vs. 
Ag/AgCl. Consequently, the chronoam perom etric detection potential 
higher than 0 V vs. Ag/AgCl might be useful to provide a selectively elec
trochemical detection of DPPH w ithout any interfering response from 
direct reduction of the electroactive antioxidants.

N ext chronoam perom etry was performed for indirect electrochem
ical determ ination ofTAC by DPPH assay. The sensitivity and selectivity 
of the system can be readily tuned by the selection of appropriate detec
tion potential. To investigate the optim al detection potential for 
chronoam perom etric detection of DPPH, the relationship betw een 
detection potential in a range of — 0.1 to 0.4 V vs. Ag/AgCl and current 
response of DPPH (blue line) versus 0.1 M EPBS (green line) was con
structed as shown in Fig. 5B [43]. w h e n  the applied potential is changed 
from — 0.1 to 0.2 V, the cathodic current response drastically decreases. 
The cathodic current response reached a plateau when the applied po
tential is low er than 0.2 V (Fig. 5B). The S/B ratios are calculated, and 
the resulting curve between S/B ratio and detection potential is shown 
in Fig. 5C. The m axim um  S/B ratio is found to be 0.2 V vs. Ag/AgCl,
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E  (V) VS. Ag/AgCl

E (V) VS. Ag/AgCl

Fig. 5. (A) Cycilc voltammogram of 2.5 mM DPPH in the  absence (blue solid line) and 
presence (red solid line) of Trolox (5 mM), (B) relationship betw een curren t and 
detection potential of 6.0 mM DPPH (blue line) and background (green line) a t 40 ร 
sampling tim e m easured on G/PEDOT:PSS/SPCE and (C) signal-to-background (S/B) 
ratio obtained from the data in the Fig 5A.

therefore, this potential is chosen for cathodic chronoamperometric de
tection of DPPH solution.
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Fig. 6. (A) Chronoam perogram and (B) calibration curve of Trolox detection in a 
concentration range of 5 to 30 pM in the  EPBS solution a t pH 7.0 m easured on G/ 
PEDOT:PSS/SPCE.

3 .7 . 3 .6  E va lu ation  o fT A C  ill h erb  sa m p le s  a n d  h erb a l b ev e ra g e s

G/PEDOT: PSS/SPCE was applied to evaluate the TAC of five samples. 
Prior to analysis, dried herb sample was prepared using ethanolic extrac
tion to separate andoxidants from a dried plant matrix while TAC of herb
al beverages was directly determined w ithout sample preparation step. In 
case of dned plant, TAC value was expressed as mg Trolox equivalent per 
gram of dry plant (mg of Trolox g_ , of sample). As shown in Table 1, the 
TAC values obtained from our m ethod are compared to those obtained 
from convendonal Uv-vis spectrophotometry using a paired T-test anal
ysis a t the 95% confidence. The results obtained from our system were not 
significantly different between these methods. Therefore, it can be con
cluded that G/PEDOT:PSS/SPCE can be successfully applied for the deter
mination ofTAC in both herb and herbal beverages.

3.6. 3 .5  A n a ly tica l p er fo rm a n c e  o f  th is  s y s te m

G/PEDOT: PSS/SPCE was used for the m easurem ent of different stan
dard Trolox concentrations in a range of 0 -3 0  pM as shown in Fig. 6 A, 
and the steady-state chronoam perom etric current responses a t ai cur
rent of 40 ร were recorded. Then, linear calibration curve was obtained 
(Fig. 6 B) by plotting the current responses versus standard Trolox con
centrations. The limits of detection ( LOD, S/N =  3 ) and limits o f quanti
fication (LOQ, S/N =  10) w ere found to be 0.59 pM and 1.97 pM, 
respectively. Moreover, the reproducibility (7 different electrodes) and 
repeatability (7 different m easurem ents) of G/PEDOT: PSS/SPCE were 
investigated by chronoam perom etric detection  of 20 pM Trolox in 
EPBS (pH 7.0). The relative standard deviations (RSDs) of reproducibil
ity and repeatability were found to be 2.13% and 2.78%, respectively, in
dicating that our proposed system provides a good reproducibility and 
repeatability.

4. Conclusions

A novel electrosprayed G/PEDOT: PSS modified electrochemical 
sensor was developed for TAC evaluation in various herbal samples.

Table 1
TAC values of five samples obtained from our developed system versus a conventional ul
traviolet-visible spectrophotometry (spectrometric, [3]).

Scientific name of Type of Found TAC value
sample sample Our proposed 

method
Spectrophotometric
method

P. e m b lica  L 
A  g h a e se m b illa  Gaertn. 
M o rn s  a lb a  Linn.
T. triandra  (Colebr.) Diels 
c  a sia tica  (L.) Urban.

Dried plant
Beverage
Beverage
Beverage
Beverage

513.29 ±  3 3 9  mg/g* 
5.25 ± 0 .1 5  g/L 
3.69 ± 0 .1 4  g/L 
3.89 ± 0 .1 2  g/L 
4.65 ± 0 .1 5  g/L

508.30 ±  4.03 mg/g‘ 
5.00 ± 0 .1 5  g/L 
3.56 ± 0 .1 3  g/L 
3.75 ± 0 .1 4  g/L 
4.49 ±  0.09 g/L

* mg of Trolox/g of sample.
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C/PEDOT: PSS nanostructures can increase the electrochemical activity 
and curren t response forTAC m onitoring via the detection of DPPH. 
Moreover, this sensing system shows a substantial improved sensitivity, 
reproducibility, repeatability and requires only small volume of sample 
(40 pi). Finally, G/PEDOT: PSS/SPCE was successfully applied for the de
termination of antioxidant content in Thai herbs and herbal beverages. 
The obtained results showed a good agreem ent with the results from 
conventional UV-visible spectrophotom etry. This system might be an 
alternative tool for TAC evaluation in plants, which is applicable to all 
sam ple types w ithout any interference effect from sam ple color and 
sample turbidity.

Novelty statement

This w ork presents a novel g raphene/poly  (3,4-ethylenedioxy- 
thiophene):poly (styrene sulfonate) nanocomposite-modified screen- 
printed carbon electrode (G/PEDOT:PSS/SPCE) for evaluation of TAC 
content using chronoam perom etric detection of DPPH. The modified 
electrodes exhibit excellent electrochemical sensitivity for TAC determ i
nation. Interestingly, the matrix color of sample does not interfere our 
proposed m ethod in the electrochemical m easurem ent of TAC In addi
tion, the G/PEDOT:PSS/SPCE can be applied for the determ ination ofTAC 
in herb and herbal beverages with good reproducibility and repeatabil
ity. Finally, this presented m ethod is a satisfactory agreem ent w ith the 
conventional UV-Visible spectroscopic method.
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su ita b il i ty  o f  th e  BiF/N/IL/G/SPCE to  d e te c t  h e a v y  m e ta ls  in  w a te r  sa m p le s  a n d  th e  re s u lts  a g re e d  w ell 
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ไ. Introduction

Trace and toxic elem ents, such as zinc (Zn(Il)), cadm ium  (Cd(Il)) 
and  lead (Pb(ll)) in various m atrices, like env ironm ental, food and 
biological sam ples have been o f g rea t in te re st d ue to  several haz
ardous effects th a t th ese elem ents could provide to hum ans 
[1,2.48]. Therefore, th e  determ ination  o f heavy m etals in env iron
m ental, food and biological sam ples has d raw n  significant a tten tion  
due  to th e  toxic and nutritional effects o f th ese elem ents [3,4). 
Several analytical techniques such as atom ic absorption  spec
trom etry  (M S ) [5], inductively coupled  plasm a atom ic em ission 
spectrom etry  (ICP-AES) [6 ] and inductively coupled plasm a mass 
spectrom etry  (ICP-MS) [7] are available for th e  d eterm ination  of 
trace heavy m etals w ith  sufficient sensitivity  for m ost o f applica
tions. Usually, th ese m ethods are m ore expensive and  tim e- 
consum ing as com pared to electrochem ical m ethods.

Electrochem ical m ethods, especially electrochem ical stripp ing  
analysis, have been  w idely  recognized as a pow erful tool for 
d eterm ination  o f heavy m etals due to its low  cost, easy operation, 
good specificity, excellent stability, high sensitivity  and low  lim it of 
detection  [8,9]. M ercury-based electrodes, such as m ercury  film 
electrodes (MFE) [10,11] and hanging m ercury  d rop  electrodes 
(HMDE) [12], have traditionally  been used  in stripp ing  techniques 
because o f th e ir advantages, like high sensitivity, reproducibility, 
purity  o f th e  surface, high hydrogen overpotentia l, and possibility 
o f am algam  form ation [10-12], However, th e  toxicity o f m ercury 
restric ts th e  use o f these electrodes in today 's ecologically o riented  
analysis [13]. N um erous attem pts  have consequently  been m ade to 
replace m ercury  electrodes by alternative electrode m aterials w ith  
good analytical perform ance and env iro n m en t friendly character
istics. The b ism uth-film  electrode (BiFE) w as in troduced  around  the 
year 2 0 0 0  as an  alternative to m ercury  electrodes d ue to its strip 
ping behaviors sim ilar to  those o f m ercury  electrodes and the 
env ironm entally  friendly n atu re  o f b ism uth  [ 14], The ability of 
b ism uth  to form  in term etallic  alloys w ith  heavy m etals, as well as 
its insensitivity  tow ards dissolved oxygen are ju s t som e of 
rem arkable electrochem ical features o f b ism uth -based  electrodes 
th a t stay behind th e ir w idespread  use [14—16], The b ism uth  film 
can be constructed  by electrodeposition  on substrates including 
glassy carbon electrodes (GCE) [17], carbon  paste electrodes (CPE) 
[18], boron doped  diam ond electrode (BDDE) [19] and screen- 
p rin ted  carbon electrodes (SPCE) [20,21], SPCE w as chosen as th e  
electrode m aterial in this research because screen prin ted  tech 
nology is a rapid and cost-reducing  w ay to fabricate ro b ust and 
solid electrodes. It offers several advantages, am ong w hich the 
versatility  o f th e  design, reproducibility  in th e  senso r p reparation  
and low  cost production  are notable, w hich  p erm its th e  sensors to 
be d isposed afte r a single use [22,23].

G raphene (G) has attracted  a tten tion  am ong researchers for its 
p roperties like ex trem ely  high th erm al conductivity, good m e
chanical s treng th , high m obility o f charge carriers, large specific 
surface area and  o u tstand ing  electrical p roperties [24.25], Ionic 
liquid (IL) is a prom ising m aterial adopted  in th e  field o f electro 
chemistry. Due to th e  high ionic conductiv ity  and  w ide electro 
chemical w indow , it has been w idely  used as electrochem ical 
solvents and electrode m odifiers for th e  fabrication of sensors 
[26,27], Recently, a synergistic effect of G and IL com posite

m odified SPCE can enab le  a sensitive dete rm in a tio n  o f heavy 
m etals [28,29]. To en h an ce th e  detection  sensitivity  tow ards heavy 
m etals. Nation (N), a perfluorinated  su lphonated  cation  exchanger 
w ith  p roperties o f excellent antifouiing capacity, chem ical in ert
ness, and high perm eability  to  cations, has been  extensively 
em ployed as an  electrode m odifier for organic m olecules [30,31]. 
The in tegration  of G, IL and N could elicit synergistic effects in the 
electrochem ical applications. Thus, G, IL and N com posite could be 
used as a kind of robust and advanced electrode m aterial for th e  
d eterm ination  of heavy m etals.

In th e  p resen t w ork, a g raphene, ionic liquid ( 1 -b u ty l-2 ,3- 
d im ethylim idazolium  tetrafluoroborate) (IL) and Nafion com posite 
and b ism uth  film -m odified screen -p rin ted  carbon  electrode, w as 
developed. Tetrafluoroborates usually show  good com bined p rop
erties o f high electric conductiv ity  and electrochem ical stability; for 
this reason w e have chosen  1 -bu ty l-2 ,3 -d im ethylim idazolium  te t
rafluoroborate as a p ro per candidate for ou r stud ies w hose m od
erate  lipophilic p roperties should cope w ell w ith  g raphene [49]. 
After in situ  deposition  of th e  b ism uth  film, th e  sen so r w as applied  
to dete rm in e traces o f Zn(ll), Cd(Il) and Pb(II) by square wave 
anodic stripp ing  voltam m etry  (SWASV). Finally, th is highly sensi
tive, sim ple and low -cost sensor w as applied  to  th e  d eterm ination  
of Zn(ll), Cd(ll) and Pb(Il) in drinking w ater sam ples.

2. Experimental

2.1. A p p a r a tu s

V oltam m etric experim en ts w ere perform ed  using an Autolab 
electrochem ical system  w ith  a p o ten tio sta t PGSTAT 128 (EcoChe- 
mie, U trecht, N etherlands) contro lled  by th e  NOVA 10.1 softw are. 
The th ree-electrode system  consisted o f a Nafion/ionic liquid/ 
g raphene/screen-prin ted  carbon electrode (N/1L/G/SPCE) as the 
w orking electrode, an Ag/AgCl/sat.KCl electrode as th e  reference 
and a p latinum  w ire as th e  auxiliary electrode.

2 .2 . R e a g e n ts

Industrial-quality  g raphene w as obtained  from  ACS M aterial, 
LLC (M edford, USA). The ionic liquid 1 -bu ty l-2 ,3 -d im ethy lim ida- 
zolium  tetrafluoroborate , Nafion (5% in low er alcohols), N,N- 
d im ethylform am ide (DMF) and sodium  acetate  (CH3COONa) w ere 
purchased from  S igm a-A ldrich  (Buchs, Sw itzerland). Stock solu
tions ofZn(II), Cd(ll), Pb(ll), phosphate  (PO4- ), ch loride (C P), su l
fate (SO4  ), fluoride (F~), calcium  (Ca(ll)), potassium  (K(l)), 
m agnesium  (Mg(Il)), iron (Fe(Ill)), a rsenic (As(Ill)), m ercury  (Hg(Il)), 
copper (Cu(Il)), cobalt (Co(II)), and nickel (Ni(II)) in concentrations 
1000 mg L-1  w ere purchased  from  Carl Roth GmbH +  Co. KG 
(Austria)! The stock e lu t io n s  o f b ism uth  (Bi(III)) and m anganese 
(Mn(II)) (1000 mg L-1 ) w ere  obtained  from  CPI In ternational (USA). 
Acetic acid w as purchased  from  M erck (D arm stadt, Germany). All 
reagen ts w ere o f analytical grade, and w ere used w ith o u t fu rther 
purification. All solutions w ere  p repared  using u ltra-purified  w ater 
(>18 MQ cm ) refined by a cartridge purification system  (Millipore, 
UK).
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2 .3 . P re p a ra tio n  o f  th e  N/IL/G c a s tin g  s o lu tio n  a n d  fa b r ic a t io n  o f  th e  
m o d if ie d  e le c tr o d e

To p repare th e  N/IL/G com posite, 1.0 mg of th e  g rap h en e  was 
d ispersed  in 1.0 mL of DMF by ultrasonic ag itation  for about 2 h. 
Next, 0.5% (m :v) o f th e  ionic liquid and 0.1% (v:v) o f th e  Nafion 
solu tion  w ere added  to th e  g rap h en e  d ispersion  and sonicated  for 
fu rther 30 min. The N/G com posite and  th e  IL/G com posite w ere 
p repared u nd er the sam e experim ental conditions b u t w itho u t 
adding th e  IL and N, respectively.

SPCEs w ere p repared  by prin ting  carbon ink (Acheson, USA) 
onto  a ceram ic sub stra te  (Coors Ceramic, C hattanooga, TN, USA). 
The prin ted  electrode w as allow ed to d ry  in an  oven at 55 °c  for 1 h. 
After that, 5 m m  diam eter-punched  adhesive tape was attached  to 
th e  w orking electrode for lim iting th e  surface area o f th e  senso r 
(area =  0.196 cm 2) (Fig. 1 ). For th e  electrode m odification by d rop
casting, 1.0 pL of th e  N/IL/G com posite solu tion  w as d ropped  onto  
th e  w orking electrode and allow ed to dry com pletely a t room  
tem pera tu re  for approxim ately  10  min.

2 .4 . E le c tro c h e m ic a l m e a s u r e m e n ts

Cyclic voltam m etry  (CV) and  square w ave anodic stripp ing  
voltam m etry  (SWASV) w ere carried  ou t in a 10 mL electrochem ical 
cell. For th e  d e te rm ination  of Zn(ll), Cd(ll) and Pb(Il) square wave 
voltam m ogram s w ere recorded in 0.1 M acetate  buffer solu tions pH 
4.5 in th e  presence o f 200.0 ng mL-1  Bi(lil). Standard solu tions of 
Zn(II), Cd(Il) and Pb(ll) w ere added  to th e  cell and th e  m ixed so
lu tion  was stirred  a t a potentia l o f -1 .4  V for 120 ร. Following th e  
p reconcen tra tion  step, th e  stirring  w as stopped. A fter 5 ร of 
quiescence tim e, square w ave stripp ing  voltam m etric m easu re
m en t w as perform ed by a potentia l scan from -1 .4  V to +0 .2  V w ith  
a frequency 25 Hz, a pulse am plitude 20 mV and a potential step  of 
5 mV. To obtain  reproducible results th e  electrode w as regenerated  
by polarizing th e  electrode a t +0.3 V for 60 ร p rio r to th e  nex t cycle.

2.5. S a m p le  p r e p a r a t io n

D rinking w ate r sam ples w ere bought from a local sup erm ark et 
(Graz, Austria). These sam ples w ere  filtered th rough  a 0.45 pm 
filter. Generally, 2.0 mL o f d rinking w ater sam ple w as m ixed w ith
8.0 mL o f 0.1 M acetate  buffer (pH 4.5) and th en  analyzed by the 
optim ized square w ave anodic stripp ing  v o ltam m etiy  (SWASV) 
m ethod.

3. Results and discussion

3.1. SEM  c h a r a c te r iz a t io n  o f  th e  p r e p a r e d  e le c tro d e s

The scanning electron m icroscopy (SEM) o f SPCE, G/SPCE and N/ 
IL/G/SPCE are show n in Fig. 2. The surface o f th e  SPCE w as p re
dom inated  by isolated and irregularly shaped graph ite flakes and 
separa ted  layers w ere  seen  (Fig. 2A). Therefore, th e  charges could 
n o t be transferred  along th e  vertical direction  of planes because of

Fig. 2. SEM images of surface morphologies of SPCE (A) and N/IL/G/SPCE.

th e  block o f non-conductive binder. The SEM im age o f N/IL/G/SPCE 
show ed m ore uniform  surface (Fig. 2B). As a liquid w ith  good 
conductivity  and high viscosity, IL and N are capable o f b e tte r 
d ispersing the G in th e  paste than  th e  conditional paraffin, thus, 
could b e tte r bridge th e  G sheets together. Thus, the conductive 
perform ance o f the N/IL/G/SPCE w as notably  im proved due to a 
m ixed carbon-ionic contribution .

3 .2 . E le c tro c h e m ic a l c h a r a c te r iz a t io n  o f  th e  p r e p a r e d  e le c tr o d e s  

Cyclic voltam m etry  can provide in terface inform ation o f the

5 mm diameter-punched N/IL/G comnosite solution

SPCE Fit surface area Attaching Drop-casting modification
Fig. 1. Schematic drawing of the electrochemical sensor fabrication and drop-casting modification.
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electrode surface in d ependence o f th e  m odification process. The 
cyclic voltam m etric behavior o f 1.0 mM K3[Fe(CN)6| containing 
0.1 M KC1 a t d ifferent electrodes w as stud ied  a t a poten tia l scan rate 
of 100 V ร- ,  (Fig. 3A). On the bare SPCE (curve a), a pair o f w eak 
redox peaks w ith  th e  peak-to-peak  separation  (AEp) o f 0.31 V was 
observed, indicating th e  lethargic electron transfer rate a t the 
interface. On th e  G/SPCE (curve b), a pair o f w ell-defined peaks 
appeared  w ith  a peak potentia l separation  AEp o f 0.28 V. On th e  N/ 
G/CPE (curve c), a h igher peak cu rren t th an  th a t on both  SPCE and 
G/SPCE was observed, but AEp ex tended  to 0.39 V w hich is due to 
th e  presence o f a m em brane w hich  d eterio ra tes th e  diffusion 
process. The presence o f the ionic liquid in 1L/G/SPCE (curve d) 
causes w ell-defined and enhanced  redox peaks w ith  a small AEp of 
0.22 V, w hich could be ascribed to th e  high ionic conductiv ity  and 
m aybe an electrocataly tic activity of th e  IL After N w as added  to the 
IL/G/SPCE, the anodic and cathodic peaks cu rren t even im proved 
show ing a AEp o f 0.20 V, indicating th a t th e  ionic liquid slightly 
overcom pensates and  synergically im proves th e  o therw ise nega
tive influence of th e  Nation m em brane in th e  N/IL/G/SPCE (curve e).

The relative peak separations, x° =  (Epa -  EpC)/0.058, and anodic 
to  cathodic peak cu rren t density  ratios (Ipa/Ipc) are given in Table 1. 
The theoretical x°-values for th is redox reaction  is 1. The closer the

Potential (V) v s  Ag/AgCl
Fig. 3. Cyclic voltammograms for 2 mM K3|Fe(CN)5] in 0.1 M KCI (A) obtained with a 
(a) bare SPCE, (b) G/SPCE, (c) IL/C/SPCE, (d) N/G/SPCE and (e) N/IL/G/SPCE with a scan 
rate of 100 mV ร-  ; (B) a t scan rates of 2 0 -2 0 0  mV ร-1 on a N/IL/G/SPCE. Inset: 
dependence of the peak current on the square root of the scan rate.

x°-values are to th e  theoretical value, th e  faster th e  electron 
transfer kinetics on th e  electrode [32,33]. The N/IL/G/SPCE elec
trodes show ed a value o f 3.45, w hich is closer to th e  theoretical 
value and m uch sm aller th an  5.34 for the bare SPCE.

The effective surface area of th e  N/IL/G/SPCE w as evaluated 
using K3[Fe(CN)6 ] as a probe based on th e  R andles-Sevcik  equa
tion. The experim en t was perform ed w ith  a 1.0 mM K3[Fe(CN)6] 
solu tion  a t various scan rates (Fig. 3B). For a reversib le process, th e  
following equation  can be utilized [34]:

Ipc =  2 .69  X  1 0 5 X  (Do) X  A X V 1/ 2  X ท3',2 X  Co

w here Ipc is th e  reduction peak current, Do is th e  diffusion coeffi
cien t o f l<3[Fe(CN)6 ] (cm 2 ร-1 ), A is the ap p aren t electrode area 
(cm 2), V is th e  scan rate (V ร-1 ), ท is th e  electron transfer num ber 
and Co is the concentration  for K3 [Fe(CN)6 ] (m ol cm -3 ), in conse
quence, th e  calculated effective surface area o f th e  m odified elec
tro d e  is estim ated  as 0.648 cm 2. This surface is about 2.9 tim es th a t 
of th e  bare SPCE assum ing  th a t th e  diffusion coefficient is unalte red  
by th e  ionic liquid and the m em brane.

Fig. 3B show s th e  cyclic voltam m ogram  of th e  N/IL/G m odified 
SPCE a t d ifferent scan rates (20—200 mV ร-1 ). The oxidation  and 
reduction  peak cu rren t increases w ith  th e  increasing scan rates. 
Further, th e  oxidation and reduction peak cu rren t exhibits a linear 
dependence on th e  square roo t of th e  scan rate (Fig. 3B inse t) in the 
range of 2 0 -2 0 0  mV ร- 1 The resu lt suggests th a t th e  kinetics o f th e  
overall process is m ainly contro lled  by diffusion.

3 .3 . E le c tro c h e m ic a l d e te c tio n  o fZ n ( l l ) ,  Cd(II), a n d  Pb(II)

Fig. 4  show s th e  square w ave anodic stripp ing  voltam m ogram s 
(SWASVs) o f 50 ng L-1  Zn(ll), Cd(Il) and Pb(ll) a t th e  bare SPCE, bare 
b ism uth  film -m odified SPCE (BiF/SPCE), N/IL/G/SPCE and  b ism uth  
film -m odified N/IL/G/SPCE (BiF/N/lL/G/SPCE) in 0.1 M acetate  buffer 
solu tion  pH 4.5. As show n, relatively small stripp ing  cu rren t re 
sponses are observed on th e  bare SPCE (curve a) d u e  to  th e  diffi
culty to  deposit ta rg e t m etals on to  th e  bare SPCE surface. The BiF/ 
SPCE (curve b) y ielded peak cu rren ts h igher th an  those obtained  
w ith  the bare SPCE, w hich is d ue to th e  b ism uth  providing an 
increased surface and facilitating a b e tte r  deposition  d ue to the 
fo rm ation o f "fused" alloys w ith  lead and cadm ium . If graphene, 
Nation o r the ionic liquid w ere individually spread  on th e  electrode 
surface only slight increases o f th e  signal could be observed (no t 
show n). An obvious increase in stripp ing  cu rren ts could be d etec
ted upon casting Nation, g raphene and th e  ionic liquid to  th e  bare 
electrode surface (N/IL/G/SPCE, curve c); th e  im p ro vem en t can be 
attribu ted  to th e  high ionic conductivity  and ion exchange p ro p 
erties o f th e  polym er and IL as well as to th e  surface area increase 
and electric conductivity  o f g raphene. If th is electrode w as com 
bined w ith  in situ  b ism uth  film form ation, the h ighest s tripp ing  
peaks w ere observed (BiF/N/IL/G/SPCE, curve d). The s tripp ing  
voltam m ogram s clearly d em onstra te  th a t th e  b ism uth  film in 
com bination  w ith  th e  N/IL/G com posite possesses very  attractive 
electrochem ical characteristics w ith  h ighest sensitivity, com pared 
w ith  o th er electrodes studied  in th is work.

Table 1
Influence of the m odifiers on the  characteristics of the  electrode.

Electrode AEp (V) x° fpa/lpc
SPCE 0.31 5.34 1.12
G/SPCE 0.28 4.83 1.17N/G/SPCE 0.39 6.72 1.28
IL/C/SPCE 0.22 3.79 1.15
N/IL/G/SPCE 0.20 3.45 ใ.08
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■ Z n(li) 
■ Cd(II) 
■ Pb(ll)

0.1 mg/mL 0.5 mg/mL 1 mg/mL 2 mg/mL 5 mg/mL

Concentration of Graphene
Fig. 4. SWASVs of 50 ng m l-1 Zn(ll), Cd(II) and Pb{II) in 0.1 M acetate buffer solution 
(pH 4.5) on the (a) bare SPCE. (b) Bi(lll) film-modified SPCE, (c) N/IL/G/SPCE and (d) 
Bi(lll) film-modified N/IL/G/SPCE. Deposition time: 120 ร. Deposition potential: -1 .4  V. 
Concentration of Bi(lll): 200 ng m l r 1.

3 .4 . O p t im iz a t io n  o f  e x p e r im e n ta l  p a r a m e te r s

3 .4 .1 . E ffec t o f  c o n c e n tr a tio n  o f  G, IL a n d  NA
Different concentrations o f G, IL and  NA th a t benefited  the 

electrochem ical perform ance o f Zn(II), Cd(ll) and Pb(ll) w ere 
d ropped  on th e  surface o f SPCE, leading to various electrocatalytic 
actions. Fig. 5 show s th e  stripp ing  curren ts variations of
50.0 ng mL" 1 Zn(ll), Cd(II)and Pb(ll) w ith  1 pL o f casting solution at 
different concentrations. The stripp ing  cu rren ts o f Zn(ll), Cd(II) and 
Pb(II) first gradually increased w ith  rising th e  concentration  o f G, IL 
and NA in th e  casting-solution  from  0.1 to  1.0 mg m L"1, 0.05-0.5%  
(m :m ) and  0 .0 1 - 0 .1 % (m :v), respectively, and decreased thereafter. 
The film form ed by N/1L/G com posite, if too  thick, probably 
w eakens th e  plane s tructure  o f th e  N/IL/G com posite and reduces 
th e  electrical conductivity. Taking all these into consideration,
1.0 m g mL" 1 o f G, 0.5% of IL and 0.1 % o f NA com posites w ere used to 
m odify th e  surface o f SPCE. C oncerning th e  cast volum e 1 pL per 
0 .2  cm 2 seem ed optim al.

3 .4 .2 . E ffec t o f  pH , d e p o s it io n  p o te n t ia l ,  d e p o s it io n  t im e  a n d  
c o n c e n tr a tio n  o f  B i( lll)

SWASV was used to s tudy  th e  effect o f pH o f the supporting  
electrolyte, deposition  potential, deposition  tim e and concentration  
o f Bi(Ill) on th e  s tripp ing  peak c u rren t o f 50.0 ng mL" 1 Zn(II), Cd(ll) 
and Pb(II) (Fig. 6 ). D ifferent pH o f 0.1 M acetate  buffer w ere  tested  in 
th e  range o f 2 .5 -6 .S . It w as found th a t a pH o f 4.5 produced the 
h ighest stripp ing  cu rren ts  (Fig. 6 A). Thus, for fu rther studies, 0.1 M 
acetate  buffer a t pH 4.5 w as chosen as th e  supporting  electrolyte. A 
pH of 4.5 seem s to be an op tim um  for the deposition  of b ism uth  
and is in accordance w ith  o th er literature data [29,50].

The effect o f deposition  potentia l on th e  stripp ing  peak cu rren t 
o f Zn(Il), Cd(II) and Pb(ll) w as evaluated over the potentia l range 
from -1 .0  to  -1 .6  V (Fig. 6 B). As can be seen, th e  cu rren t increased 
by applying th e  poten tia l from  -1 .0  to -1 .4  V (vs. Ag/AgCl), and  
th en  dram atically  decreased  due to hydrogen form ation. Therefore, 
a deposition  potentia l o f -1 .4  V w as chosen to record th e  voltam - 
m ogram s. The deposition  tim e is an o th er im p o rtan t p aram eter in 
stripp ing  procedures th a t has a p ronounced effect on both  sensi
tivity  and th e  dynam ic range. The results show ed th a t Zn(II), Cd(II) 
and Pb(II) w ere accum ulated on the m odified electrode surface

Concentration of Ionic liquid

Concentration of Nafion
Fig. 5. Effects of (A) concentration of graphene, (B) concentration of ionic liquid and 
(C) concentration of Nafion on the stripping peaks current of 50 ng mL-1 Zn(ll), Cd(II) 
and Pb(II) in 0.1 M acetate buffer solution (pH 4.5). Error bar: ท =  3.

w ithin  ใ2 0  ร and  fu rther tim e did n o t im prove th e  peak cu rren t 
(Fig. 6 C). In o rd er to achieve high sensitivity  w ith in  relatively short 
analysis tim e, a deposition  tim e o f 1 2 0  ร w as chosen.
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pH  o f  acetate buffer

Fig. 6. Effects of (A) pH. (B) deposition potential, (C) deposition time and (D) concentration of Bi(lll) on the stripping peaks current of 50 ng mi. ! Zn(ll), Cd(ll) and Pb(ll). Error bar: 
ท =  3.

The stripp ing  peaks are affected by th e  thickness of the b ism uth  
film, w hich  can be contro lled  by varying th e  concentration  o f Bi(lll) 
in th e  p lating solution. The effect o f th e  concentration  of th e  Bi(lII) 
w as exam ined in th e  range from 10 to 1000 ng mL 1 (Fig. 6 D). The 
results show  th a t even a t very low  concentrations of bism uth , th e  
response o f th e  m odified electrode tow ards Zn(Il), Cd(ll) and  Pb(II) 
w as very sensitive. As th e  Bi(III) concentration  increased, the 
s tripp ing  peaks becam e m ore prom inen t, and th e  stripping peak 
cu rren ts  of Zn(ll), Cd(ll) and Pb(ll) increased only slightly w hen  
increasing th e  concen tration  above 200 ng mL-1  Bi(IlI). Therefore, 
th e  Bi(Ili) concentration  of 200 ng m l r 1 was chosen for the 
sim ultaneous determ in a tio ns of Zn(il), Cd(ll) and Pb(Il).

3 .5 . A n a ly tic a l  p e r fo r m a n c e  o f  B iF/N/lL/G/SPCE

The analytical perform ance of th e  BiF/N/lL/G/SPCE for the 
d e te rm ination  o f Zn(II), Cd(Il), and Pb(il) was evaluated w ith  
SWASV u nd er th e  optim ized experim ental conditions, and the re
sults are show n in Fig. 7. It can be seen th a t an increase in ta rget 
m etals concentration  is accom panied by an  increase in stripping 
peak curren t. The sensor exhibits excellent linear concentration  
ranges of 0 .1 -100  ng m lA 1 forZn(lI), Cd(II) and  Pb(II). Beyond these 
concentrations th e  g raphs level off. The lim its o f detection  based on 
3 a  value o f th e  b lank  are 0.09 ng IT 1, 0.06 ng L-1  and  0.08 ng IT 1 for 
Zn(II), Cd(ll) and Pb(ll), respectively. The obtained detection  lim its 
are very low and m ore sensitive than  for th e  previously reported  
m ethods. Table 2 sum m arizes the linear range and the detection  
lim its ofZn(Il), Cd(II) and  Pb(II) by various m odified electrodes. The 
detection  lim it and  linear range o f th e  proposed electrode are

com parable w ith  and even b e tte r  th an  those obtained  by o th er 
m odified electrodes.

The repeatab ility  estim ated  in te rm s o f th e  relative stan d ard  
deviation  (RSD %) for ten  repetitive m easu rem en ts  o f 5.0, 30.0 and
60.0 ng mL~ 1 o f Zn(ll), cd(ll) and Pb(ll) w as less th an  8.0%. The 
reproducibility  w ith  d ifferent BiF/N/IL/G/SPCE (ท =  10 sensors was 
always low er th an  12%. These resu lts indicate th a t th is sen so r can 
be successfully applied  to  th e  s im ultaneous d e te rm in a tio n  o f heavy 
m etal ions w ith  excellent sensitivity  and repeatability .

3 .6 . In te r fe re n c e  s tu d y

The effect o f som e possible in terferents w as investigated  by 
adding th em  to a solu tion  con taining  50.0 ng m r 1 o f Zn(II), Cd(ll) 
and Pb(ll) in 0.1 M acetate  b u tte r pH 4.5. The to lerance lim it is 
estim ated  to  be less than  5% o f th e  error. The experim en ta l results 
reveal th a t 1000-fold m ass ratios of PO l“ , c r , SO4A FA Ca2+, K+, 
Mg2+ and M n2+; 500-fold m ass ratios o f Fe3+, As3+ and  Hg2+ 200- 
fold m ass ratio o f Zn2+, Cd2+ and  Pb2+ and  10-fold m ass ratios of 
Cu2+, Co2+ and  Ni2+ did n o t in terfere  w ith  th e  analysis o f Zn(Il), 
Cd(il) and Pb(II) (Table 3). Hence th e  d e te rm in a tio n  of Zn(ll), Cd(ll) 
and Pb(II) w as no t considerably  affected by com m on in terfering  
species, w hich  show s th a t th e  m etho d  is m ore selective tow ard  the 
th re e  ta rg e t m etals.

3.7. S a m p le  a n a ly s is

The BiF/N/IL/G/SPCE sen so r w as applied  on trea ted  drinking 
w ate r sam ples using th e  standard  add ition  m ethod. Recovery
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Fig. 7. SWASVs of Zn(II), Cd(II) and Pb(II); concentrations of Zn(ll), Cd(ll) and Pb(ll) 0.1,0.5,1.0,5.0,10.0,20.0,40.0,60.0, 80.0 and 100.0 ng m l.-1, o th e r  conditions are the  same as in 
Fig. 3. The insets show the calibration curves.

Table 2
Comparison of this m ethod for the  determ ination of Zn(ll), Cd(II) and Pb(II) w ith o ther stripping techniques a t modified electrodes.

Electrodes Method Linear range (ng mL-1 ) 
Zn(II) Cd(ll) Pb(II)

Detection lim it (ng nL_1) 
Zn(II) Cd(II) Pb(ll)

References

M ercury film/SPCE SWAsv N .M . 1 -1 0 0 0 1 -1 0 0 0 N .M . 1.0 0.3 [35]
Bismuth film/SPCE SWASV N.M . 0 - 7 0 0 - 7 0 N .M . 0.69 0.89 1361
Bismuth film /carbon nanotubes/SPCE SWASV 1 2 -1 0 0 2 -1 0 0 2 -1 0 0 11 0 8 0 2 [21]
Bismuth film /carbon nanotubes/N/SPCE DPASV 0 .5 -1 0 0 0 .5 -8 0 0 .5 -1 0 0 0.3 0.1 0.07 [37]
Bismuth film/G/IL/SPCE SWASV N.M. 1 -8 0 1 -8 0 N .M . 0.08 0.1 [28]
IL/C/CPE SWASV N.M . N .M . 2 .6 -4 1 .4 N .M . N .M . 0.09 [29]
Bismuth film/N/G/polyaniline nanocomposite/SPCE SWASV 1 -3 0 0 1 -3 0 0 1 -3 0 0 1 0.1 0.1 [38]
Hydroxyapatite/IL/CPE SWASV N.M . 0 .1 -1 1 .2 0 .2 -20 .8 N .M . 0.06 0.04 [39]
IL m ediated hollow fiber/CPE SWASV N.M . 2 -1 3 0 0 0 0 6 -6 5 0 0 N .M . 0.61 0.19 HO]
M ercury Film/N/IL/EIectrode AdSV N.M . 0 .1 -1 6 .0 1 .0 -16.0 N .M . 0 1 3 0.12 [41]
IL/Mesoporous Silica/CPE DPASV N .M . 67.5-3372.3 82 .9 -18648 N .M . 9 0 8.3 [421
Bismuth film /G/poiyaniline/polystyrene nanoporous fibers/SPCE SWASV N .M . 1 0 -5 0 0 1 0 -5 00 N .M . 4.43 3.30 [43]
Bismuth film/N/IL/G/SPCE SWASV 0 .1 -1 0 0 0 .1 -1 0 0 ๐o7๐ 0.09 0.06 0.08 This w ork

SPCE: screen-printed carbon electrode; NA: Nafion; G: graphene; IL: ionic liquid: CPE: carbon paste electrode; DPASV: differential pulse anodic stripp ing voltam m etry; AdSV: 
adsorptive stripping voltam m etry; N .M .: not m easured.

Table 3
Tolerance ratio o f interfering ions in the  electrochem ical determ ination of 
50 ng m l - '  of Zn(II), Cd(II) and Pb(II) on BiR/N/IL/C/SPCE.

Common ions 5% tolerance ratio (Wjons/
v/target metals)
Zn(II) Cd(II) Pb(ll)

p o r .  c r ,  S03“, F", Ca2+, K+, Mg2*, Mn2+ >1000 >1000 >1000
Fe3+, As3+, Hg2+ 500 500 500
Cu , Co , Ni2+ 25 25 25
Pb2+ 200 200 -
Cd2+ 200 - 200
Zn2* - 200 200

stud ies w ere  carried o u t by spik ing Zn(II), Cd(ll) and Pb(Il) to  th e  
drink ing  w ater sam ples (w ith  analyte co ncen trations below  th e  
d etection  lim it) a t  th ree  concen tration  levels o f 5.0, 30.0 and
60.0 ng  mL-1. The obtained  recoveries o f Zn(Il), Cd(ll) and  Pb(ll) 
w ere  in th e  range o f 90.3—112.5% (Table 4). The recoveries w ere 
satisfactory reasonable, w hich  indicated  th e  capability  o f the 
m ethod  for d e te rm ination  o f Zn(ll), Cd(Il) and  Pb(II) in such sam 
ples. Com m ercially available d rinking w aters  w ere  analyzed, th e  
resu lts obtained  by BiF/N/lL/G/SPCE w ere  com pared  w ith  those 
from  inductively coupled p lasm a-m ass spectrom etry  (1CP-MS) 
(Table 5). The applicability o f th e  m etho d  to  natura l w a te r m atrices 
w as add itionally  confirm ed w ith  th e  analysis o f a reference m ate 
rial (NIST standard  reference m aterial 1640 a, “Trace E lem ents in
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Table 4
Recovery for the determ ination  of Zn(Il), Cd(II) and Pb(II) in drinking w ater sam ples (ท =  3).

Samples Added (ng mL-1 ) % Recovery % RSD
Zn(II) Cd(II) Pb(tl) Zn(II) Cd(ll) Pb(Il)

Drinking w ater 1 5.0 94.7 ± 3.5 90.3 ± 2.9 110.4 ± 1.7 3.7 3.2 1.6
3 0 0 101.6 ± 5.8 103.0 ± 4 .2 96.8 ± 3.6 5.7 4.1 3.7
60.0 99.6 ± 3.0 99.3 ± 2.3 100.7 +  2.3 3.0 2.3 2.3

Drinking w ater 2 5.0 96.2 ± 4 3 93.0 ± 2.3 1 0 54  +  5 7 4.5 2 4 4.6
3 0 0 101.2 ± 0.9 102.2 + 5.3 101.4 ± 1.2 0.9 5.2 12
60.0 99.8 ± 4.1 99.5 ± 3.2 102.1 ± 5.1 4.1 3.2 5.0

Drinking w ater 3 5 0 105 3 ± 9.8 91.9 ± 5.6 112.5 ±  1.9 9.3 6.1 1.7
30.0 98.4 ± 2.0 1 0 7 .2 + 4 .8 93 4 ±  2 0 2.0 4.4 2.1
6 0 0 100.4 ± 7.1 98.4 ± 6.6 101.5 ± 7 .6 7.1 6.7 7.5

Table 5
The com parison of the  proposed m ethod and standard  m ethod for the determ ination  of Zn(II), Cd(II) and Pb(ll) in drinking w ater sam ples (ท =  3).

Samples Found (ng mL-1 )
Proposed m ethod ICP-MS
Zn(II) Cd(II) Pb(II) Zn(Il) Cd(ll) Pb(il)

Drinking w ater 1 7.6 ± 0.4 3.0 ± 0.5 8.7 ±  0.4 8.0 ± 0.8 3.2 ± 0.4 9.2 ±  0.4
Drinking w ater 2 24.9 ±  0.9 2 5 ± 0 6 8 6 ± 0  3 25.3 ± 1.2 2.1 ±  0 3 8.8 ± 0.4
Drinking w ater 3 13.5 ± 0 .4 <1.0 6.3 ± 0.3 13.8 ± 1.5 <2.0 6.6 ±  0  2
Drinking w ater 4 9.6 ± 0.5 <1.0 <1.0 9.9 ±  1.4 <2.0 <2.0
NISTSRM 1640a 56.0 ±  1.3 4.1 ±  0.5 12.5 ± 0 .6 55.64 ± 0.35a 3.992 ± 0.074J 12.101 ± 0.050"
a Certified value.

Natural W ater"). The significance o f th e  developed m ethod  w as also 
tested . The results thus obtained clearly reveal th a t th e  concen
trations o f Zn(Il), Cd(il) and Pb(ll) in th e  d rinking sam ples obtained  
by th e  proposed stripp ing  v o ltam m etry  are in satisfactory ag ree
m en t w ith  those d eterm ined  by 1CP-MS and  th e  proposed stripp ing  
sensor has p rom ising feasibility for trace-level d eterm ination  of 
Zn(ll), Cd(II) and Pb(II) in even m ore com plex sam ples.

4. Conclusions

in th is  study, a Nafion/ionic liqu id /graphene com posite and 
b ism uth  film -m odified screen -p rin ted  carbon electrode (BÏF/N/IL/ 
G/SPCE) w as developed and used for th e  sim ultaneous d e te rm i
nation  o f Zn(II), Cd(ll) and Pb(II) by square w ave anodic stripp ing  
voltam m etry  (SWASV). To th e  b est o f o u r knowledge, such a m ul
tiple com posite - b ism uth  film electrode w as used for th e  first tim e 
as a w orking electrode. The m odified electrode exhibited greatly 
im proved stripp ing  perform ance for th e  d eterm ination  o f Zn(ll), 
Cd(ll) and Pb(II). This w as a ttribu ted  to th e  increased surface area, 
im proved conductivity  and m ass tran sfer on the electrode surface 
d ue to th e  incorporation  o f Nation, ionic liquid and graphene. Un
d er optim ized conditions, th e  re levant calibration curves w ere 
linear in the range o f 0 .1 -100  ng mL-1  for th ree  m etal ions, w ith  a 
detection  lim it o f 0.09 ng L” ’, 0.06 ng IT 1 and  0.08 ng IT 1 for Zn(II), 
Cd(Il) and  Pb(ll), respectively, w ith  120 ร deposition  tim e. Good 
repeatab ility  and reproducibility  of th e  voltam m etric responses 
was achieved. Com pared to approaches w ith  carbon nanotubes [21 ] 
th e  new  type o f senso r show s significantly low er detection  limits, 
im proved baseline and  signal characteristics particularly for zinc, 
bu t also for th e  o th e r analytes, and m ay be used sim ply in batch  
stripp ing  analysis w ith o u t sequential in jection  a t very low  con
cen tration  levels w hich  will favor its application to m atrices w ith  
low  conten ts o f th e  analytes, such as rain w ater. The reason  for this 
drastic im provem en t can be found in m any characteristics o f g ra
phene w hich are superio r to CNTs, such as electric conductiv ity  and 
surface area [4 4 —471- -

Furtherm ore, th e  utility  o f th e  proposed m ethod  was

successfully tested  by th e  d e te rm in a tio n  o f heavy m etals in 
drink ing  w ater sam ples and  th e  resu lts w ere in satisfactory 
ag reem en t w ith  1CP-MS determ ination . This senso r can be used as 
an excellent a lte rnative to  m ore expensive spectrom etric  m ethods 
for th e  dete rm in a tio n  o f heavy m etals in real sam ples.
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e lectrochem ical senso r. H ow ever, hy drop hob ic ity  o f g rap h en e  m akes it  inco m patib le  w ith  a q u eo u s e lectro ly te  
so lu tion , lead ing  to  significan t im p e d im e n t to  th e  e lec tron  tran s fe r  process. H ere , w e a im  to  a lte r  g rap h en e  
p ro p e rty  to  be  hydroph ilic ity  by  u s in g  a n  e lectrochem ically  red uced  m icellar g ra p h en e  ox ide fo r e lectrode 
su rface  m odification . T hen , th is  system  w as ap p lied  fo r th e  s im u ltaneou s d e te rm in a tio n  o f  tox ic  pestic ides (e.g. 
ca rbo fu ran  a n d  carben dazim ). In te restin g ly , th e  m odified  e lectrode offers a n  im p ro ved  e lectrochem ical 
sensitiv ity , verified by a d ra stic  increase  in  c u rre n t signal o f  ca rbo fu ran  (4  tim es) a n d  carben daz im  (12 tim es) 
com pared  to  a n  unm odified  electrode. U nd er th e  o p tim a l con d ition s, low  d e tec tion  lim its  o f  ca rb o fu ran  and  
carben dazim  w ere foun d  to  be  10 pg L_I a n d  5 pg LT1, respectively. U ltim ately , th is  sy stem  w as successfully 
app lied  fo r th e  sensitive  a n d  sim u ltan eo u s de te rm in a tio n  o f  carbo fu ran  a n d  carben dazim  res idues in various 
ag ricu ltu ra l p roducts.

1. In troduc tion

W ith the advent of nanotechnology, various nanom aterials, such as 
metallic nanoparticles [1,2] and  carbon based nanom aterials (i.e. 
fullerenes [3], carbon nanofibers [4], carbon nanotubes [5], carbon 
nanodots [6], graphene) have been used to modify the  electrode 
surfaces. Among carbon based nanom aterials, graphene (G) [7 -1 2 ] 
h as become a prom ising m aterial for electrode modification due to  its 
ou tstand ing properties, such as large surface area, fast electron transfer 
kinetics and  high electrical conductivity. However, the use  of pristine  G 
always suffers from  a  high tendency o f self-agglom eration and  re
stacking via Van d er W aals interaction, leading to loss o f effective 
surface area and  conductivity; thus, it is necessary to  prevent the  self
agglom eration o f G. Alternatively, graphene oxide (GO), containing 
oxygen groups on the plane of carbon atom , has become an attractive 
m aterial. An im p ortan t property of GO is well dispersibility in w ater 
due to the  high polarity of oxygen; nonetheless, GO is often classified as 
an  electrical insulator because o f the  disrup tion  from the  oxygen 
groups. Therefore, GO is used as a p recursor and  reduced into pristine

G by removal of oxygen-groups, described as a  reduction  reaction. GO 
which is reduced into G is called reduced graphene oxide (RGO). There 
are several m ethods for producing of RGO [1 3 -1 6 ] including chemical 
reduction, therm al reduction and electrochem ical reduction. From  the 
previous reports [17], although RGO prepared  by chem ical reduction  is 
a large scale m ethod; however, it was con tam inated  by th e  reducing 
agents resulting in poor-quality yields. Likewise, for therm al reduction 
a t high tem perature , it usually produces th e  very h igh surface area  of 
RGO, b u t the  heating  process can dam age the  structu re  of RGO sheets 
[18]. Nevertheless, GO which is reduced by electrochem ical m ethod, 
denoted as an  electrochem ically reduced graphene oxide (ERGO) 
[19,20], can be created as the best quality  com pared to  others. 
U nfortunately, because of the en tire  carbon s tructu re  o f G, it is 
classified as a hydrophobic m aterial [211. Thus, the  surface of graphene 
refuses to  closely contact with an aqueous solution. In  this work, we 
aim  to a lter a property of graphene surface to  be hydrophilic by sim ply 
using a com m on surfactant for im proving o f the interfacial property.

Surfactants are the surface-active com pounds consisting of hydro
philic heads on one side and  long chain hydrophobic tails on ano ther
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side. Normally, the  surfactant molecules possess an im portan t property 
of reducing the interfacial tension. Previously, surfactants were used to 
prevent the self-agglom eration of G by intercalation betw een G sheets 
[22 -2 4 ], Furtherm ore, it has been previously reported th a t surfactant 
can improve the interface p roperty  betw een electrode and electrolyte 
solution [25]. Also, it was well known that micelles are form ed 
spontaneously in aqueous solution at a sufficiently high concentration 
of surfactant. T here are several applications that use micelles for 
electrode m odification to im prove the electrode surface properties 
[26,27]. Accordingly, surfactant becomes a m aterial of in terest for 
the  developm ent of a  new electrode for an  electrochemical sensor. 
Here, cetyltrim ethylam m onium  brom ide (CTAB), a positively charged 
surfactant w ith quaternary  am m onium  group, is used along with GO 
for the  electrode surface modification.

One o f  th e  c u rre n t env ironm en tal prob lem s w hich ou r w orld is 
confron ting  is a con tam inatio n  o f na tu ra l resource by tox ic  chem ical 
substances, especially for the  pesticide  residues. C arbo furan  (CBF) 
and  carbendazim  (CBZ), generally  used  as an insecticide  and  a 
fungicide, are considered  as one o f th e  m ost hazardo us pesticides. 
Both of them  have po ten tia l to  w reak w idespread destru c tio n  of 
na tu ra l env iro n m en t and  po ten tia lly  con tam inate  in  v a rio us agri
cu ltu ra l p ro duc ts. W ith  in ad v erten t use o f them , th e re  will be 
inev itab le  co n tam in a tio n  in air, food a n d  w ater and  adversely im pact 
th rou gh  th e  food chain  [28]. C onsequently , they  no t only devasta te  
wildlife, b u t also severely harm  to the  h u m an  health . Previously, it 
was rep o rted  th a t  CBF and  CBZ are th e  carcinogenic sub stances 
causing chron ic  and  acu te  d iseases [2 9 -3 1 ] . Thus, the  developm ent 
o f sensitive sen so r for d e tectio n  o f these  com pounds is essen tia l to 
contro l th e  co n tam in a tio n  in env ironm ent.

Traditional analytical m ethods are commonly used for CBF and 
CBZ determ ination , such as ultraviolet spectroscopy [32], spectro 
photom etry [33], gas chrom atography [34], high-perform ance liquid 
chrom atography [35,36] and  capillary electrophoresis [37]. 
U nfortunately, these  techniques still have som e drawbacks, for exam 
ple, high cost, non-portability , long analysis tim e and  com plicated 
sam ple pre trea tm ent. Thus, electrochem ical technique has become an 
interesting option due to  its inexpensiveness, fast analysis and po rt
ability; however, the  perform ance o f conventional electrodes has not 
sufficed to accom plish the  sensitive analyses. To unravel th is problem , 
modification of working electrode surface to improve bo th  analytical 
perform ance and sensitivity of electrochem ical sensor is very crucial.

Herein, the  m odified electrodes were fabricated by using an 
electrochem ically reduced m icellar graphene oxide (ERMGO) and 
CTAB, and then  th is  system  was applied for the sim ultaneous detection 
of CBF and  CBZ in the  agricultural products. The electrode preparation  
was thoroughly optim ized, and the  analytical perform ances of ERMGO 
modified electrode were com pared with ERGO modified electrode and 
unm odified electrode. Overall, th is system  offers several advantages, 
such as fast and  easy fabrication, excellent electrochem ical sensitivity, 
high analytical perform ance and extrem ely low cost. Indeed, this novel 
platform  m ight be an alternative approach for fu rther developm ent of 
high perform ance electrochem ical sensor in various applications.

2 . E x p e r im e n ta l

2.1. Materials
G raphene oxide (GO) was purchased from XF Nano, Inc  (Nanjing, 

China). Cetyltrim ethylam m onium  brom ide (CTAB), potassium  dihy
drogen phosphate  (KH2 PO4) and  disodium  hydrogen phosphate 
(Na2H P 0 4) were ob tained from Sigma-Aldrich (St. Louis, MO, USA). 
All aqueous solutions were prepared in Milli-Q w ater (18.2 M fl cm). 
Carbon graphene ink and  silver/silver chloride ink were purchased 
from Gwent group (Torfaen, U nited Kingdom) for screen-prin ted  
carbon electrode preparation.

2.2. Apparatus
The electrochem ical m easurem ents using square-w ave voltam m etry 

(SWV) and cyclic voltam m etry (CV) were perform ed on a 910 PSTAT 
m ini (M etrohm  Siam Com pany Ltd). SWV m easurem ents of CBF and 
CBZ were carried ou t using an applied potential ranging from  0 to 1.0 V 
with the optim al param eters including step potential o f 10 mV, 
am plitude of 20 mV and frequency of 10 Hz. Furtherm ore, electro
chemical im pedance spectroscopy (EIS) was perform ed on pAUTOLAB 
type III po tentiostat (M etrohm  Siam Com pany Ltd.) using a solution of 
0.5 M KC1 containing 1 mM [Fe(CN)6]3_/4_ w ith a frequency range 
from  0.1 to 105 Hz and  an am plitude o f 0.01 V.A. JSM -6400 field 
em ission scanning electron m icroscope (Japan  Electron Optics 
Laboratory Co., Ltd., Jap an ) was used for electrode surface morphology 
characterization. Contact angle m easurem ent was perform ed by using a 
2 0 0 -k l goniom eter (R am e-hart In strum en t Co).

2.3. Preparation of screen-printed carbon electrode (SPCE)
A three-electrode configuration o f screen-prin ted  carbon electrode 

pa ttern  was designed by Adobe Illustra tor. The electrodes were 
prepared  by using an  in-house screen-prin ting  procedure. Firstly, 
silver/silver chloride was screened on PVC substra te  as reference 
electrode (RE) and conducting pad, and  then  heated  up at 55 °c  until 
the  ink was dried out. Afterwards, carbon graphene ink was screened 
over as working electrode (WE) and  counter electrode (CE), and heated  
up at 55 ° c  till the ink  was dried  ou t [38].

2.4. Preparation of GO solution for electrode modification
To prepare GO solution, 1.6 mg o f GO was d ispersed in 1 mL of 

w ater w ith an  ultrasonication for 2 h. After that, the dispersed GO 
solution was m ixed w ith 0.1 M phosphate buffer solution pH  7 a t the 
ratio  o f 1:1, denoted as GO solution. Likewise, m icellar graphene oxide 
solution was prepared . Firstly, 0.02 g of CTAB was dissolved in 10 mL 
of w ater. Secondly, 1.6 mg of GO was sonicated in 1 mL of w ater for 
2 h. Afterwards, the m ix ture of dispersed GO solution , 0.1 M phosphate 
buffer solution pH 7 and  CTAB solution was m ixed a t a  ratio  o f 10:9:1, 
denoted  as MGO solution.

2.5. Fabrication of electrochemically reduced graphene oxide 
modified electrode

To fabricate electrochem ically reduced graphene oxide m odified 
electrode, 100 pL of GO solution was dropped  on to  a SPCE, covering 
over 3 electrodes. Cyclic voltam m etry was perform ed from -0 .5  to 
-1 .7  V (vs Ag/AgCl) at a scan ra te  of 100 mV ร-1 for 10 cycles. 
Eventually, reduced graphene oxide was deposited  on the working 
electrode surface. This m odified electrode is called ERGO modified 
electrode. Similarly, to  fabricate electrochem ically reduced m icellar 
graphene oxide modified electrode, 100 pL o f MGO solution was 
dropped onto a SPCE. Then, the reducing process was carried  out by 
cyclic voltam m etry in  a potential range of -0 .5  to -1 .5  V (vs Ag/AgCl) 
a t a scan rate  of 100 mV ร-1 for 10 cycles. Finally, reduced m icellar 
graphene oxide would be deposited onto the  working electrode surface. 
This modified electrode m odel is denoted  as ERMGO modified 
electrode.

2.6. Real sample preparation
Three agricultural products were selected as real sam ples including 

soybeans, rice and  tom atoes. They were purchased as raw  products 
from  local markets. To prepare  the real sam ples, agricultural product 
specim ens were infused in 50 mL of chloroform  and  leaved them  for a 
day. Next, 30 m L of chloroform  was collected, and rem oved by rotary 
evaporator. Then, 10 m L o f ethanol was added instead and collected
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5 mL o f sup ern atan ts to avoid dregs and oil part. Then, CBF and CBZ 
stand ard  solutions were spiked into the solution. Next, 2 mL of 0.01 M 
NaOH was mixed together with 5 mL o f the  pesticide solution. The 
solution was heated  up at 85 °c  in a closed system for 20 m in [39], and 
then  cooled down at a room  tem perature. After that, 2 mL of 0.01 M 
HCIO4 was added to neutralize NaOH. Finally, the pesticide solution 
was dilu ted with 41 mL o f 0.01 M PB solution pH of 7 for a final 
volum e of 50 mL, which has the final concentration of 200, 1000 and 
4000 p g L ' 1 for CBF and  50, 500 and 2000 pg L" 1 for CBZ prior to 
analyses.

3. Results and discussion

3.1. Electrode characterization
3.1.1. Visual characterization

Initially, w hen CTAB was added into GO solution and the concen
tration  of CTAB reached its critical micelle concentration (CMC), the 
form ation of m icellar graphene oxide (MGO) was observed. Suddenly, 
the  micelles were spontaneously form ed with CTAB surrounding GO, 
called micellization. Hydrophilic heads form  outer assem blies to 
contact w ith aqueous solution, and hydrophobic tail sequesters w ithin 
the in te rio r.'A s show n in Fig. 1, it exhibits the a lterant features of 
0.8 mg mL' 1 of GO solution with different CTAB concentrations. 
Firstly, Fig. 1A show s an  appearance of GO solution in the  absence 
o f CTAB. An original feature o f GO solution was observed as a  turbid  
and  dark-brow n solution. Secondly, GO solution in the presence of 
0.0025%  CTAB is show n in Fig. IB w ith an  unchanged appearance, 
indicating th a t CTAB micelles are no t formed at th is concentration 
w hich is below its CMC. Thirdly (Fig. 1C), GO solution was prepared 
w ith 0.010% CTAB, and the  appearance shows dark-brow n micellar 
sed im ent of GO suspending in the solution, and micellization takes 
place by an  aggregation of CTAB and GO [40], verifying that the  CTAB 
concen tration is above its CMC. Lastly, the appearance of GO solution 
w ith 0.020% CTAB was observed with an increased am ount of 
suspended sed im ent o f GO (Fig. ID ); therefore, the m icellar CTAB- 
GO are fu rther aggregated with an increasing am ount of CTAB in the 
solution.

3.1.2. Electrochemical reduction of GO and MGO
To generate ERGO, an electrochem ical reducing process was 

carried  ou t by applying highly negative potential to force the reduction 
o f oxygen groups on the surface of GO sheets. Initially, 0.8 mg m L - 1  of 
GO solution was p repared  in the absence and presence of 0.010% 
CTAB. Afterwards, the  reducing process was operated by using cyclic 
vo ltam m etry scanning in a potential range from -0 .5  to -1 .7  V (vs Ag/ 
AgCl) for 10 cycles a t a scan ra te  of 100 mV ร" 1 as shown in Fig. 2. In 
th is  work, the  cyclic voltam m ogram s presen t 1 0  cycles of reduction 
reactions o f GO and MGO. The first cycle of cathodic peaks always 
provides th e  h ighest curren t signal, explained that the  reduction 
process of GO takes place alm ost entirely. Next, for the subsequent
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Fig. 1. Appearances of GO solution in an absence (A) and presence of different CTAB 
concentrations (B-D).

Fig. 2. Cyclic voltammograms of electrodeposition of GO (blue line) and MGO (red line) 
modified electrode. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

cycles, the cathodic peaks become lower and vanish successively 
because GO exhausts alm ost completely. Eventually, reduced GO is 
cum ulatively deposited on the  electrode surface. Fig. 2 shows the 
com parisons of cyclic voltam m ogram s of reduction reaction between 
ERGO (blue line) and ERMGO (red line) modified electrode. The cyclic 
voltam m ogram s of ERGO display th a t the  reduction  of GO begins a t a 
potential of -1 .0  V, and  reaches the  m axim um  current at -1 .4  V. On 
the  o ther hand, cyclic voltam m ogram s o f ERMGO show  th a t the  onset 
potential of reducing process o f MGO is a t -0 .6  V, and  th e  cathodic 
peak appears a t -1 .0  V. Considering the  first cycles, ERMGO provides 
positively shifted com pared with ERGO, indicating th a t a rate  of 
electron transfer is prom oted in the process of reducing MGO. This 
phenom enon is possibly explained th a t the positively charged outer 
shells of MGO consist of hydrophilic heads of quaternary  am m onium  
group. Then, the negative potential was applied to the electrode 
surface, so the  negatively charged surface attrac ts the  positively 
charged micelles by an electrostatic in teraction  resulting in an  accel
e rated  m igration of MGO.

3.1.3. Scanning electron microscopy
To prove th e  successful electrodeposition o f RGO on the  electrode 

surfaces, th e  m orphologies o f unm odified electrode, ERGO and 
ERMGO modified electrode were characterized by scanning electron 
microscopy (SEM) as show n in Fig. 3A -C. According to  Fig. 3A, a SEM 
im age shows an appearance of unm odified electrode surface, exhibiting 
the sheet-like arch itecture w ith plenty of graphite  flakes on the  surface. 
Fig. 3B shows a SEM image of ERGO m odified electrode that 
dem onstrates ERGO film covering over the sheet-like morphology 
and  concealing all graph ite  flakes of unm odified electrode. Fig. 3C, 
th in  ERMGO film also covers the entire  sheet-like morphology. In 
addition, ERMGO is a translucen t film because it can be seen through 
the  opposite site w ith clear visibility. Thereby, it can be concluded th a t 
the  ERMGO film is m ore tran sp aren t th an  ERGO film, implying that 
ERMGO film is m uch th in n er th an  ERGO film. Furtherm ore, in order 
to  confirm  the  elem ental com position of the  working electrode 
surfaces, unm odified electrode, ERGO m odified electrode and 
ERMGO modified electrode were characterized by using an energy- 
dispersive x-ray spectroscopy (SEM-EDX), and  the ob tain spectra  were 
show n in Fig. SI in the Supporting inform ation.

3.1.4. Contact angle (CA) measurement
Contact angle m easurem ent is one of the techniques used for 

investigation of the  hydrophobic/hydrophilic property o r wettability 
o f the  solid surface. In th is work, CA values of an unm odified electrode, 
ERGO and  ERMGO m odified electrode surface were m easured using a 
static  sessile drop m ethod as p resen ted  in Table 1, and  the  w ater drop 
behaviors on  the  electrode surface are shown in the  Fig. 4A -C . As seen 
in Fig. 4A, it show s the  w ater drop behavior on the unmodified
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Fig. 3. SEM images of unmodified electrode surface (A), ERGO modified electrode surface (B) and ERMGO modified electrode surface (c) with lOOOx magnification.

Table 1
Comparison of contact angle values on the surface of different electrodes.

Electrode Average contact angle values (° ± SD)
Unmodified 133.18 ±2.02
ERGO 127.52 ±3.51
ERMGO 68.86 ± 3.90

electrode surface. The w ater drop is alm ost spherical, and a CA value is 
found to be 133.18°. Obviously, a CA value obtained from  unmodified 
electrode is larger than  90°, considered as hydrophobic surface or low 
wettability. This phenom enon can be described that screened carbon 
ink com position consists of carbon ink, graphite, graphene flakes, 
organic solvent and additives etc. All the com ponents are hydrophobic, 
so the unm odified electrode surface repels the w ater droplet. Likewise, 
Fig. 4B presen ts the  w ater drop behavior on ERGO modified electrode 
surface. The shape of w ater drop is also spherical sim ilar to  the  drop on 
the  unm odified electrode, and a CA value is 127.52°. ERGO modified 
electrode surface is also classified as hydrophobic surface or low 
wettability. As th a t result, ERGO was produced from the  removal of 
oxygen functionalities on  the GO sheets by reduction reaction. 
Consequently, ERGO rem ains merely entire  carbon structure, so it is 
hydrophobic as well. On the contrary, Fig. 4C shows th e  w ater drop 
behavior on ERMGO modified electrode surface. The w ater drop 
pervasively spread over the  surface, and a CA value is 68.86°, which 
is sm aller th an  90°, suggesting th a t the wetting on the  surface is 
favorable. Thus, ERMGO modified electrode surface is classified to  be 
hydrophilic surface or high wettability. This phenom enon can be 
described th a t CTAB has a property of reducing surface tension

betw een interfacial phases. In o ther words, CTAB has ability for the 
im provem ent of miscibility betw een polar and  non-polar phases. Thus, 
the adjustm ent of ERGO surface w ith micelle of CTAB takes an 
advantage of im proving com patibility of ERMGO and  water.

3.1.5. Electrochemical impedance spectroscopy
Also, the  interfacial p roperties of electrode surface were investi

gated by using an electrochem ical im pedance spectroscopy (EIS). The 
charge-transfer resistance (Rci) depends on dielectric and insulating 
features a t the electrode-electrolyte interface. The Ret value derived 
from a diam eter of sem icircle portion  of N yquist plots is related to the 
charge transfer resistance and  electronic resistance of the electrodes. 
The sem icircular portion  of Nyquist plots can indicate the efficiency of 
electron transfer from electrode surface to  an aqueous electrolyte 
solution. As shown in Fig. 5, the Nyquist plots represent the com par
ison among unmodified electrode (blue line], ERGO m odified electrode 
(green line) and ERMGO modified electrode (red line) in the presence 
of 1.0 mM of FefCNfs3-^ -  in 0.1 M KC1. The Nyquist curve of 
unm odified electrode shows the largest sem icircular portion of all with 
an Re, value of 16329.4 ท, indicating th a t an unm odified electrode has 
high charge-transfer resistance, leading to  poor electron transfer 
through  the surface. For the curve of ERGO modified electrode, the 
sem icircular portion is sm aller than  on an unm odified electrode, and 
an  IL;t value substantially  decreases to  4984.2 ท. The sm all diam eter on 
the  curve can indicate th a t G has an  ability to accelerate the  electron 
transfer betw een electrode surface and electrolyte solution. After 
modifying electrode with ERMGO, a sem icircular dom ain does not 
exist, and the relation is alm ost straight line; thus, R^t value is not 
available. This result suggests th a t the ra te  of electron transfer on 
ERMGO modified electrode is very fast. Theoretically, CTAB is
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Fig. 4. Images of water droplet on unmodified electrode surface (A), ERGO modified electrode surface (B) and ERMGO modified electrode surface (C) obtained from CA measurements.
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Fig. 5. EIS of an unmodified electrode (blue), ERGO modified electrode (green) and 
ERMGO modified electrode (red) in the presence of 1.0 mM of Fe(CN)63' /4“ in 0.5 M 
KC1. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

surfactant which has no property of direct im provem ent of the 
electrical conductivity. For this reason, adding the CTAB m ight have 
im peded the  electron transfer and obstructed  the  access of analytes 
from bulk solution. Thus, the Nyquist curve on ERMGO modified 
electrode should have possessed the  largest sem icircular portion. 
However, ERMGO provides the lowest charge-transfer resistance, 
implying th a t CTAB orien tation  on ERMGO surface facilitates the 
electron transfer process between ERMGO surface and aqueous 
electrolyte solution.

According to the  characterization, although G possesses several 
exceptional properties, it is still no t suitable for directly m odification of 
an  electrode surface which is used to detect analytes in  an  aqueous 
solution due to the  w ater refusal of hydrophobic G. To bring ou t the 
m axim um  efficiency of G, ERMGO modified electrode was developed in 
this study. The G surface was adjusted by the o rien tation  of m icellar 
CTAB which improves hydrophilicity o f the surfaces. Then, ERMGO 
m odified electrode can improve the  com patibility betw een the  analytes 
and  G surface, leading to enhanced electron transfer as a result o f high 
electrode perform ance.

In this work, voltam m etry is a technique which is used for CBF and 
CBZ detection. Square-wave voltam m etry (ร พ V) is selected for the 
sim ultaneous determ ination  of CBF and  CBZ. Fig. 6A shows the 
square-w ave voltam m ogram s of 20 mg IT 1 of CBF and  5 mg L-1 of 
CBZ m easured on unm odified electrode (red line), ERGO modified 
electrode (green line) and  ERMGO modified electrode (blue line). The swv was opera ted  un der a step po tential o f 10 mV, an am plitude of 
20 mV and  a frequency of 10 Hz. From  th e  voltam m ogram s, the results 
show  the w ell-separated cathodic peaks o f two com pounds at the 
potential of 0.18 and 0.53 V belonging to CBF and CBZ, respectively. 
The peak curren ts were m easured by curren t integration from  each 
peak as show n in Fig. 6B. For the  voltam m ogram  m easured on an 
unm odified electrode, it exhibits two cathodic peaks w hich a re  low 
cu rren t response signal and broad peak shape. For the  curren t 
response m easured on ERGO m odified electrode, the peak currents 
of bo th  CBF and  CBZ are h igher th an  m easuring on an unmodified 
electrode, approxim ately 1.5-fold for CBF and 4-fold for CBZ. The 
significant increase of current signal can be described by the  excellent 
properties of G, such as a high electrical conductivity, a high surface 
area and a high electrocatalytic activity. ERMGO modified electrodes 
were used for the  sim ultaneous de term ination  of CBF and  CBZ. The 
ob tained voltam m ogram  presen ts the  well-defined peak shape and 
have the  highest cu rren t response com pared to an unmodified elec
trode and a ERGO modified electrode. The peak current m easured on 
ERMGO modified electrode is 4-fold higher than  an unmodified 
electrode for CBF and  12-fold h igher for CBZ. Due to a drastic 
enhancem en t of cu rren t signal, it substan tiates th a t ERMGO modified 
electrode has an excellent efficiency for the  sim ultaneous determ ina
tion  of CBF and CBZ.

According to the characterization results, the im portant roles of 
CTAB orien tation  on graphene surfaces, influencing on the electro
chemical behaviors, could be explained as follows:

-  Due to hydrogen bonding am ong oxygen functional groups on GO
sheets, GO tend s to  re-agglom eration. The addition of CTAB, which
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B 12

Unmodified ERGO ERMGO
E(V)

Fig. 6. Square-wave voltammograms (SWV) of 20mgL-1 CBF and 5mgL-1 CBZ 
measured on unmodified electrode (blue), ERGO modified electrode (green) and 
ERMGO modified electrode (red) (A) and a histogram showing peak currents obtained 
from SWV using unmodified electrode, ERGO modified electrode and ERMGO modified 
electrode (B). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

reduces surface tension of w ater and  intercalates betw een GO 
sheets, can inhibit the agglomeration, so it has ability to stabilize 
GO dispersibility [41]. Thus, the  obtained reduced GO layers 
dispersed with CTAB are significantly th in ner than  reduced GO

alone, resulting in be tter electrical conductivity (Scheme 1A).
-  ERMGO was deposited on the electrode surface. CTAB on the G 

sheet will form  by arranging the hydrophobic tails tow ards G, and 
expose the hydrophilic outw ards to the aqueous solution as a result 
of reduction of surface tension of water. In  the previous works £42— 
44], they reported th a t the surface tension is related to  diffusion 
coefficient by an inverse variation. Consequently, with the decreas
ing surface tension, a diffusion coefficient will increase. According to 
the  Randles-Sevcik equation (Eq. (1)) [45,46], the equation shows 
the  relation o f curren t (ip) and diffusion coefficient (D). The current 
is directly proportional to the diffusion coefficient.

Ip =  (2 .69 X 105) ท3/2A C D 1,V /2 (1 )

where ท= num ber of electron transfer, A=electrode surface area (cm2), 
C=concentration of the  electroactive species (mol cm-3), D=diffusion 
coefficient (cm 2 ร-1) and  v=scan ra te  (v ร-1 ,.

From  the following equation, it is inferred th a t decreasing surface 
tension causes the increase of current. Thus, using ERMGO for CBF 
and  CBZ detection can amplify the  curren t signal, leading to an 
enhanced electrochem ical sensitivity (Scheme IB).

-  From  EIS along with CA m easurem ent, since G consists of entire  
carbon atom , the p roperty  of ERGO is hydrophobic. Therefore, using 
ERGO modified electrode with aqueous solution will produce the 
w ater resistance betw een ERGO sheet and w ater which im pedes the 
electron transfer across the phases. On the contrary, on  ERMGO 
m odified electrode, CTAB orientation will adjust hydrophobic su r
face to  be hydrophilic surface. Accordingly, the contact of w ater on 
ERMGO surface is even m ore com patible, so the  analytes can easily 
access to  the  electrode surface. Thereby, it helps to facilitate the 
electron transfer from ERMGO surface to electrolyte solution 
(Scheme 1C).

According to Randles-Sevcik equation (Eq. (!.)), it is obvious that 
the  electrode surface area is directly proportional to  the  peak curren t 
responses. For the increasing of sensitivity, using the  high surface area 
m aterials (i.e. nanoparticles [1,2,47]) and  the  suitable electrode 
modification process (i.e. electrospraying [48,49] or electrospinning 
[50,51]) are the  im p ortan t factors. For this system, the  use of ERMGO

R e d u c i n g  G O  ill  t h e  
a b s e n c e  o f  CTAB

c r i *  - am
r p )

R e d u c i n g  G O  in  t h e  
p r e s e n c e  o f  CTAB

6

D i f f u s i o n  ๒y e r

Electrode surface Bulk Solution

Sample ; :

resistance,J

E R G O  m o d i f i e d  e l e c t r o d e  
w i t h  a q u e o u s  s o l u t i o n

(«Sample;

ERMGO m odified electrode 
w ith  aqueous solution

Scheme 1. The roles of CTAB on the modified electrode surfaces.
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0.5 0.6 0.7 0.8 0.9 1
GO concentration (ms ml'1)

Absence 0.0025 0.005 0.01 0.015 0.02
CTAB concentration (%w/v)

Fig. 7. Optimization of GO concentration (mg mL-1) using ERMGO modified electrode 
(A) of CTAB concentration (%w/v) using ERMGO modified electrode (B).

also significantly im proved the  electrode surface area and thus the 
electrochem ical sensitivity.

3.3. Optimization of ERMGO modified electrode fabrication
For the fabrication of ERMGO modified electrode, the im portant 

param eters concerning in MGO solution including CTAB concen tra
tion, GO concentration, scan ra te  of reducing process and  num ber of 
scan were optim ized. The selected conditions were obtained from th a t 
particular condition th a t provides both highest peak current and well- 
defined peak shape. First of all, GO concentration in MGO solution was 
optim ized. The GO concentration was varied w ithin the concentration 
range o f 0.5, 0.6, 0.7, 0.8, 0.9 and  1.0 m gm L -1 as shown in Fig. 7A. 
T he cu rren t responses continuously increase until the concentration 
reaches to  0.8 mg mL-1, and then it plateaus; thus, 0.8 mg mL-1 of GO 
was selected as an optim um  concentration. CTAB concentration in 
MGO solution was investigated w ithin a concentration range of
0.0025% , 0.005%, 0.010%, 0.015% and 0.020% w/v com pared with 
the  absence o f CTAB as shown in Fig. 7B. As the  result, a t the  condition 
w ithout CTAB, peak currents of CBF and  CBZ show the lowest signal. 
After adding CTAB, the current responses of bo th analytes significantly 
increase. At the  concentration of 0.0025% CTAB, the current of CBF 
slightly increase as the current of CBZ substantially increases. After 
varying the  concentration of CTAB from  0.005% to 0.020%, the  current 
responses of CBF rapidly increase as the curren t responses of CBZ 
slightly decrease. Obviously, CBF response to  CTAB is higher th an  CBZ 
response. According to these results, the com prom ising selection of this 
param eter is 0.010% for the preparation of MGO solution. Lastly, in  the 
process of reducing MGO, the param eters of scan ra te  and num ber of 
scan were optim ized (Figs. S2 and  S3). The selected condition would be 
considered from  the  condition which is obtained from  th e  suitability of 
com prom ise betw een the current response and  operation  time.

Fig. 8. Square-wave voltammograms of CBF and CBZ in a concentration range of 40-
10.000 pg LT1 and 25-5000 pg L_1, respectively, in PB solution at pH 7 (A), a calibration 
plot of CBF concentrations versus current signal (B) and a calibration plot of CBZ 
concentrations versus current signal (C).

ultim ately , the optim al conditions o f 100 mV ร '1 and 10 cycles were 
chosen for further experim ents.

3.4. Analytical performances of ERMGO modified electrode
The analytical perform ances of ERMGO modified electrode in the 

sim ultaneous determ ination  of CBF and CBZ were evaluated. To 
investigate the detection capability, different concentrations of analytes 
were determ ined for five replicates (ท=5) a t a concentration range of 
40, 100, 200, 400, 1000, 2000, 4,000, 10,000 and  20,000 pg L~ï for 
CBF and  25, 50, 100, 250, 500, 1000, 2500 and  5000 pg L-1 for CBZ 
(Fig. 8A). The calibration curves o f CBF and  CBZ concentrations were 
plo tted  versus the curren t response signals, and  the current responses 
increase linearly w ith the increase of analyte concentrations. As for 
CBF detection, a calibration plot (Fig. 8B) is linear over a range o f 4 0 -
20.000 pg L~l w ith a  correlation coefficient (R2) of 0.997. On the o ther 
hand, a calibration curve of CBZ (Fig. 8C) was obtained over a range of

698



N. Akkarachanchainon et al. Talanta 165 (2017) 692-701
Table 2.1
Comparison of the purposed electrode to other modified electrodes in the determination of CBF.

Modified electrode Method Supporting electrolyte Linear range 
(M gL-1)

Detection lim it 
(p g L -1)

Other analytes References

Co-RGO/GCE DPV 0.1 M B-R(pH4): acetonitrile 95.5-13,370 3.82 Carbaryl (simultaneous) [54]
MIP-RGO@Au/GCE DPV 0.1 M KC1 9.55-3820 3.82 - [55]
Heated -  SPCE DPV Borate buffer (pH 10) 76.4-76,400 9.55 - (391
Micellar CTAB-RGO/SPCE sw v PB solution (pH7) 40-20,000 10 Carbendazim (simultaneous) This work

Table 2.2
Comparison of the purposed electrode to other modified electrodes in the determination of CBZ.

Modified electrode Method Supporting electrolyte Linear range 
( f g L - 1)

Detection lim it 
(M gL-1)

Other analytes References

Si02
MWNTs/GCE

SWV 0.1 M PB Solution (pH 8) 38.2-764 11 - [56]

MWNTs-PMRE/GCE LSV 0.6 M H2S04 38.2-1910 1.7 - 1.57]
GO-MWNTs/GCE DPV B-R solution 

(pH 1.8)
1.91-764 1.0 [58]

Diamond electrode SWV 0.1 M Na2HP04 
(pH 2)

95.5-2865 22 [59]

TCP/SPCE Stripping-DPV B-R solution (pH 4.0) 95.5-1910 57.3 - [60]
G/SPCE Stripping-SWV 1.0 M HC104 500-10,000 110 Isoproturon (simultaneous) [61]
Micellar CTAB-RGO/SPCE SWV PB Solution 

(pH 7)
25-5,000 5 Carbofuran (simultaneous) This work

2 5 -5 0 0 0  |ig L-1 w ith a correlation coefficient (R2) of 0.994. The 
experim ental lim it o f detection (LOD) was evaluated based on signal- 
to-noise ratio o f th ree  (S/N =3) and LODs of CBF and CBZ were found 
to be 10 and 5 Mg L” 1 for CBF and  CBZ, respectively. According to 
m axim um  acceptable am ounts of CBF and CBZ from M aximum 
Residue Limits (MRLs) [52,53], there  are 5 0 -2 0 0 0  Mg L"1 for CBF 
and  5 0 -1 5 ,0 0 0  pg L-1 for CBZ. Apparently, LODs obtained from 
ERMGO modified electrode are low and wide. Hence, this system is 
sufficiently sensitive enough for the  sim ultaneous determ ination of 
CBF and  CBZ in  real agricultural products.

The com parison of the  analytical perform ances of ou r system with 
the  previous reports are shown in Tables 2.1 and 2.2. Considering the 
previous works, ou r system  provides the com parable analytical perfor
m ances for the  sim ultaneous determ ination  o f CBF and CBZ. 
Interestingly, by com paring with the  sim ilar platform s ERMGO 
m odified electrodes provide lower LOD and wider linear range. 
M oreover, the  m ost im portant purpose of modifying screen-printed 
carbon electrode is using as disposable sensors. Therefore, it will be 
w asted if the  electrodes were modified with the noble m etal nanopar
ticles (gold nanoparticles, cobalt phthalocyanine etc.) or expensive 
m aterials (diam ond electrode etc.) or com plicated preparation (mole
cular im prin ting  etc.) o r double/trip le  modification steps. As seen, the 
m aterials used for the electrode m odification in ou r proposed system 
are m uch sim pler and cheaper than others. Moreover, the preparation 
procedure is a one-step operation of electrodeposition, so several 
advantages o f our system are easy, sim ple and fast preparation.

3.5. Interference study
Sample preparation  is a crucial step to elim inate the  interferences, 

especially for real sam ple analyses. In  this study, the  crop sam ples were 
initially infused in chloroform for extraction. This step was carried out 
to elim inate ions and  polar com pounds (e.g. ascorbic acid) which can 
potentially interfere the analyte detection. After the extraction by 
chloroform , the infusions were re-solvated by ethanol, and  then 
collected a clear p a rt from  ethanol solution for elim ination of dregs 
and  other non-polar com pounds (e.g. pigment oils). I t  can presum e 
th a t prepared sam ples do not have any interference, proved by assuring 
th a t the  current signal of CBF and  CBZ in stand ard  solution and  real

sam ples, which had  been already prepared, are perfectly m atched at 
every level of concentration (Fig. S4). Thus, the real sam ple analysis 
can be determ ined by using an external s tand ard  m ethod.

3.6. Real sample analyses
To validate m ethod applicability, ERMGO m odified electrodes were 

used for sim ultaneous detection of CBF and  CBZ in the  real sam ples. 
Three types of agricultural products which have possibility of being 
used of bo th pesticides were selected as the real sam ples, nam ely soy 
beans, rice and tom atoes. For ou r analytical m ethod, th ree  levels of 
pesticide concentration were spiked into the real sam ples. For CBF, the 
concentrations o f 200, 1000 and 4000 pg IT1 were added. Likewise, 50, 
500 and  2000 pg L-1 of CBZ were spiked into the  real sam ples. 
Afterwards, the  am ounts of these pesticides in the real sam ples were 
determ ined by external s tand ard  m ethod. Each sam ple was detected 
thrice (ท=3), and the  average values are show n in Tables 3.1 and  3.2. 
The percent recoveries were found in th e  ranges o f 95 -102%  and 9 7 -  
103% for CBF and  CBZ, respectively. The percent RSD is significantly 
acceptable in every single range of concentration according to  a 
s tand ard  AOAC guideline [62], indicating th a t th is developed system 
can be applied for the sim ultaneous determ ination  of CBF and CBZ in 
the  actual agricultural sam ples w ith high accuracy and precision.

Table 3.1
Determination of CBF in three agricultural crop samples using ERMGO modified 
electrode (n=3).

Samples Concentration (pg L- 1 ) 
Added Found

Recovery (%) RSD (%)

Soy bean 4000 4023.50 ±227.98 100.6 5.7
1000 997.67 ± 46.67 99.8 4.7
200 191.42 ±7.68 95.7 4.0

Rice 4000 4033.20 ±239.36 100.8 5.9
1000 994.33 ± 65.66 99.4 6.6
200 207.88 ±12.14 102.8 5.8

Tomato 4000 3917.70 ±63.86 97.7 1.6
•1000 974.33 ± 58.41 97.4 6.0
200 199.75 ± 15.61 99.9 7.8
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T ab le  3 .2
Determination of CBZ in three agricultural crop samples using ERMGO modified 
electrode (ท=3).

S am p les C o n c e n tra tio n  (pg  L- 1 ) 

A dd ed  F o und

R ecovery  (%) RSD (%)

Soy bean 2000 2072.30 ±41.66 103.6 2.0
500 527.63 ± 10.95 105.5 2.1
50 97.00 ±6.61 97.0 6.8

Rice 2000 2065.10 ± 104.18 103.3 5.0
500 517.42 ±15.44 103.5 3.0
50 101.17 ±4.02 97.8 3.9

Tomato 2000 2046.80 ±74.10 102.3 3.6
500 502.00 ± 15.44 100.4 1.0
50 99.08 ±9.36 99.1 9.5

4 . C o n c lu s io n s

ERMGO modified SPCE was developed as a novel platform  of high 
perform ance electrochemical sensor for the sensitive determ ination  of 
CBF and  CBZ. The use o f G along with CTAB im proved the  electrode 
surface area, leading to  substantially increased electrochem ical sensi
tivity of the  system. By using ERMGO modified electrode along with 
swv, linear ranges of 4 0 -20 ,00 0  pg L"1 and 25 -5 0 0 0  pg L '1 were 
obtained for CBF and CBZ, respectively. The detection lim its (LODs) 
were found to  be 10 pg L-1 for CBF and  5 pg L-1 for CBZ. ultim ately, 
this system  was successfully applied for the sim ultaneous determ ina
tion of pesticide residues in real agricultural crops w ith high accuracy 
and  precision. Besides, this system  can be created with fast and simple 
fabrication process w ith low cost. Thus, it m ight be an interesting 
prototype for the  electrode modification using ERMGO for o ther 
application fields.
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A R T I C L E  I N F O  A B S T R A C T
K e y w o r d s :
Graphene oxide 
Gold nanoparticles 
Centrai composite design 
Carbofuran
Screen-printed carbon electrode

C arbofuran  is a highly toxic pestic ide  th a t  is heavily  u sed  in  ag ricu ltu re  du e  to  its  h igh effectiveness an d  low  cost. 
Im proved m eth ods th a t  a re  sim p le r  a n d  low er cost a re  n eed ed  for ca rbo fu ran  d e tec tion  in food a n d  agricu ltu ra l 
sam ples. H ere in , we describe  th e  d ev elo pm en t o f  a u n iq u e  e lectrochem ical m e th o d  for carbo fu ran -ph eno l, 
w hich is th e  m ain  hydrolysis p ro d u c t o f carbo fu ran . W e have successfully developed  a  h igh ly  accu ra te  and  
precise  m eth od  in a  p o rtab le  size using  a sc ree n -p rin te d  carb o n  e lectrode (SPCE) th a t  is m odified  w ith  g raph en e  
oxide (GO) a n d  gold nan opartic le s  (AuN Ps). C onsequen tly , th e  developed e lec trod e  is highly sensitive  to  an d  
selective fo r carbo fu ran . U sing th e  cen tra l com posite  desig n  (CCD) app ro ach , w e op tim ized  th e  m e th od  for 
analysis p a ram e ters  inc lu d ing  th e  e lec trod e  su rface  load ings o f  GO a n d  A uN Ps as  well as th e  w orking so lu tion  
pH . T he m e th o d  exh ib ited  a  w ide lin e a r  range o f  1 -2 5 0  |iM  for ana ly te  d e tec tion  using  differentia l pu lse  
vo ltam m etry  (DPV) on A uN Ps/G O -S PC E  u n d e r  th e  op tim ized  cond itions. T he lim its o f de tec tion  and  
q u a n tita tio n  w ere 0 .2 2  an d  0 .72 pM , respectively. In  add ition , we also rep o rt th e  app lica tion  o f  th e  m ethod  
for carbo fu ran  d e te rm in a tio n  in  rea l cucum ber a n d  rice sam ples. T his sensitive  an d  selective  carbo fu ran  
detec tion  m e th o d  is very  p rom ising  fo r sim ple  a n d  low  cost analysis in  rea l ag ricu ltu ra l fields.

1. I n t r o d u c t io n

Carbofuran, a carbam ate pesticide, has been classified as a hazar
dous substance for hum ans that acts by inhibiting acetylcholinesterase 
activity in the  central nervous system  [1], Although carbofuran has 
been banned in Canada and the  European Union, it is still used in 
m any areas, particularly in developing countries. Due to its low cost 
and high effectiveness, carbofuran is widely applied to field crops such 
as potatoes, corn, and  soybeans. Therefore, the  detection of carbofuran 
is crucial w ith regards to  issues of consum er health and environm ental 
quality [2],

Several analytical approaches to carbofuran detection have been 
developed, including m ethods based on gas chrom atography (GC) [3], 
high-perform ance liquid chrom atography (HPLC) [4], capillary elec
trophoresis (CE) [ร], and mass spectrom etry (MS) [6]. However, these 
m ethods are tim e-consum ing, com plicated, require bulky instrum ents, 
and leave relatively large carbon foot-prin ts due their consum ption of 
large quantities of solvents. Electrochemical m ethods are analytical 
techniques th a t provide a high sensitivity, sho rt analysis tim e, in-
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expensive instrum entation  and veiy low quantita tion  lim it [7,8]. 
M oreover, the electroanalytical process has been widely used for the 
determ ination  o f trace  organic analytes in biological and  environm en
tal sam ples [9 -1 1 ]. Thus, the developm ent of electrochem ical sensors 
for carbofuran detection has been an  active area  o f research in recent 
years due to th e ir simplicity, portability, low cost, and consum ption of 
relatively sm all am ounts of m aterials.

E lectrochemical sensors for carbofuran detection have been devel
oped to im prove th e  sensitivity and  selectivity by coupling with 
enzymatic m aterials such as acetylcholinesterase imm obilized on an 
iron oxide-chitosan nanocom posite [12] and an Eupenicillium  shearii 
FREI-39 esterase and  m ultiw alled carbon nanotube-m odified electrode 
[13]. However, enzym atic assays are costly and require a skillful 
scientist to handle the  system. In o rder to avoid the disadvantages of 
enzym e-based sensors, non-enzym atic electrochem ical sensors such as 
a cobalt oxide-reduced graphene oxide/glassy carbon electrode [14] 
and  a H em in-graphene oxide/glassy carbon electrode [15] have been 
reported . Recently, non-enzym atic m ethods have required the hydro
lysis o f carbofuran to carbofuran-phenol to increase the electrochem i-
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cal response [16]. However, phenol derivatives cause electrode fouling 
upon oxidation due to the rapid polym erization of electrogenerated 
phenoxy radicals. The electrochemically generated passive film adheres 
strongly to the electrode surface, m aking a tim e-consum ing clean-up 
step necessary [14]. A screen-printed carbon electrode (SPCE) is an 
attractive alternative choice due to th a t it is versatile, disposable, 
inexpensive, easy to fabricate, and can be operated over a wide 
potential range [17]. A single-use SPCE can be easily and rapidly 
replaced after each m easurem ent [18].

To date, electrochem ical m easurem ents using electrodes that are 
chemically modified with nanom aterials have been reported [19 -2 1 ]. 
N anom aterials with unique properties have become in teresting  as 
electrode-m odifying substances due to their high surface area and 
great enhancem ent o f sensitivity, as described using the Cottrell 
equation [22,23]. One of the nanom aterials widely used for electrode 
modification is gold nanoparticles (AuNPs) [24], which have several 
benefits such as a large effective surface area, good biocom patibility, 
and good electro-catalytic as well as electronic properties [25,26]. 
G raphene oxide (GO), a well-known tw o-dim ensional (2D) carbon 
m aterial th a t has hydroxyl and carbonyl functional groups on its 
surface [27], is also used for electrode modification because it could 
increase the electrode's sensitivity due to its high adsorption capacity 
and  large surface area [28]. In  the  project described herein, we 
prepared electrodes th a t are modified w ith a m ixture of these two 
aforem entioned substances.

The overall aim  of this study was to  develop an electrochem ical 
sensor for the  determ ination  of carbofuran-phenol th a t is based on a 
SPCE modified with GO and  AuNPs (AuNPs/GO-SPCE). To optim ize 
the analytical conditions, we used central com posite design (CCD) for 
several variables w ith a m inim um  num ber of experim ents [29]. This 
m ethod allows no t only a linear relationship bu t also a quadratic  
relationship to be considered with increasing o r decreasing one o f the 
variables. These responses could be m apped as a response surface to 
determ ine the  optim um  point of the system  [30]. Three analytical 
conditions including the  am ount of GO, the  concentration of AuNPs, 
and pH were optim ized using the CCD m ethod. Finally, the optim ized 
m ethod was successfully applied for the determ ination  of carbofuran 
concentrations in  agricultural products.

2 . M a te r ia ls  a n d  m e th o d s

2.1. Reagents and solutions
All reagents used were o f analytical reagent grade and were used 

w ithout further purification, s ta n d ard  carbofuran, s tand ard  carbofur
an-phenol, graphite  pow der (particle size < 20 pM), chloroauric acid 
(1000 ppm  gold solution), sodium  citrate, NaH2P 0 4, and  Na2H P 0 4 
were obtained from Sigma-Aldrich (Bangkok, Thailand). Screen-prin t
ing ink including carbon and silver/silver chloride (Ag/AgCl) pastes 
were obtained from the Gwent Group, Singapore. The screen-printed 
tem plates were designed by ou r laboratory, and  then  m ade by the 
chaiyaboon Co. Ltd., Thailand. All aqueous solutions were prepared in 
ultra-purified w ater (R ร 18.2 MO cm) ob tained from a w ater purifica
tion system of Merck Millipore (USA).

A standard  1.0 mM carbofuran solution was p repared by dissolving 
0.022 g of carbofuran in 100 mL of 0.1 M NaOH. Prior to  analysis, the 
standard  solution was heated  at 70 °C for 40 m in to ensure the 
com plete hydrolysis of carbofuran to carbofuran-phenol (Fig. S I) 
[15]. Potentially interfering pesticides (chlorpyrifos, metalaxyl, carben- 
dazim, carbaryl, propoxur, isoprocarb, m ethiocarb and  methom yl) 
were purchased from Sigma-Aldrich (Thailand). These interfering 
solutions were prepared  and hydrolyzed by the sam e m ethods as 
standard  carbofuran.

Electrochemical m easurem ents were conducted on a po tentiostat 
(PGSTAT30 model, M etrohm -Autolab, The N etherlands). A disposable 
screen-printed carbon electrode (SPCE) was fabricated in-house by the

screen-prin ting  technique. Scanning electron microscopy (SEM) 
(JEOL, Japan ) and energy-dispersive X-ray spectroscopy (EDX) 
(JEOL, Jap an ) were used to investigate the  surface morphology of 
the electrode. The synthesized GO and AuNPs were characterized using 
a ttenuated  total reflectance Fourier transform  infrared spectroscopy 
(ATR FT-IR) (Therm o Fisher Scientific, USA) and UV-visible spectro
scopy (UV-vis) (Agilent Technologies, USA).

2.2. Fabrication and modification of the electrodes
GO and AuNPs were synthesized by the m ethods of H um m ers and 

Turkevich, respectively [3.1,32], G raphene oxide m odified screen- 
p rin ted  carbon electrodes (GO-SPCEs) were fabricated by a screen- 
prin ting  technique on a polyvinylchloride (PVC) substrate. Briefly, Ag/ 
AgCl paste  was screen-prin ted  onto a PVC sheet to form  a reference 
electrode and then  dried  in an oven a t 55 °c for 1 h. A m ixture of 
carbon paste  and  a suitable am ount of GO were screen-prin ted  onto the 
dried  PVC sheet to  form  working and counter electrodes, and then , they 
were heated again in an oven at 55 °c for 1 h. Finally, the working 
electrode was m odified with AuNPs by drop casting, and then , the 
electrode was allowed to dry at room tem perature  ( -  25 °c).

2.3. Electrochemical detection
Cyclic voltam m etry (CV) and differential pulse voltam m etry (DPV) 

were carried  out using a PG101 m odel po tentiostat from M etrohm  
Autolab (Thailand). All electrochem ical experim ents were derived from 
th ree  repeats and perform ed a t room tem peratu re  w ithout purging a 
working solution with nitrogen gas. DPV was carried ou t u n d er the 
following conditions: step potential, 0.01 V; interval tim e, 1 ร; m odula
tion tim e, 0.3 ร; m odulation am plitude, 0.15 V; accum ulation potential, 
+ 0.0 V; and accum ulation time, 60 ร.

2.4. Central composite design (CCD) for the optimization of the 
conditions

W e optim ized the m ethod with respect to  th ree  variables including 
the  am ount of GO, concentration of AuNPs, and pH of the working 
solution, while the dependent variable o r the electrochem ical response 
of th is m ethod is the peak current. The variables to  be optim ized were 
assigned to five levels to design 20 experim ents; the  actual and  code 
values of all variables are available in  Table SI (Supplem entary 
m aterial). In  order to  avoid the bias in data  analysis, the  regression 
m odel w ith the  variables and param eters in individual, in teraction  and 
quadratic  term s were employed using code values [33]. The predicted 
responses (i.e., currents) were calculated using the obtained regression 
m odel to fit the surface response. The suitable conditions th a t provided 
the  highest predicted responses were determ ined.

2.5. High performance liquid chromatography (HPLC)
The HPLC setup with w hich carbofuran was detected included a 

C18-colum n (150 m m  X 4.6 m m ) and u v  detector. HPLC m easure
m ents were perform ed in triplicate using a Prostar 330 m odel HPLC 
under the following conditions: isocratic elution with an acetronitrile: 
w ater (65:35 v/v) mobile phase, l .O m L m in -1 flow rate, 20 |iL injec
tion volume, and absorbance detection a 280 nm  [15].

3 . R e s u l ts  a n d  d i s c u s s io n

3.1. Material and electrode characterization
The synthesized GO was characterized and  com pared to a graphite 

reference m aterial by a ttenuated  total reflectance Fourier transform  
infrared spectroscopy (ATR FT-IR). A num ber of characteristic peaks 
were observed including the following: O-H stretching at
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Fig. 1. SEM images of a SPCE (a) and a AuNPs/GO-SPCE (b).

Fig. 2. Typical cyclic voltammograms of 2.0 mM carbofuran-phenol in 0.1 M phosphate 
buffer (pH = 7.4) on a SPCE (dotted line), a AuNPs-SPCE (dashed line), a GO-SPCE 
(dash-dotted line), and a AuNPs/GO-SPCE (solid line).

3120.71 c m 1, CO stretching a t 1715.92 c m '1 and  residual sp2 
stretching a t 1574.43 c m '1 (Fig. S2a). AuNPs were characterized by 
UV-visible spectroscopy, and the  resulting spectrum  (Fig. S2b) shows a 
single band  a t =5 520 nm , which is the  characteristic  peak of the surface 
plasm on absorption of AuNPs [34].

The electrodes were also characterized by scanning electron m icro
scopy (SEM) and energy -dispersive X-ray spectroscopy (EDX). The 
surface morphologies of a bare SPCE and  a AuNPs/GO-SPCE are seen 
in the  SEM images in Fig. 1. These SEM images confirm  th a t the

Fig. 3. Response surface plots showing the effects of the concentration of AuNPs and 
amount of GO (a), pH of the working solution and amount of GO (b), and pH of the 
working solution and concentration of AuNPs (c) on the peak current of carbofuran- 
phenol.

electrodes were successfully m odified with GO and AuNPs. w h e n  the 
percen t of Au on a AuNPs/GO-SPCE was determ ined  by EDX (Fig. 
S2c), the modified electrode surface was found to have a Au coverage of 
7.15%.

T hereafter, we com pared the following four different electrodes: i) a 
bare SPCE, ii) a AuNPs-SPCE, iii) a GO-SPCE and iv) a AuNPs/GO- 
SPCE. The four electrode types were analyzed by cyclic voltam m etry in 
solutions containing 2.0 mM carbofuran-phenol in 0.1 M phosphate 
buffer (pH = 7.4). The observed cyclic voltam m ogram s are show n in 
Fig. 2. All of the modified SPCEs provided higher anodic peak currents 
than  the  bare SPCE. In particular, the  peak curren t for the AuNPs/GO- 
SPCE was approxim ately 3-fold higher than  th a t of the bare SPCE. This 
observation suggests th a t GO and  AuNPs are prom ising m aterials th a t 
can im prove the electrochem ical sensitivity o f electrodes for carbofuran 
detection.

3.2. Optimization of the analytical conditions
During the optim ization, the am ount of GO and the concentration
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of AuNPs in the  solution used to m odify the  electrodes were varied 
from 1.6 to  18.4 mg and 16 4 -8 3 6  ppm , respectively. Furtherm ore, the 
pH  of the working solution was varied over the range of 2 -1 2  because 
pH  is the  factor th a t disrup ts the  negative charge on c itrate  resulting in 
the aggregation of the nanoparticles and  hence decreases the stability 
of the  AuNPs. Using the coded values so  as to  prevent system atic bias 
in the CCD m ethod (see the details in  Table SI), the results were 
calculated by m ultiple linear regression to predict a m odel or statistical 
equation as follows:
Ip = 27.21 +  6.21(GO) + 1.72(AuNPs) +  0.04(pH) -  1.02(GO)2 

+  1.55 (AuNPs)2 -  2.08 (pH)2 + 0 .9 4 (0 0  X AuNPs)
-  0.31 (GO X pH) + 0.44 (AuNPs X pH)

where GO  and  A u N P s  are the  coded values of the am ount of GO and 
concen tration o f AuNPs, respectively, m odified on a SPCE, p H  is the 
coded value of the pH of the w orking solution, and Ip is the dependent 
variable of the  resulting peak current.

According to the equation, the m ajor variables affecting the 
resulting peak current are the am ount of GO and the  concentration 
of AuNPs, w hich is show n in the in teraction  term  o f (GO X A u N P s) 
and the quadratic  term s of (G O )2 and (A u N P s)2. The high values of 
the coefficients o f the GO  and A u N P s  indicate th a t when the  am ount 
of GO or the concentration of AuNPs increase, the resulting peak 
current increases. The graph of the  response surface in Fig. 3a  also 
shows th a t the highest peak curren t was ob tained from  the CCD 
experim ent using 18.4 m g of GO and 836 ppm  of AuNPs. M eanwhile,

the pH of the working solution d id  no t significantly affect the  peak 
curren t due to the low value of the  coefficient of the  p H , and the 
counter plots of G O -p H  and  A u N P s-p H , which are show n in  Fig. 3b 
and  c, also indicate th a t pH  was an independent variable of this 
proposed m ethod. The pH value of 7.4 was chosen because it will be 
able to  be applied in  future applications such as in enzymatic assays or 
im m uno-assays.

Nevertheless, 18.4 m g of GO and  836 ppm  of AuNPs th a t provided 
the  highest response were the  upper lim its o f the exam ined values. To 
im prove the  resolution of the  optim ization, the  am ount of GO was re 
optim ized from 10 to 80 mg, and  the experim ent using 40 mg of GO 
provided the  highest response (Fig. S3a). w h e n  the  concen tration of 
AuNPs was re-investigated, it was found th a t th e  AuNPs were lim ited  at 
836 ppm . Consequently, 40 mg of GO, 836 ppm  of AuNPs, and  a pH  of 
7.4 were determ ined to be the optim al conditions for carbofuran- 
phenol determ ination  by this m ethod.

3.3. Microscopic electrode area
T he cv of a  solution containing 1.0 mM Fe(CN)64_/3_ in 0.1 M KC1 

was perform ed with different potential scan rates to study the  m icro
scopic electrode areas of a bare  SPCE and  a AuNPs/GO-SPCE. The 
electroactive surface areas (A) were calculated according to the 
Randles-Sevcik equation [35]:
Ip =  20.69 X 105ACn3/2D > 'V /2
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Potential (V) VS. Àg/AgCl

Fig. 5. Typical cyclic voltammograms (a), Ip -V 1/2 plot (b), and log Ip-log V plot (c) of 
2.0 mM carbofuran-phenol in 0.1 M phosphate buffer (pH = 7.4) at various scan rates.

w h e re  Ip is  t h e  o b ta in e d  p e a k  c u r r e n t ,  c  is  t h e  c o n c e n t r a t io n  o f  
F e (C N )64 -/3_  (1 .0  m M ), ท  is  th e  n u m b e r  o f  in v o lv e d  e le c t ro n s  (1 
e le c t ro n ) ,  D is t h e  d if fu s io n  c o e f f ic ie n t  o f  F e (C N )64 - /3 -  (7 .6  X 1 0 "  
6 c m 2 ร-1 ), a n d  V is  th e  p o te n t ia l  s c a n  r a te .

P lo t t in g  Ip v e r s u s  VI/2 (Fig. '1), th e  e le c tro a c t iv e  s u r f a c e  a r e a s  w e re  
c a lc u la te d  to  b e  0 .1 1 0  a n d  0 .2 2 1  c m 2 f o r  a  b a r e  S P C E  a n d  a  A u N P s /  
G O -S P C E , re sp e c tiv e ly .

3 .4 . S tu d y  o f  the e lectrochem ica l p ro cess

T h e  e le c tro c h e m ic a l  p ro c e s s  o f  c a r b o fu r a n - p h e n o l  o n  a  A u N P s /G O -  
S P C E  w a s  s tu d ie d  b y  c v  w ith  v a r io u s  p o te n t ia l  s c a n  r a t e s  f ro m  20 to  
100 m V  ร-1 ; th e  r e s u l t in g  v o l ta m m o g r a m s  a r e  s h o w n  in  Fig. 5 a . T h e  
p e a k  p o te n t ia l  s h if te d  to  a  m o r e  p o s i t iv e  p o te n t ia l  w h e n  a  h ig h e r  
p o te n t ia l  s c a n  r a t e  w a s  u s e d . T h e  r e la t io n s h ip  b e tw e e n  th e  p e a k  c u r r e n t  
(Ip ) a n d  th e  s q u a r e - r o o t  o f  th e  p o te n tia l  s c a n  r a te  ( v 1/2) w a s  l in e a r  w ith  
a  R2 o f  0.9902, a s  s h o w n  in  Fig. 5 b ; th i s  is  a  c h a r a c te r i s t i c  o f  a  
d i f f u s io n -c o n tro l le d  e le c tro c h e m ic a l  p ro c e s s . M o re o v e r , t h e  r e s u l t s  
w e re  a lso  c o n f i rm e d  b y  a n o th e r  p lo t  b e tw e e n  lo g  Ip a n d  lo g  V

Potential (V) vs. Ag/AgCl

Concentration of carbofuran-phenol (pM)
Fig. 6. Typical voltammograms (a) and a standard calibration graph fb) of carbofuran- 
phenol in 0.1 M phosphate buffer (pH = 7.4} determined by DFV using a AuNPs/GO- 
SPCE.

(Fig. 5 c ) . T h e  s lo p e  o f  th e  p lo t  w a s  0 .5 7 , w h ic h  w a s  c lo s e  to  th e  
th e o r e t ic a l ly  e x p e c te d  v a lu e  o f  0 .5  f o r  a  p u r e ly  d if f u s io n - c o n t ro l le d  
c u r r e n t  [36].

3 .5 . D ifferen tia l p u lse  v o lta m m e try

D P V  w a s  u s e d  to  im p ro v e  t h e  e le c tro c h e m ic a l  s e n s i t iv i ty  o f  
c a r b o fu r a n  d e te c tio n . U s in g  th e  o p t im iz e d  c o n d i t io n s ,  fo u r  ty p e s  o f  
b u f f e r  s o lu t io n s  in c lu d in g  a c e ta te ,  b o r a te ,  p h o s p h a te ,  a n d  B r i t to n -  
R o b in s o n  b u f fe r  s o lu t io n  w e re  v a r ie d  w ith  a  f ix e d  c o n c e n t r a t io n  o f
0 .1  M  a n d  a  p H  o f  7 .4 . T h e  h ig h e s t  p e a k  c u r r e n t  w a s  a c h ie v e d  f ro m  th e  
e x p e r im e n t  u s in g  0 .1  M  p h o s p h a te  b u f fe r  (Fig. S4a).

T h e  a c c u m u la t io n  t im e  w a s  a lso  in v e s t ig a te d  in  th e  r a n g e  o f  0 -  
1 2 0  ร. T h e  o b ta in e d  p e a k  c u r r e n t  in c r e a s e d  w h e n  th e  a c c u m u la t io n  
t im e  in c r e a s e d  f ro m  0 to  6 0  ร, a n d  th e n ,  i t  d id  n o t  s ig n if ic a n tly  c h a n g e  
a t  lo n g e r  a c c u m u la t io n  t im e s  o f  9 0  a n d  1 2 0  ร (Fig. S4b). F u r th e r m o r e ,  
t h e  a c c u m u la t io n  p o te n t ia l  w a s  v a r ie d  b e tw e e n  - 0 . 2  a n d  + 0 .2  V . I t  w a s  
fo u n d  t h a t  th e  a c c u m u la t io n  p o te n t ia l  d id  n o t  a ffe c t th e  a n o d ic  p e a k  
c u r r e n t  o f  c a r b o fu r a n - p h e n o l  (Fig. S4c). T h e r e f o r e ,  a n  a c c u m u la t io n  
t im e  o f  6 0  ร a n d  a n  a c c u m u la t io n  p o te n t ia l  o f  + 0 .0  V  w e re  u s e d  in  
s u b s e q u e n t  a n a ly se s .

3.6 . A n a ly tic a l p e r fo rm a n c e

U sin g  th e  o p t im iz e d  c o n d i t io n s , D P V  w a s  c a r r i e d  o u t  to  d e te r m in e  
th e  c a r b o fu r a n - p h e n o l  in  th e  c o n c e n t r a t io n  r a n g e  o f  1 - 2 5 0  p M ; th e  
r e s u l t in g  v o l ta m m o g r a m s  a re  s h o w n  in  Fig. 6. T h e  r e la t io n s h ip  
b e tw e e n  th e  c a r b o fu r a n - p h e n o l  c o n c e n t r a t io n  a n d  t h e  o b ta in e d  p e a k  
c u r r e n t  w a s  l i n e a r  in  th e  2  c o n c e n t r a t io n  r a n g e s  o f  1 - 3 0  a n d  3 0 -  
2 5 0  p M  w ith  R 2 v a lu e s  o f  0 .9 9 7 0  a n d  0 .9 9 9 1 , re s p e c tiv e ly . T h e  l im it  o f  
d e te c t io n  (L O D ) a n d  th e  l im it  o f  q u a n t if ic a t io n  (L O Q ) w e re  0 .2 2  pM
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Table 1
Determination of the carbofuran concentration in spiked samples by the developed method using a AuNPs/GO-SPCE. The results were compared with the results from the conventional 
HPLC [15].

Sample Spiked (mg/kg) DPV on AuNPs/GO-SPCE HPLC-UV
Found (mg/kg) Recovery (%) Found (mg/kg) Recovery (%)

Cucumber - Not detected - Not detected -

1.11 1.19 ±0.21 107.2 1.17 ± 0.14 105.4
6.64 6.16 ±0.65 92.8 6.20 ±0.18 93.4

Rice - Not detected - Not detected -

1.11 1.15 ±0.47 103.6 1.16 ± 0.31 104.5
6.64 6.95 ± 0.82 104.7 7.12 ±0.46 107.2

Data are shown as the mean ± SD (N = 3) and derived from three repeats.

a n d  0 .7 2  [iM , re sp e c tiv e ly , w h ic h  w e re  o b ta in e d  f ro m  th e  f o rm e r  
c a l ib ra t io n  c u rv e .

3 .7 . In ter feren ce  s tu d y

E ig h t  o th e r  p e s t ic id e s , n a m e ly  c h lo rp y r i fo s , m e ta la x y l, c a r b e n d a -  
z im , c a rb a ry ] , p ro p o x u r ,  i s o p ro c a rb , m e th io c a rb  a n d  m e th o m y l , w e re  
s tu d ie d  fo r  t h e i r  e ffe c ts  o n  th e  d e te r m in a t io n  o f  c a r b o fu r a n  b y  D P V  
u s in g  a  A u N P s /G O -S P C E . I n  th e  p re s e n c e  o f  e a c h  o f  t h e  o th e r  
p e s t ic id e s , t h e s e  p e s t ic id e s  w e re  a n a ly z e d  b y  th e  p ro p o s e d  m e th o d  
w ith  5  p M  s t a n d a r d  c a r b o fu r a n - p h e n o l  in  0 .1  M  p h o s p h a te  b u f fe r  (p H  
=  7 .4 ) .

I t  w a s  fo u n d  t h a t  th e  p e a k s  o f  t h e  fo re ig n  p e s t ic id e s  a t  h ig h  
c o n c e n t r a t io n s  o v e r la p p e d  th e  p e a k  o f  c a r b o fu r a n .  D u e  to  n o  r e s u l t in g  
D P V  p e a k s  o f  c h lo rp y r i fo s  a n d  m e ta la x y l, t h e y  d id  n o t  a ffe c t  th e  
c a r b o fu r a n  d e te c t io n .  T h e  o th e r  D P V  s ig n a ls  a r e  s h o w n  in  F ig . S5. 
C a rb e n d a z im , a  fu n g ic id e , d id  n o t  in te r f e r e  w ith  c a r b o fu r a n  d e te c tio n  
e i th e r  b e c a u s e  th e  o x id a tio n  p e a k s  o f  c a r b e n d a z im  a n d  c a r b o fu r a n -  
p h e n o l  d id  n o t  o v e r la p  a n d  th e  in te r f e r e n c e  to le r a n c e  l im it  w a s  4 0 - fo ld . 
S o m e  a ry l  c a r b a m a te s ,  w h ic h  a re  c a rb a ry l  a n d  p ro p o x u r ,  s h o w e d  p e a k s  
a t  a d ja c e n t  p o te n t ia l s  to  th e  p e a k  o f  c a r b o fu r a n - p h e n o l .  H o w e v e r , 
i s o p r o c a r b , m e th io c a rb  a n d  m e th o m y l , w h ic h  a re  c a r b a m a te  p e s tic id e s , 
e x h ib ite d  o x id a tio n  p e a k s  w ith  d if f e re n t  p o te n t ia l s  th a n  c a r b o fu r a n -  
p h e n o l ;  t h e  in te r f e r e n c e  to le r a n c e  l im its  w e re  1 -fo ld , 1 -fo ld  a n d  3 6 - fo ld  
c a r b o fu r a n - p h e n o l 's  c o n c e n t r a t io n  fo r  i s o p ro c a rb , m e th io c a rb  a n d  
m e th o m y l , r e s p e c t iv e ly . M e a n w h ile , t h e  p e a k  o f  c a r b o fu r a n - p h e n o l  
w a s  h ig h e r  t h a n  th e  p e a k s  o f  i s o p r o c a r b ,  m e th io c a rb  a n d  m e th o m y l. 
T h is  r e s u l t  d e m o n s t r a t e s  t h a t  t h e  A u N P s /G O -S P C E  w a s  a  h ig h ly  
s e le c tiv e  s e n s o r  fo r  c a r b o fu r a n  d e te c t io n .

3.8 . R ea l sa m p le  a n a ly s is

T h e  d e v e lo p e d  m e th o d  fo r  th e  d e te r m in a t io n  o f  c a r b o fu r a n  b y  D PV  
u s in g  a  A u N P s /G O -S P C E  w a s  a p p l ie d  in  r e a l  c u c u m b e r  a n d  r ice  
s a m p le s . T h e  s a m p le s  s p ik e d  w ith  c a r b o fu r a n  s t a n d a r d  w e re  a n a ly z e d  
b y  th e  s t a n d a r d  a d d i t io n  m e th o d , a n d  th e  r e s u l t s  a r e  s h o w n  in  Table 1. 
R e c o v e ry  r e s u l t s  w e r e  9 2 .8 - 1 0 7 .2 % , a n d  t h e  c o n c e n t r a t io n s  o f  c a r b o 
f u r a n  fo u n d  b y  th e  d e v e lo p e d  m e th o d  a n d  b y  th e  c o n v e n t io n a l  H P L C  
m e th o d  w e re  n o t  s ig n if ic a n tly  d if f e re n t ,  in d ic a t in g  t h a t  th e  m e th o d  h a s  
g o o d  a c c u ra c y .

4. Conclusions

A  s c r e e n - p r in te d  c a r b o n  e le c tro d e  (S P C E ), w h ic h  is  in e x p e n s iv e  a n d  
e a s y  to  f a b r ic a te ,  w a s  m o d if ie d  b y  g ra p h e n e  o x id e  (G O ) a n d  g o ld  
n a n o p a r t ic le s  (A u N P s )  to  b e  a  n e w  h ig h ly  s e n s i t iv e  e le c tro c h e m ic a l  
s e n s o r  fo r  c a r b o fu r a n  d e te c tio n . T h e  A u N P s /G O -S P C E  w a s  c h a r a c te r 
iz e d  b y  A T R  F T -IR , S E M  a n d  E D X . U n d e r  th e  o p t im iz e d  c o n d i t io n s , 
t h e  m o d if ie d  S P C E  w a s  s u c c e s s fu lly  a p p l ie d  to  d e te r m in e  th e  c a r b o fu r 
a n  c o n c e n t r a t io n  in  r e a l  s a m p le s . T h e  p ro p o s e d  m e th o d  is  p ro m is in g  a s  
a n  a l te r n a t iv e  a n d  h ig h ly  s e n s i t iv e  e le c tro c h e m ic a l  m e th o d .
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A novel label-free electrochem ical im m unosensor for neutrophil gelatinase-associated lipocalin (NGAL) 
detection  has been developed. The im m unosensor has been constructed  by im m obilization of NGAL 
capture antibodies to electropolym erized aniline deposited on top of an electrosprayed g raphene/po ly
aniline (G/PANI) m odified screen prin ted  carbon electrode. Electrospraying of G/PANI increases the  
e lectrode surface area w hile e lectropolym erization of aniline increases the  num ber of am ino groups 
(-NH2) for an tibody  im m obilization. The factors affecting the  sensor sensitivity (i.e. aniline concentration, 
scan num ber and scan rate o f electropolym erization) have been optim ized. เท a p rior report, Kannan e t al. 
reported a broad oxidation peak in cyclic voltam m etry upon the binding betw een  NGAL w ith  its an ti
body. เท th is study, a d ram atic  increase (58-fold) in the oxidation cu rren t upon the binding betw een 
NGAL and  its antibody is obtained w hen com pared to an unm odified electrode, verifying a substantial 
im provem ent in the  electrochem ical sensitivity of this system . Under optim al conditions, th is system  
exhibits high sensitivity  w ith  a lim it of detection (LOD) of 21.1 ng mL-1 , w ide linearity (50 -500  ng mL- 1 ) 
and high specificity tow ard NGAL detection from small sam ples (10 (iL). As an exam ple application, the 
sensor is tested  for the  detection  of NGAL in hum an urine, and the  results correspond well w ith  the  
values obtained from a standard  ELISA. Com pared to the  ELISA m ethod, our system  requires less analysis 
tim e ( <  30 m in/sam ple), less sam ple and less operating cost.

© 2016 Elsevier B.v. All rights reserved.

1. Introduction
Acute kidney injury (AKI) has been reported in 5 to 7% of 

hospitalized patients worldwide (Cruz et al., 2007; Himmelfarb 
and Ikizler, 2007; Mandelbaum et al, 2011). AKI results in loss of 
kidney function w ith in hours, days or weeks. Importantly, AKI 
increases the risk of end-stage renal disease in the elderly and 
death after cardiac surgery (Ishani et al„ 2009; Rosner, 2012). Thus, 
the diagnostic approach for AKI has been continually developed to 
improve the accuracy and sensitivity for an earlier diagnosis of 
patients. The standard diagnostic method for AKI is relied on the 
determination o f serum creatinine (SCr) (Bagshaw et al„ 2009; 
Weisbord et al., 2006; Zappitelli et ai., 2009a, 2009b). Un
fortunately, the use of SCr has a practical lim itation i.e. the
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concentration of SCr w ill not significantly changed unless the 
kidney has lost at least 50% of its function (Wagener et al., 2006). 
Recently, several biomolecules have been used as better, alter
native biomarkers for early diagnosis of AKI including urinary in
terleukin-18 (IL-18), kidney injury molecule-1 (KIM-1), cystatin c 
and neutrophil gelatinase-associated lipocalin (NGAL) (Devarajan, 
2007; Hall et al., 2010; Nguyen and Devarajan 2008). Among all, 
NGAL is one of the most promising biomarkers for AKI diagnosis 
(Devarajan, 2010a, 2010b). NGAL is identified as a 25 kDa protein, 
found in association w ith gelatinase from neutrophils. This protein 
is expressed at very low concentrations in human tissues such as 
kidney, lung, stomach, and colon (Dent et al„ 2007; Gabbard et al., 
2010; Mishra et al., 2005). In AKI, urinary NGAL concentration is 
highly associated w ith SCr concentration (Wagener et al„ 2006). 
After surgery, it usually takes 1-3 days before a diagnosis o f AKI 
can be made using an SCr level, but this diagnosis can be reached 
w ith in  2-6 h using an increase in urine NGAL level. Given the 
importance o f NGAL as a biomarker, we have explored a new ap
proach for detecting this protein as an early indicator of AKI.

http://www.elsevier.oom/iooate/bios
mailto:trairak@gmail.com
http://dx.doi.Org/10.1016/j.bios.2016.08.062
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Various analytical techniques have been used for the determi
nation of NGAL, including immunoblotting (Wagener et al., 2006) 
and enzyme-linked immunosorbent assays (ELISA) (Dent et al.. 
2007; Hirsch et al., 2007); however, these techniques require ex
pensive laboratory equipment and are time-consuming. To solve 
these problems, electrochemical techniques have been considered 
as alternative tools for NGAL detection due to its high robustness, 
ease of use, low cost and rapid analysis (Kannan et al., 2012). 
Moreover, it can be used for both qualitative and quantitative 
analyses. Electrochemistry has been used for sensitive protein 
detection (Cai et al„ 2013; Cheng et al., 2012), for biomarkers such 
as cytochrome c, a heme-containing protein that transfer electron 
in human cells (Furbee et al., 1993). It was reported that the 
electrochemical detection of NGAL relies on the increasing of 
oxidation peak current upon antibody-NGAL binding (Kannan 
et al., 2 0 1 2 ); however, the mechanism was not reported (lannetti 
et al„ 2008; Schmidt-Ott et al-, 2007). One possible reason for the 
enhanced signal is that NGAL binds iron and thus electron transfer 
could be facilitated upon antibody-NGAL binding.

In an electrochemical biosensor, a working electrode is usually 
miniaturized to make the biosensor portable and compatible w ith 
small biological samples (i.e. urine). Nonetheless, a small working 
electrode inevitably limits the surface area and therefore the 
sensitivity of the developed sensor. Further modification o f the 
working electrode is required to improve the electrochemical 
sensitivity of a sensor. เท recent years, carbon-based nanomater
ials, such as carbon nanotubes (Zhang et al„ 2013), carbon nano
fibers (Promphet et ai., 2015; Rodthongkum et al., 2013), carbon 
nanodots (Dai et al., 2012) and graphene have been used to modify 
working electrodes to improve their electrochemical performance. 
Graphene (G) has attracted considerable attention due to its large 
specific surface area, high electrochemical conductivity, high sta
bility, and relatively low cost. G possesses a single layer of carbon 
atoms in a closely-packed honeycomb two-dimensional lattice 
(Zhang et al., 2013). To prevent the agglomeration o f G, conducting 
polymers are used along w ith  G for electrode surface modification. 
A nanocomposite between G and a conducting polymer makes this 
hybrid nanomaterial more suitable for electrode fabrication and 
biofunctionalization than a pure G. It has been reported that the 
use of G/conducting polymer nanocomposite-modified electrodes 
significantly enhance the electrochemical sensitivity o f sensors 
(Ruecha et al., 2015; Tirawattanakoson et al., 2016). Different 
conducting polymers have been used for electrode surface mod
ification, such as polyaniline (PAN1) (Fan et al., 2011; Radhapyari 
et al., 2013), polypyrrole (PPy) (Bora and Doiui, 2012; Xing et al., 
2012) and poly(3,4-ethylenedioxythiophene) (PEDOT) ( พ isitsoraat 
et al., 2013; Zhang et al., 2012). Among these, PANI is the most 
appealing material due to its low cost, easy synthesis, good en
vironmental stability, reversible redox properties and high bio
compatibility (Bo et al., 2011; Fan et al., 2011).

G/PANI nanocomposite-modified electrodes are fabricated by 
electrospraying since this technique can create well-defined na
nodroplets on the electrode surface. G/PANI nanodroplet-modified 
electrodes show higher specific surface area than unmodified and 
thin-film  modified electrodes, leading to enhanced electro
chemical sensitivity (Thammasoontaree et al„ 2014). Un
fortunately, G/PANl nanodroplets produced by electrospraying are 
randomly distributed on the electrode surface, resulting in sub- 
optimal exposure of amino groups (-NH2). Thus, developing a 
method that helps organize and increase the number of amino 
groups on the electrode surface for biomolecule immobilization is 
required. เท this study, electropolymerization of aniline on the top 
of G/PANI nanodroplets is carried out to increase the number of 
amino groups on the electrode surface. Then, NGAL capture anti
bodies were conjugated to the active amino groups via peptide 
bonds using EDC/NHS coupling chemistry. The resulting

immunosensor was tested for NGAL detection and applied for the 
analysis of NGAL in complex biological fluids (i.e. normal human 
urine vs pooled patient urine).

2. Materials and methods
2.1. Chemicals and materials

Graphene nanopowder was purchased from SkySpring Nano
materials Inc, (Houston, TX, USA). Recombinant NGAL and NGAL- 
selective antibody were obtained from R&D Systems, Inc. (M in
neapolis, MN, USA) and used as manufacturer instruction. Poly
aniline emeraldine base (Mw=65,000), ( +  )-camphor-10-sulfonic 
acid (CSA), polystyrene (Mw =  180,000), potassium ferricyanide 
(K3[Fe(CNé)]), potassium ferrocyanide (K2[Fe(CN6)]), l-ethyl-3-(3- 
dimethyaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide 
(NHS) were purchased from Sigma-Aldrich (St, Louis, MO, USA). 
Potassium dihydrogen phosphate (KH2PO4), chloroform, di- 
chloromethane, N,N-dimethylformamide (DMF) were obtained 
from Carlo Erba Reagents (Milano, Italy). Disodium hydrogen 
phosphates (Na2HP04) and potassium chloride (KC1) were pur
chased from Merck (Darmstadt, Germany). Carbon ink and silver/ 
silver chloride ink were obtained from Gwent group (Torfaen, UK). 
Filter paper grade no.l (size, 46 x5 7  cm2) was purchased from 
Whatman International, Ltd (Maidstone, UK). All solutions were 
prepared in M illi-Q  water (Millipore, USA, R> 18.2 MO cm-1 ). A 
phosphate-buffered solution was prepared by dissolving 0.144% 
(w/v) Na2HP03, 0.024% (w/v) KH2P04 in M illi-Q  water.

22. Apparatus

All electrochemical measurements including cyclic voltam
metry and amperometry, were performed on a pAUTOLAB type III 
potentiostat (Metrohm Siam Company Ltd, Bangkok, Thailand) 
controlled by General Purpose Electrochemical System (GPES) 
software. A three-electrode system was used. The working elec
trode (WE) was fabricated by modification of a screen-printed 
carbon electrode surface (4 mm in diameter) w ith  G/PANI nano
droplets via electrospraying and electropolymerized aniline via 
cyclic voltammetry. A JSM-6400 field emission scanning electron 
microscope (Japan Electron Optics Laboratory Co., Ltd, Tokyo, Ja
pan) w ith an accelerating voltage of 15 kv, a JEM-2100 transmis
sion electron microscope (Japan Electron Optics Laboratory Co., 
Ltd, Tokyo Japan) and atomic force microscope (Bruker, Karlsruhe, 
Germany) were used for electrode surface characterization.

2.3. Electrospraying o f G/PANl nanocomposites on screen-printed 
carbon electrodes

A three-electrode system (working, counter, and reference) was 
fabricated on a polyvinyl chloride (PVC) substrate using a screen
printing technique. The patterned electrode was designed by 
Adobe Illustrator and an ink-blocking stencil was fabricated by 
Chaiyaboon Co. (Bangkok, Thailand). First, silver/silver chloride ink 
was printed on the PVC substrate for all electrodes. The reference 
electrode and conductive pads were used w ithout further mod
ification. Next, carbon ink was printed on top of one silver/silver 
chloride layer to generate the working and counter electrodes, 
respectively. Finally, the screen-printed electrode was dried at 
50 °c for 1 h to remove the residual solvent.

For electrode modification, G/PANI nanodroplets were created 
on the working electrode using electrospraying. The composite 
solution of G/PANI was prepared as follows. G nanopowder and 
PVP (2:2 mg) were dispersed in 1 mL DMF using an ultrasonicator 
for 24 h at a room temperature. PANI (0.4 g) was doped w ith CSA
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(0.516 g) and dissolved in 15 mL chloroform. After that, the PANI 
solution was stirred at 10 00  rpm for 12  h at a room temperature 
and filtered through filter paper (Whatman No. 1) to remove any 
particulate matter. G/PVP and PANI solutions were mixed together, 
and 0.1% (v/v) PS was added into the mixture. The electrospray 
setup consists of a syringe pump, high-voltage power supply, 
ground collector, syringe, and stainless-steel needle. The nano
composite solution of G/PVP/PAN1 was added into a syringe, and a 
voltage of 7.5 kv was applied to the solution. The flow rate of the 
solution was controlled at 1.0 m Lh“ \  and the distance between 
needle and collector was fixed at 5 cm. The optimal electrospray
ing time was 5 min as investigated in the previous study (Ruecha 
et al., 2014).

2.4. Electrochemical experiments

For the cyclic voltammetry experiments, the potential was 
scanned from -0 .5  V to +1.0 V for electropolymerization of ani
line monomer, -0 .5  V to +1.0 V for a standard ferri/ferrocyanide 
detection and -0 .2  V to +0.6 V for NGAL detection. The detection 
potential for NGAL determination was optimized by using hydro- 
dynamic voltammetry at a potential range of 0.1-0.6 V. For NGAL 
detection, NGAL solution was directly dropped on the electrode 
surface, and amperometry was performed at an optimum poten
tial. After that, the anodic current was recorded at a steady state 
current of 75 ร.

2.5. Functionalization o f the modified electrode

After electropolymerization of aniline was carried out, the 
available -NH2 groups of polyaniline were further attached to -  
COOH group of anti-NGAL antibody using EDC/NHS coupling 
chemistry by covalent bonding as explained in details in the pre
vious report (Bagshaw et al., 2009; Lee et al., 2011). A 10 |iL so
lution of EDC/NHS (0.2/0.2 M) and the NGAL antibody 
(360pgm L_1) was pipetted on the working electrode and in
cubated in the dark for 3 h at a room temperature. Then, the fully 
functionalized electrode was washed w ith a phosphate-buffered 
solution (pH 7.0) and M illi-Q  water to remove any free antibodies.

;2.6. Preparation o f modified electrode fo r  electrochemical detection 
o f NGAL

For NGAL detection, a solution of recombinant NGAL was pi
petted on the electrode surface and incubated for 30 min at room 
temperature (25 + 2 °C). Then the modified electrode was washed 
w ith  a phosphate-buffered solution (pH 7.0) and M illi-Q  water to 
remove any unbound NGAL Finally, the modified electrode was 
used for the electrochemical detection of NGAL

2.7. Preparation o f urine sample

Urine samples were collected from healthy human volunteers. 
After collection, the samples were centrifuged at 1600 rpm w ith an 
ultracentrifuge (Cole-Parmer, USA) for 20 min, and the super
natants were kept for further analyses. A standard addition 
method was used for the detection o f NGAL in the urine samples. 
Standard solutions of NGAL were added in a 1:1 ratio to undiluted 
human urine, and the percentages of recovery were determined. 
All samples were analyzed on the electropolymerized aniline on G/ 
PANI nanodroplet modified SPCEs using amperometry.

The pooled patient urine samples were collected after surgery. 
Then, they were centrifuged at 1600 rpm for 20 min, and the su
pernatants were kept for ELISA analysis and electrochemical de
tection. The quantitative measurement of NGAL by ELISA was 
performed using Human Lipocalin-2/NGAL Quantikine ELISA Kit

(Cat# DLCN20, R&D Systems, MN) following the manufacturer's 
instructions.

3. Results and discussion
3.1. Electrode optimization and electrochemical characterization

Before using our novel immunosensor for detecting NGAL, the 
steps required to functionalize the electrode were optimized. To 
increase the surface area of working electrode, electrospraying of 
G/PANI was used. The important electrospraying parameters that 
affect the surface morphology and electrochemical sensitivity of 
modified electrodes were identified in our previous report (Ruecha 
et al., 2014). In this study, the effect of aniline electropolymeriza
tion (i.e. aniline concentration, scan number, scan rate of electro- 
polymerization, etc.) on the sensor performance was investigated. 
Among all the parameters, the aniline concentration was found to 
be an important factor controlling the electrochemical sensitivity 
of the system. 100 |iL of different aniline concentrations, ranging 
from 0.01 to 0.10 M were dropped on each electrode and aniline 
monomer was electropolymerized by using cyclic voltammetry. 
For electropolymerization, cyclic voltammetry was employed 
using a potential range of -0 .5  to +1.0V at a scan rate of 
100 mV ร-1. After electropolymerization, the electrochemical 
sensitivity of modified electrode was determined by measuring 
the current response of 1.0 mM [Fe(CN)6]3' ,4~, which is a standard 
redox couple used for investigating the electrocatalytic property of 
newly developed electrodes prior to use for target analyte de
termination (Emami et ai., 2014; Promphet et al., 2015; Saeng- 
sookwaow et al., 2016), as shown in Fig. 1. Higher aniline con
centrations increased the anodic peak current of a 1.0 mM [Fe 
(CN)6]3' ,4~ and thus increased the sensitivity of the system. From 
Fig. 1, it is clear that 0.10 M aniline provides the highest anodic 
peak current while still maintaining a well-defined cyclic vol- 
tammogram for [Fe(CN)6j3",4_ (see an inset of Fig. 1). As shown in 
Fig. SI, Supporting information, at higher aniline concentration 
(0.15 M, 0.20 M), cyclic voltammogram peak shape are distorted, 
which is undesirable for the system since another reaction me
chanism (e.g. adsorption) w ill take place on the electrode surface 
instead of the desirable diffusion current. Therefore, 0.10 M aniline 
was selected for subsequent electrode functionalization.

Electropolymerization scan number and rate were also studied 
(Fig. S2 and S3, Supporting information). The scan number was 
varied from 2 to 10  cycles and a well-defined, symmetric cyclic

0.01 0.02 0.04 0.06 0.08 0.10
Aniline concentration (M)

Fig. 1. The anodic peak currents of standard  1.0 mM [Fe(CN)6]3 ,4‘ obtained from 
cyclic voltam m ogram s (inset) m easured on different modified electrodes functio
nalized via electropolym erization w ith different aniline concentrations.
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voltammogram of 1.0 mM standard [Fe(CN)6]3' ,4~ was obtained 
w ith the highest anodic current response at a scan number of 
4 cycles. Moreover, SÇM images (Fig S4, Supporting information) 
shows the thicker layer of electropolymerized aniline on electrode 
surface at a higher scan number of 10 (S4, b) compared w ith a 
lower scan number of 4 (S4, a). The thicker polyaniline layer was 
easily scratched out and peeled off from the electrode surface 
leading to low electrode reproducibility. Thus, a scan number of 
4 was selected for electropolymerization. The scan rate appears to 
play a less important role on the sensor performance since the 
current signals do not significantly change w ith the scan rate. In 
this studylthe scan rate was varied from 60 to n o  mV ร- ’ , and a 
constant scan rate of 100 mV ร- 1  was selected for further experi
ments. Since the electrochemical activity of each compound is 
different, we also performed the similar experiments w ith NGAL 
and these results confirmed that 0.10 M aniline, 4 cycles of scan 
number and 100 mV ร- ,  of scan rate are the optimal conditions for 
NGAL detection. Thus, these parameters were used for all sub
sequent experiments.

The electrochemical characteristics of the modified electrode 
were investigated by cyclic voltammetry using 1.0 mM [Fe(CN)6]3_/ 
4‘ as a well-known standard redox couple used for electrochemical 
characterization of newly developed electrodes (Rodthongkum 
et al., 2013; Saengsookwaow et al., 2016). As shown in Fig. 2, cyclic 
voltammetric measurements were performed on three different 
electrodes, including an unmodified carbon electrode, a G/PANI 
nanodroplet-modified carbon electrode, and aniline functionalized 
G/PANI nanodroplet-modified carbon electrode. Both anodic and 
cathodic currents of 1.0 mM [Fe(CN)6]3‘ ,4_ show well-defined 
peaks for all three electrodes. The current response for the aniline 
functionalized electrode (red line) is approximately 4 times higher 
than the unmodified carbon electrode (green line) and 2 times 
higher than the G/PANI nanodroplet-modified carbon electrode 
(blue line), indicating that the aniline functionalized electrode 
substantially increases the electrochemical sensitivity of the sys
tem. Furthermore, the peak potential difference (AEp) of the ani
line functionalized electrode (AEp=0.45; red line) decreases 
compared to the unmodified carbon electrode (AEp=0.66; green 
line), verifying that the electropolymerized aniline on the G/PAN1- 
modified electrode accelerates electron transfer at the electrode.

3.2. Physical characterization

The surface morphology of the electrosprayed G/PANI

— —-Electropolymerized
150  ๆ aniline on G/PANI

modified electrode

Potential (V)

Fig. 2. Cyclic voltam m ogram  of 1.0 mM [Fe(CN)6)3' ,4‘ m easured on an unmodified 
screen-printed carbon electrode (green line), G/PANI nanodroplet-m odified carbon 
electrode (blue line) and an aniline functionalized G/PANI nanodroplet-m odified 
electrode (red line). (For interpretation of the  references to color in this figure le
gend, the  reader is referred to the web version of this article.).

nanodroplet modified electrode was reported in our previous 
study. The average size of G/PANI droplets prepared in this study 
were approximately 180 + 1.0 nm (Ruecha et al„ 2014). The dis
persion of G w ith in the nanodroplets was characterized by 
transmission electron microscopy (TEM). TEM (Fig. 3a) confirms 
that G sheets are well dispersed inside the nanocomposites 
w ithout severe agglomeration and re-stacking. Electron diffraction 
(an inset of Fig. 3a) further confirms that pure G is dispersed in the 
composites, which corresponds well w ith  our previous work (Rao 
et a!., 2014). The surface morphology of the aniline-modified G/ 
PAN1 electrodes was characterized by scanning electron micro
scopy (SEM) as shown in Fig. 3b. SEM shows a 3D-sponge-like 
porous network w ith  high uniform ity of PANI on the modified 
electrode surface, confirming that aniline can be polymerized and 
attached onto the nanodroplet-modified electrode. Moreover, the 
surface area and surface roughness of the modified electrodes 
were investigated by atomic force microscopy (AFM) as shown in 
Fig. 3c. AFM image demonstrates that the modified electrodes 
have a higher surface area w ith  surface roughness of
0.16 + 0.02 pm, which is higher than observed for unmodified 
carbon electrodes that have a surface roughness of 0.02 + 0.03 pm. 
The large surface area and high surface roughness of the modified 
electrode improves the sensitivity o f the electrochemical sensor.

3.3. Determination o f NGAL

3.3.1. Cyclic voltammetry
For NGAL detection, the experiments were performed on NGAL 

in phosphate buffer (pH 7.0) w ithout ferri/ferrocyanide by using 
cyclic voltammetry (CV). To make this electrode system specific for 
NGAL, antibodies were immobilized onto the aniline functiona
lized electrodes using EDC/NHS coupling. According to a previous 
report, electrochemical detection of NGAL relies on an increase in 
the broad oxidation peak current on the modified electrodes upon 
NGAL binding to its antibody over a potential range of 0-0*6 V 
(Kannan et al„ 2012). เท this study, as shown in Fig. 4a, 90 ng mL- 1  

solution of NGAL causes a dramatic increase in the anodic current 
as compared to a buffered solution over a potential range o f - 0.2 

to 0.8 V.
The performances of different electrodes for the detection of 

NGAL were studied. Three electrodes including unmodified carbon 
electrode, G/PANI nanocomposite modified carbon electrode and 
electropolymerized aniline on G/PANI nanocomposite modified 
carbon electrode were used for the determination of 90 ng mL- 1  

of NGAL as shown in Fig. 4b. An approximately 58-fold increase in 
anodic peak current is observed (green line) compared to an un
modified electrode (blue line) and 9-fold compared to G/PANI 
modified electrode (red line), which indicates the value o f anti
body-functionalized modified electrode. The determination of 
NGAL using EDC/NHS coupling for anti-NGAL immobilization on 
an unmodified electrode was unsuccessful (no peak observed) as 
shown in Fig. 4b (blue line) since there is no -NH 2 group on the 
unmodified electrode surface to attach w ith  -COOH o f anti-NGAL 
antibodies. Also, the low oxidation current signal was observed on 
G/PANI modified electrode shown in Fig. 4b (red line) since there 
are not enough -NH -2 group on the electrode surface to attach w ith 
anti-NGAL antibodies. As for electropolymerized aniline on G/PANI 
nanocomposite modified electrode, increasing amount of -NH 2 

group on the electrode surface by electropolymerization of aniline 
promotes the binding between NGAL and its antibodies leading to 
substantially enhance the current response signal (green line). An 
explanation for this substantial increasing anodic current signal on 
electropolymerized aniline on G/PANI nanocomposite modified 
carbon electrode (green line) is that NGAL facilitates the electron 
transfer upon the binding w ith  its antibody since NGAL plays an 
important role for iron transport (i.e. iron) in cells and thus may be
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i

Fig. 3. TEM image o f  G dispersion w ith in  G/PANi nanodroplets w ith  an electron diffraction pattern  of graphene as an inset, (a), SEM im age of electropolym erized aniline on 
G/PANI nanodroplet-m odified electrode w ith a m agnification of 500ÛX. (b), and AFM image of electropolym erized aniline on G/PANI nanodrop let modified electrode (c).

STftfC

electrochemically active when bound to the surface of the mod
ified electrode (Schmidt-Ott et al., 2007). While this is the pro
posed mechanism, determining the exact mechanism was outside 
of the scope of the proposed effort.

3.32. Chronoamperometry
After testing the performance of modified electrode for NGAL 

detection, the immunosensor was further tested using chron
oamperometry to improve the electrochemical sensitivity of the 
system. Chronoamperometry was used to identify an optimum 
detection potential for NGAL in a range of 0.1-0.6V. As shown in 
Fig. 5a, the anodic current signal of NGAL significantly decreases as 
the detection potential increases from 0.1 to 0.4 V. At higher vol
tages, 0.4-0.6 V, the anodic current signal slightly increases; 
however, the background current also increases. Consequently, the 
signal-to-background ratio (S/B) ratio is found to be the highest at 
a detection potential of 0.3 V. Thus, this potential was selected for 
further experiments.

After the detection potential of NGAL was optimized, the other 
parameters (e.g. incubation time for antibody immobilization, 
concentration of antibody and incubation time of NGAL prior to 
electrochemical detection) were also investigated using chron
oamperometry to obtain the highest immunosensor performance. 
As shown in Figs. S5-S7 in the supporting information, 3h in
cubation for anti-NGAL antibody immobilization, 360 pg/mL of 
anti-NGAL antibody and 30 mins incubation of NGAL prior to 
amperometric detection were the optimum conditions offering the 
highest immunosensor sensitivity w ith  shortest analysis time;

thus these parameters were used for subsequent experiments.

3.4. Calibration curve

The analytical figures o f merit for the immunosensor were also 
evaluated. Using NGAL concentrations between 50 and 
500 ng m L 1, amperometric measurements were made at 75 ร to 
create a calibration curve (Fig. 6 ). The anodic current response was 
found to be linearly proportional to NGAL concentration over the 
studied range. From these measurements, we determined the lim it 
of detection (LOD) and lim it of quantitation (LOQ) for NGAL to be 
21.1 ng mL- 1  and 70.4 ng mL-1 , respectively. The LOD was calcu
lated by LOD=3Sb/m and LOQ. was calculated by LOQ=10 Sb/m, 
where sb is a standard deviation of the blank (estimated by five 
replicates o f blank signal) and m is the slope of the calibration 
curve. The level of NGAL in normal human urine is lower than 
20ngm L~ ’ (Kannan et al„ 2012), whereas the level o f NGAL in 
patient urine after surgery is in the range o f 50-1000 ng mL- 1  

(Bennett et al., 2008), indicating that our electrode system is 
sensitive enough to detect NGAL in patient urine thereby making it 
a useful tool for early diagnosis of AK1.

3.5. Reproducibility and stability

The reproducibility and stability o f the electrode system were 
investigated by amperometric detection o f 200 ngm L - 1  samples 
of NGAL in a phosphate buffer (pH 7.0). The %RSD of NGAL con
centrations were found to be between 1.49% and 9.20% for

a —-'-Unmodified electrode

Fig. 4. Cyclic voltam m ogram s of 90 ng mL-1 o f  NGAL in phosphate buffer solution (pH 7.0) m easured on the  antibody-functionalized modified electrode (blue line), and a 
cyclic voltam m ogram  of a phosphate buffer so lution (pH 7.0) m easured on the antibody-functionalized electrode w ithou t NGAL (red line) a t a scan rate o f 50 mV ร ' '1(a). 
Cyclic voltam m ogram s of 90 ng mL-1 of NGAL m easured on unm odified electrode (blue line), G/PANI m odified electrode (red line) and electropolym erized aniline on G/PANI 
modified electrode (green line) a t a scan rate of 50 mV ร -1 (b). (For interpretation of the references to color in this figure legend, the  reader is referred to the  w eb version of 
this article.).
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Fig. 5. Hydrodynamic voltam m ogram s of 200 ng m L ~1 of NGAL (red line) and background (blue line) in 0.1 M phosphate buffer solution a t pH 7.0 for 75 ร, m easured on the 
antibody-m odified electrode (a) and the signal-to-background ratios (S/B) obtained from hydrodynam ic voltam m ogram s (b). (For in terpretation  of the  references to color in 
this figure legend, the reader is referred to the  w eb version of this article.).
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Fig. 6. A calibration plot obtained from am perom etric  detection of NGAL in 0.1 M 
phosphate buffer solution a t pH 7.0 using the antibody-m odified electrode. The 
standard deviations are obtained from 4 m easurem ents (ท= 4).

5 measurements on different electrodes. The stability of the elec
trode system was also evaluated by storing the modified electro
des in a phosphate buffer solution (pH 7.0) at a room temperature 
for 3 days before using it to measure NGAL. The current responses 
were found to decrease only 2-9% after storage, indicating that this 
system is relatively stable.

3.6. Specificity

The specificity of commercial anti-NGAL antibody was verified 
by the information brochure of human Lipocalin-2/NGAL 
(DY1757). It was reported that anti-NGAL antibody exhibits no 
cross-reactivity w ith  recombinant human Lipocalin-1, re
combinant human MMP-9, recombinant mouse and rat Lipocalin- 
2 at a concentration of 50 ng/mL. For the experiments, there is no 
significant difference of current response signal between 0.1 M PB 
solution and normal urine sample as shown in Fig. S8 in Sup
porting information implying that other proteins and substances 
presenting in human urine do not interfere the detection of NGAL 
Moreover, the specificity of this NGAL sensor was investigated 
toward bovine serum albumin (BSA). BSA derived from cow is 
commonly used as a represented standard protein instead of hu
man serum albumin (HSA), which is the highest abundant human 
protein to test specificity of antigen-antibody binding of the de
veloped sensor. For the assessment of BSA interference, 0.1 M PB 
solution (background), different concentrations of BSA, a mixture 
of BSA and NGAL and a pure NGAL solution were incubated and

the amperometric current responses were measured on the 
modified electrode as shown in Fig. S9 in the Supporting in
formation. As seen in the results, the oxidation current o f various 
BSA concentrations are not different from background. Obviously, 
the oxidation current increases in the presence of NGAL due to 
specific binding between anti-NGAL antibody and NGAL on elec
trode surface. Moreover, the current response of NGAL in the 
presence o f BSA (dark blue bar) and absence of BSA (red bar) are 
not significant different, indicating that our developed sensor is 
highly specific to NGAL in the presence o f BSA.

3.7. Sample analyses

To evaluate the applicability o f the immunosensor, the mod
ified electrodes were used to determine NGAL in human urine. The 
human urine samples were freshly collected and centrifuged at 
1600 rpm for 20 min. Then, the supernatants were measured by 
amperometry. The solutions of the NGAL at different concentra
tions were added at a 1 : 1  ratio to undiluted human urine samples, 
and the percent recovery was determined (Table 1). The percent 
recoveries were found to be in a range o f 97.5-104.4% and %RSD 
values were less than 5.0%, suggesting that this electrode system is 
suitable for the determination of NGAL in human urine.

The accuracy o f this electrode system was investigated via 
comparison w ith a standard ELISA method. The modified electrode 
was used for amperometric detection o f NGAL in AKI patient urine 
samples. The percent recoveries were found to be in the range of 
93.5-99.8%, confirming that this system is very accurate. Moreover, 
the results obtained from our system correspond well w ith  the 
results obtained from a conventional ELISA method as shown in 
Table 2. Compared w ith  ELISA, since our developed system re
quires less analysis time (30 min vs hours for ELISA), less sample 
volume ( 10 |iL vs 100 |iL for ELISA) and lower operating cost while 
offers higher precision for quantitative analysis, it m ight be a 
promising tool for early AKI diagnosis.

Table 1
D eterm ination of different concentrations of NGAL spiked into norm al hum an 
urine.

Added (ng mL- 1 ) Found (ng mL- 1 ) Recovery (%)

0 ND _
100 97.5 ±  1.0 97.5
200 208.7 ±  1.4 104.4
400 413.4 +  2.1 103.3
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Table 2
D eterm ination of NGAL in patient urine samples by this approach com pared w ith 
conventional ELISA m ethod.

AKI pa tien t urine sam ples ELISA (ng m l - 1 ) Found (ng mL- 1 ) Recovery (%)

1 200 199.5 ±  13.5 99.8
2 1645 1642.<โ± 14.7 93.5

4. Conclusions
เท summary, attaching an NGAL-specific antibody to a G/PANI 

nanodroplet-modified electrode enables the selective, sensitive, 
and robust determination of NGAL The electrochemical signal of 
NGAL from this functionalized electrode is 58 times higher than 
from an unmodified electrode. The electrode system was found to 
have a LOD and LOQ. of 21.1 ng mL_1 and 70.4 ngm L-1 , respec
tively, and preliminary validation indicates that NGAL can be 
measured in human urine w ith  excellent recoveries (i.e. 97.5- 
104.4%) and precision (i.e. %RSD < 5.0%). Importantly, NGAL levels 
in AKI patient urine samples measured by this system correspond 
well w ith  the results obtained from a standard ELISA method, 
while our system offers easier process of fabrication, faster ana
lysis ( <30 mins/sample), lower sample volume requirement 
(10 |iL), and especially less operating cost. Thus, our system might 
be an alternative tool for early diagnosis of AKI in medical 
applications.
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Highly sensitive colorim etric detection for Pb2 + has been developed using m aleic acid (MA) functio
nalized GNP. The -COOH on MA was used to modify GNP surface w hereas the  o th er -COOH functional 
group have strong affinity to coordination behavior of Pb2+ allowing the  selective form ation m ore than 
o ther ions. MA-GNPs solution changed from red to blue color after the  addition  of Pb2+ due to 
nanoparticle aggregation. The d ifferent optical absorption  and discrim inate  of particle size be tw een  the 
MA-GNPs solution w ith and w ithou t Pb2 *' w ere  characterized by UV-visible spectroscopy and 
transm ission electron microscopy (TEM), respectively. The color in tensity  as a function of Pb2 * 
concentration gave a linear response in the  range of 0 .0 -1 0 .0  pg L- 1  (Rz =  0 .9 9 0 ). The detection  lim it 
was found a t 02) |ig L- 1  by naked eye and can be com pleted  the  analysis w ith in  15 m in. The MA-GNPs 
aggregated w ith  Pb2+ show ed high selectivity w hen  was com pared to  o th e r m etal ions (As3+, Ca2+, 
Cd2 + , Co2 + , Cu2 + , Fe3+, Hg2+, Mg2 + , Mn2+, Ni2+ , Pb2+ and Zn2 + ) and anions (Cl- , NOT and SO4 - ). 
Our proposed m ethod was also applied for the  de term ination  of Pb2+ in real drinking w a ter sam ples 
from 5 sources. The resu lt of real w ater sam ples w ere  n o t statistically  significant d ifferen t from the 
standard  m ethods a t the  95% confidence level (pair t- te s t m ethod). M oreover, w e evaluated our 
proposed m ethod  for the  determ ination  of trace Pb2 1 concentra tion  in real b reast m ilk sam ples. The 
recoveries w ere acceptable and ranged from 101 to 104% for spiked Pb2+ in real b reas t milk sam ples. 
Thus, MA-GNP colorim etric sensing provides a sim ple, rapid, sensitive, easy-to-use, inexpensive and low 
detection  lim it for the m onitoring of Pb2+.

© 2 0 1 4  Elsevier B.v. All rights reserved.

1. Introduction
The present food and drinking water are often contaminated 

w ith  harmful substances for humans, either as part of the produc
tion process, natural or caused by the additives added to i t  Lead 
(Pb2 ) is a major environmental pollutant and ranks second in the 
list of toxic substances that cause renal malfunction and damage to 
the brain and kidneys [ 1 ], It has also been classified as carcinogenic 
agents by the World Health Organization (WHO) and International 
Agency for Research on cancer. Moreover, the long-term exposure 
to low concentrations of these metals causes adverse health effects. 
Therefore, WHO controlled level of lead in drinking water is not 
over lO pgL - 1  [2], Several methods have been used for the 
detection of lead such as atomic absorption spectrometry (AAS) 
[3-5], inductively coupled plasma mass spectrometry (ICP/MS) [6 ], 
inductively coupled plasma atomic emission spectroscopy (ICP/AES)

•C orresponding author. Tel.: + 6 6  2 470 9553; fax: + 6 6  2 470 8840. 
E -m a il a d d r es s :  w ijitar.dun£>kniutt.acth (พ . Dungchai).

http:/7dx.doi.org/10.l0 l6/j.ulanta.2014.l0 .024 
0039-9140/© 2014 Elsevier B.v. All rights reserved.

[7], electrochemical method [8 ] and X-ray fluorescence spectro
metry [9], Although, these methods can detect lead sensitively and 
accurately, but there are limits in their complicated sample pre
paration processes, expensive, and required any specialized as well 
as sophisticated instrumentation [1 0 ].

Colorimetric sensors for Pb2+ determination attract much atten
tion for their conveniences of visual observation and simple opera
tions. They allow the direct analysis by the naked eyes without costly 
instruments compared with other methods. In recent year, gold 
nanoparticles (GNPs) have been widely used for colorimetric assays 
because their extinction coefficients are high relative to common 
organic compound [11-13]. GNPs have been extensively employed as 
colorimetric sensors for the detection of small concentrations of toxic 
metals such as arsenic, cadmium, cobalt, nickel and lead [14-16]. Kim 
et al. used GNPs capped w ith 11-mercaptoundecanoic acid to be 
capable of detecting Pb2 1 through the coordination between the 
carboxylic groups and Pb2+ [17]. Moreover, Lu and co-workers 
reported a colorimetric sensor for Pb2+ detection using DNA- 
functionalized GNPs [18]. เท 2010, GNPs capped w ith gallic acid 
(GA-GNPs) for the detection of Pb2+ has been reported. Huang and

http://www.elsevier.com/locate/talanta
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co-workers have also demonstrated the aggregation of GA-GNPs in 
aqueous solutions and its minimum detectable concentration for 
Pb2+ in drinking water is 10 nM or 2.1 pgL~’ [12], The detection 
limits of GA-GNPs are lower than the maximum allowable contam
ination level of Pb2+ in drinking water (WHO). However, the 
European Food Safety Authority (EFSA) reported that even using a 
low concentration of Pb2+ in drinking water (2.1 |igL_1), adverse 
effect children’s intelligence development can be observed [19,20], In 
the absence of a safe exposure lim it of children to Pb2+ and because 
of its ability to accumulate in the body for a long time, a great interest 
in the evaluation of the adverse effects ofPb2 1 in low concentrations 
has emerged. Moreover, Human Health State of the Science in 
Canada has studied the trace Pb2 4 concentration in breast milk 
because it is good biomarkers of maternal and infant exposure to 
Pb2 +. The Pb2 + level in human milk was found in the range from 
0.025 to 15.8 pg L_1 in 210 mothers cross Canada [21,22]. Therefore, 
a highly sensitive, selective, simple and rapid method for the 
detection and quantification of trace Pb2+ is still required not only 
for the acceptance criteria of food safety but also toxicology.

Maleic acid, which has two carboxylic groups (H02CCH=CH- 
C02H), should be suitable for the modification of nanoparticles 
surface. เท the previous reports, GNPs was modified by thiol 
compounds such as glutathiol [ 1 0 ], cysteine [23], alkyl phosphate 
[24] and 11-mercaptoundecanoic acid [25] for the determination of 
Pb2+ in micromole level but maleic acid functionalized GNPs has 
been not investigated for the colorimetric detection of Pb2+. Thus, 
the aim of this work was to develop the highly sensitive, selective, 
simple and rapid colorimetric sensor for trace Pb2+ determination 
using maleic acid modified GNPs. Maleic acid is easy to modify on 
GNPs surface within 1 h. MA-GNPs solution changed from red to 
blue color after the addition of Pb2+ and can be observed by the 
naked eye. Tile pH effect and the reaction time were studied in this 
work. The low limits of detection for Pb2+ at sub pg L_1 level w ith a 
short analysis time of 15 min were obtained by our proposed assay. 
Finally, our developed method was successfully applied for determi
nation of trace levels of Pb2' in  drinking water samples and the 
human breast m ilk samples.

2. Experimental
2.1. Chemicals and materials

All chemicals used in experiment were analytical reagent (AR) 
grade and solutions were prepared using high pure water w ith a 
resistance of l8M £2cm _1. Dithiothreitol (DTT), glutathione (Glu), 
homocysteine (Hey), L-cysteine (L-cys), maleic acid (MA), metal ions 
(As3 +, Cd2 + , C o ,  Cu2 + , F e ,  Hg2 . Mg2*, Mn2 + , Ni2 + , Pb2 + , 
Zn2+ using atomic absorption grade), KCI, KN03 and K2รO4 were 
bought from Sigma-Aldrich (St. Louis, Missouri). Whatman No. 1 filter 
paper was bought from Cole-Parmer (Vernon Hills, II). 
All glassware was thoroughly cleaned w ith freshly prepared 1:1 
HCI/HNO3 and rinsed w ith high pure water prior to use. All metal 
ions stock solutions were prepared in 50 mM phosphate buffer 
pH 5.8.

2.2. Instrumentation

uv-visible absorption spectra were recorded in a quartz cuvette 
(1-cm pathlength) using a UV-visible spectrometer (Lambda 35, 
Perkin Elmer Instruments, USA). Size distribution of particles was 
recorded by Transmission Electron Microscope (TEM, TECNAIT20 G2, 
FEI, Netherland). Photographic results were recorded using a digital 
camera (PowerShot S95,10.1 Megapixels, Canon). An atomic absorp
tion spectrometer (AAS) w ith a hollow cathode lamp and standard 
air/acetylene flame (Analyst 300, Perkin Elmer Instruments, USA)

was used for atomic absorbance measurements. A hollow cathode 
lamp was used under the following operations conditions: wave
length: 283.3 nm; slit-width: 0.7 H nm; lamp current: 10 mA.

2.3. Synthesis o f GNPs

100 mL of HAuC14 (0.01%) was added into a 250 mL Erlenmeyer 
flask and then boiled! After that, 3.5 mL of trisodium citrate (1%) 
was added and further rapidly stirred for 15 min. We continually 
stirred for 30 min w ithout heating. The solution was cooled to 
room temperature which was stored in the refrigerator 4 °c before 
further use [15].

The MA-GNPs solution was prepared using self-assembly of the 
organic compound on the GNP surface. A red of GNP solution 
(~20  nm in diameter) was first prepared from GNPs stock solution. 
Then, 0.20 mL o f 0.01 M MA was added into 0.40 mL of GNP solution 
to generate MA-GNPs. Organic compound was self-assembled on to 
the surface of GNPs by incubating the GNPs w ith the MA solutions 
for 1 h at room temperature. After this step, the GNP aggregation was 
characterized using UV-visible Spectrometry.

2.4. Detection o f lead

0.60 mL of MA-GNP solution in the eppendrof was mixed with 
0.40 mL of metal ion solutions (As3 + , Ca2+, Cd2 +, Co2 4 1 Cu2+, Fe3 + , 
Hg24, Mg24, Mn24, Ni24, Pb2 + and Zn2+) and anions solutions (KCI, 
KNO3 and K2ร04) in 50 mM phosphate buffer at pH 5.8. For back
ground (Bg), 0.40 mL of buffer was mixed 0.60 mL of MA-GNP 
solution (Bg-MA-GNPs). Then, the mixture was incubated for 
15 min at the room temperature and analysis by the spectrometer 
and TEM.

2.5. Sample preparation fo r  transmission electron microscopy (TEM)

Transmission electron microscope (TEM) measurements were 
performed on TECNAI T20 G2 instrument which operated at an 
accelerating voltage of 120 kv and the 25000 X magnification. The 
sample solutions for TEM studies were prepared by placing a drop of 
GNPs, MA-GNPs, Bg-MA-GNPs and Pb2+-MA-GNPs on a formvar 
coated copper grid. The films on the TEM grids were allowed to dry 
for 1 h. The size of nanoparticle studies was performed in aqueous 
solution by Center o f Nanoimaging, Mahidol University.

2.6. Applications

To evaluate the utility of our proposed method, the Pb24 in the 
drinking water samples from five different sources was quantified. 
Our method was validated against AAS. Prior to analysis by AAS, pre
concentration was carried out on all samples. 1.5 L of sample was 
mixed with 1 mL of 0.1 M HC1 and then heated to evaporate excess 
water until 5.0 mL of samples remained. For AAS, samples were 
adjusted to a final volume of 10 mL w ith deionized water. For our 
proposed method, 0.60 mL of MA-GNP solution in the eppendrof 
was mixed w ith 0.40 mL of the water sample without any pretreat
ment. Then, the mixture was incubated for 15 min at the room 
temperature and analysis by spectrometer. For testing of trace levels 
of Pb24  in the human breast milk, the sample was divided two parts. 
The first was analyzed by our method without spiking Pb2+ and the 
second was spiked w ith the standard Pb2 + solution at 10.0, 25.0 and 
50.0p g L '1 to obtain the final concentration at 1.0, 2.5 and 
5.0 pg L~ \ respectively. Prior to analysis, spiked samples were 
precipitated the protein by adding 0.75 mL of sample w ith 0.15 mL 
of 10% w/v TCA (Tri chloroacetic acid). After that, samples were 
stored at 4 °c for 15 min and then subjected to centrifugation at 
14,500 rpm for 10 min. The precipitate was removed from the 
supernatant and kept only supernatant for analysis.
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3. Results and discussion
3.1. Characterization o f CNP aggregation

Maleic acid has two carboxylic groups (H02CCH=CHC02H) so 
one carboxylic group should be suitable for the modification of 
nanoparticles surface and the other carboxylic group can capture 
Pb2+ in aqueous solution as shown in Scheme ไ. In this experiment, 
the color of solution change from dark pink to blue after add
ing 1.0 pg L' 1 of Pb2+ in the MA-GNPs solution (Fig. 1). MA-GNPs in 
the presence and absence o f Pb2 4 were characterized by UV-vis 
Spectroscopy and Transmission Electron Microscope (TEM). A char
acteristic band of MA-GNPs was observed at approximate 520 nm. 
After the addition of Pb24, the wavelength at 520 nm decreased and 
a new red-shifted change at 600 nm (Fig. 1), so Pb2+ can induce 
aggregation of MA-GNPs. To confirm the mechanism of the interac
tion between MA-GNPs and Pb2+, the solution of GNPs, MA-GNPs, 
Bg-MA-GNPs and Pb2+-MA-GNPs were analyzed by TEM as shown 
in Fig. SI. The prepared GNPs were dispersed an average particle size 
under ~ 2 0  nm in diameter, whereas the nanoparticles remain

isolated and randomly distributed in the absence of Pb24 ions (Fig. 
Sla-c). Upon addition of Pb24 into MA-GNPs, the solution turned 
blue color. TEM studies clearly indicate that Pb2+ induces aggrega
tion of nanoparticles (Fig. SI d). Possible mechanism is the obstructive 
aggregation of MA-GNPs in the absence of Pb2+ due to the 
electrostatic repulsion against van der Waais attraction of carboxylic 
of MA on the GNPs surface [ 131- After the addition Pb2 + , the other -  
COOF1 group of MA can binds w ith Pb2+ and it is specificity than 
other metals (Fig. 1) because of the coordination number of Pb2+ 
more over the other metal cations, other metal cations interact only 
w ith lesser numbers of ligands, leaving the nanoparticles isolated; 
hence, no spectral change and no color of solution change were 
observed under the experimental conditions [26].

3.2. Selectivity study

We investigated the change in values of absorption ratio (A500/520) 
for MA-GNPs that measured after 15 min upon the addition of the 
metal ions. The concentration of other metal ions was studied for 
15 min at higher than 100 times of Pb2+ concentration (1.0 pgL~' of

450 550 650 750
W a v e le n g th  (n m )

Fig. 1. UV-visible spectra of MA-GNPs solutions w ith cations (1.0 Mg l " '  o f  Pb2+ and 0.1 m g l " 1 o f o th er cations) and anions (250.0 m g L~ 1 C i", 45.0 m g L-1  N O f and 
200.0 m g L"1 soil" following Guidelines for drink ing-w ater quality by (2J). (For in terpreta tion  of the  references to color in this figure legend, the  reader is referred to the 
w eb version o f  this article.)
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Pb2 1 and 0.1 m gL ' 1 of As34, Cd2 4, Co2 + , Cu2+, Fe3 + , Hg2 + , Mg2 4 1 

Mn2 4, Ni2 4 and Zn2 ' ). Most interference levels in this study were 
higher than the permissible lim it in the drinking water by WHO (For 
example; 0.003, 0.05 and 0.02 mg L' 1 for Cd2+, Co2+ and Ni2 + 1 

respectively). Moreover, interference effect of anions at the levels 
containing in drinking-water (250.0 mgL ' 1 c r ,  45.0 m gL ' 1 NOT 
and 200.0 mg L_1 SO4 by [2]) was studied. The result showed that 
the color o f solution didn't change to blue color after the addition of 
anions and other metal ions as shown in Fig. 1. The absorbance ratio 
(A;oo/52o) of MA-GNPs w ith different metal ions and anions is shown 
in Fig. 2. Only Pb2 + can be observed a significant Afloo/520 value. 
Possible mechanism is the unique coordination behavior of Pb2 * as 
[XeJ4f145d106s2 electronic configuration. It appears as a borderline 
acid, able to bind to wide families of ligands within very flexible bond 
length and geometry so it allows the formation of a stable supra- 
molecular complex, other metal cations interact only with lesser 
numbers o f ligands, leaving the nanoparticles isolated because of the 
rigid coordination geometry or may result from other factors e.g., the

change in particle geometry. Hence, no spectral and color change 
were observed under the experimental conditions [26,27], On the 
aforementioned results, MA-GNPs can be utilized to detect Pb2 + 
with high selectivity.

GNPs surface can be typically modified by carboxylic, amino, and 
thiols group to achieve selective cross-linking (and thus aggregation) 
therefore we also investigated the effect of cross-linking group in this 
part. DTT, Hey, L-Cys and Glu were studied due to the active group in 
their molecules. All modified GNPs synthesized by our method 
showed an absorbance at 520 nm wavelength and observed a red 
solution. After adding l.OOpgL- 1  various metals including Pb24, 
As34, Cd2 + , Co2 4, Cu2 ' , Fe , Hg2 4, Mg24 , Mn24, Ni2 4 and Zn2 4 
in the solution of DTT-GNPs, Hcy-GNPs and L-Cys-GNPs at pH 5.8, 
the color of the solution for all metals changes from red to violet and 
spectra shifts from 520 nm to 600 nm (Fig. S2a-c). whereas, Glu- 
GNPs (Fig. S2d) showed no change occurs, the absorption spectrum is 
still intacti Therefore, Glu-GNPs, DTT-GNPs, Hcy-GNPs and I-Cys- 
GNPs gave no specificity to Pb2+ under this condition.

0.6

0.5 -

0.4

I  0.3 
<

0.2

0.1

0.0

.c?ร ่̂  ^  /  i f  i f  c f  4 $  4 $  4 ?  4 * < f 4? &  *๙ ’
Fig. 2. The values (A600/52o) of MA-GNPs upon the addition of t.o [ig L“ 1 Pb2+ and 0.1 m g L“ 1 o f  o ther cations and 250.0 mg L“ 1 Cl", 45.0 mg L“ 1 NOf and 200.0 mg L- 1 SO4 
The error bars represent standard deviations based on three independent measurements.
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3.3. Effect o f pH and reaction time

We investigated the colorimetric response of MA-GNPs w ith 
Pb2 + at different pH (5.8, 6.4, 7.4 and 8.0). Only MA-GNPs w ith 
Pb2 + at pH 5.8 showed the color change and higher absorbance 
ratio (A6oo/52o) than buffer (Bg). While at pH 6.4, 7.4 and 8.0 show 
no significant difference of the absorbance ratio (A6oo/52o) and 
color solution between presence and absence of Pb2 + (Pig. 3). 
Additionally, Bg-MA-GNPs slightly change color at low pH 
( < 6.58) and the absorbance ratio was larger than at high pH 
(Fig. 3). MA-GNPs ionizable of structure would be affected by the 
pH value, which was high enough for ionization, taking the pKrl1 
(1.93) and pKa2 (6.58) value of MA into consideration. The 
electrostatic repulsion between the MA-GNPs would increase 
and disintegrated to all ions at pH more than pKa2, while the 
electrostatic repulsion between the MA-GNPs would decrease and 
occur van der Waals attraction between -COOH group of MA with 
GNPs at pH less than p«■<12. The mechanism can be attributed to the 
function of Pb2+ with MA-GNP in a chelating reaction. The aggrega
tion of MA-GNPs was induced by the coordination between Pb2 3 and 
carboxylate of MA at pH 5.8. The various metal cations including As3 + , 
Cd2+, Co2+, Cu2+, Fe3+, Hg2+, Mg23", Mn2+, Ni2 + , Pb2+ and Zn2+ 
no changed of color occurs after adding into the MA-GNPs at pH 6.4,

Fig. 4. Effect of reaction tim e betw een 0 and 60 m in (0.6 [it o f  MA-GNPs mixed 
0.4 pL of Pb2 + (1.0 )ig L ~ ') in phosphate buffer pH 5.8) Error bar a t  11=3.

7.4 and 8.0 (Fig. S3). Therefore, we selected the optimum pH at pH 
5.8 for Pb23 detection by the naked eye.

The effect of reaction time between MA-GNPs and Pb23 was 
investigated. The ratio between the absorbance at a wavelength of 
520 nm to 600 nm was used to evaluate as shown in Fig. 4. We 
found that for low concentration o f Pb2+ (1.0 pg L_1) absorbance 
ratio reached reach equilibrium w ith in  15 min. This result repre
sents the fast performance of this assay for Pb2+.

3.4. Calibration

The different concentrations of Pb2+ were added to MA-GNPs. 
The degree of aggregation of MA-GNPs depended on concentra
tion of Pb2+. Fig. 5 shows that the absorbance changed w ith  the 
addition of different concentrations o f Pb2+. The maximal absorp
tion at 520 nm decreased and a new peak at 600 nm increased 
w ith  increasing Pb23 concentration, which indicated the aggre
gating between MA-GNPs and Pb2 3 has a relationship w ith  the 
concentration. Thus, the MA-GNPs for the detection of different 
concentrations of Pb2+was processed directly using the UV-vis 
absorbance ratio (ASoo/52o). A linear correlation existed between 
the absorbance ratio (A600/52o) and the concentration o f Pb2 + 
ranging from 0.0 to 10.0 pg L- 1  (R2=0.990) as shown in Fig. 5. The 
detection lim it was found at 0.5 pgL- '. In the presence of high 
concentration of Pb2+ more than 10.0 pg L ~ \ the UV-Vis absorp
tion spectra of Pb2 + -MA-GNPs became broader and shifted to 
much longer wavelength ( >  600 nm). The value is not in a linear 
range. Consequently, the concentration of Pb2 3 ranging from 0.0 to 
10.0 pg L" 1 made this assay suitable for the determination of Pb23 

in aqueous solution. Compared w ith  the other colorimetric meth
ods based on nanoparticles (Table 1 ), our method has the higher 
sensitivity and more rapid.

3.5. Analytical applications

To validate our assay for the determination of Pb2+ in real 
samples, drinking water samples from 5 sources were analyzed by 
our assay and the traditional method (Atomic Absorption Spectro
scopy, AAS) as shown in Table 2. The data were then compared by 
a paired t-test. Our results were not statistically significant 
different from the standard methods at the 95% confidence level

-----  MA-GNPs
---  J*s
-----  As3*
---  Cd3*
-----  c*3*
---- t v
---  Ke3*
---  Hg"
—  Mg'*
-----  M»1*
-----  NI3*
-----  Pb3*
—  7 J I 3*

—  Cl 
-----  NO,-
*-----  so,3-

Fig. 5. UV-visible spectra of MA-GNP solutions with various concentrations of Pb2 + in the range from 0.0 to 10.0 ug L_ 1 at 15 min.
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Table 1
Nanoparticles optical assays for the detection of Pb2+.

Probe unit LOD Unear range Real sample Time (min) Refs.

DNAzyme and GNPs 103.6 ug L-1 
2.1 Jig IT 1

N/A' N/A' 20 [28]
Gallic acid-GNPs 2.1-207.2 Mg L” 1 N/A' 30 [12]
Gallic acid-GNPs or Gallic acid-AgNPs N/A' 6.2-62.2 mg L_1 N/A' N/Aa [26]
Gallic acid-GNPs 5.2 Mg l.- ' 10.4-207.2 Mg L"1 Drinking water N/A- [291
Papain-GNPs 41.4 Mg L -1 N/A-' N/A' N/A" [301
Cysteine-alanine-leacine-asparagine-asparagine-

GNPs
20.7 Mg L -’ 20.7 ug L_ 1 -6.2 mg L ~1 10.4- 

41.4 mg L-1
N/Aa N/A" (16)

Alkyl Phosphate-GNPs 621.6 ugL "1 0.0-2.1 mg L-' N/A'1 15 (24)
Maleic acid-GNPs 0.5 Mg F-1 0.0-10.0 Mg L 1 Drinking water and milk 15 Our method

a Not available.

Table 2
Levels of Pb2+ in drinking water samples were measured using our method 
and AAS.

Water samples Concentration of Pb2+ (|igL_ ’)
AAS Our method

Sample 1 6.74+0.02 6.42+0.51
Sample 2 7.71+0 03 7.95 + 138
Sample 3 790+001 9.21+0.77
Sample 4 7.74+0.03 8.68 + 0 79
Sample 5 10.20+0.06 1142 + 004

The standard deviation of water samples at ท=5.

(r-test value=0.67, f  critical value=2.31). Moreover, we also 
evaluated the u tility  o f our method by analysis low level of Pb2 + 
in human breast m ilk samples. We found that Pb2+ in the human 
breast m ilk samples were not detectable under our detection lim it 
(0.5 ug L-1 ). Thus, known amounts of Pb2+ were spiked into m ilk 
samples to get the final concentration at 1.0, 2.5 and 5.0 ug L- '. It 
was found the level of Pb2 * at 1.09+0.20, 2.93+0.62, and 
5.06+0.29 ug L-1 , respectively (ท= 7) and the percentage recovery 
in the range 101-105%. Therefore, the MA-GNPs can be used to 
measure the low amount of Pb2+ in real samples. It is an easy to 
measure w ithout the need for analyze complex or expensive, used 
o f less levels and does not require expert analysis.

4. Conclusions
in summary, a simple, rapid, highly sensitive, easy-to-use, 

inexpensive, and portable alternative point-of-measurement mon
itoring for Pb2 1 using MA-GNPs colorimetric assay has been 
developed. The Pb2 + -induced MA-GNPs aggregation results in a 
marked red shift in the UV-vis absorption spectra and a visible 
color change from red to blue. The detection lim it of this method 
by the detection of naked eye is 0.5 ug L” 1 which lower than other 
GNPs colorimetric probs. Furthermore, Pb2+ was clearly distin
guish able color change from the other heavy metal ions under the 
optimum conditions at the critical level of Pb2+ in drinking water 
prescribed by WHO. Finally, our method was successfully applied 
to analysis of Pb2 + in water samples and the human breast milk 
samples. Therefore, this method should be applicable to detect low 
level of Pb2+ in drinking water and some biological samples.
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The optical detection for inorganic arsenic (As) sem i-quan tita tive  de term ination  is p resen ted  by using 
silver nanoplates (AgNPIs). The color of AgNPs is im m ediately changed in the  presence of As(IH) and As 
(V) w ith the  sam e sensitivity. To improve the  selectivity o f AgNPIs for As detection, ferrihydrite-coated 
silica gel (Si02-Fh) was specifically exploited as adso rben t for arsenic p rio r to  As detection  by AgNPIs. The 
developed m ethod provides the  detection lim it o f 0.5 ppm  w ith  the  de tection  range b e tw een  0.5 ppm  
and 30.0 ppm  for As determ ination  observed w ith  naked eye, and allows to de term ine total inorganic 
arsenic. This is the  first repo rt o f As detection  approach com bining As removal technology together w ith 
nanotechnology. This com bined technique provides a rapid, sensitive and selective m ethod  for m on
itoring As levels in aqueous sam ples, and can be em ployed as a testing  field kit to screen arsenic con
tam ination outside o f a laboratory.

© 2016 Elsevier B.v. All rights reserved.

1. Introduction
Arsenic is a serious environmental contaminant because of its 

toxicity and also carcinogenicity. This toxic element occurs as a 
major constituent in more than 200 minerals. Arsenic is unevenly 
distributed in the earth's crust and is found in soil, rocks, and 
minerals around the world. Furthermore, arsenic contamination of 
water resources both surface and subsurface has been reported in 
many parts of the world, as arsenic can be released into water 
systems once mineral deposits or rocks containing arsenic are 
dissolved. In addition, some anthropogenic activities also accel
erate arsenic exposure to the environment e.g. mining, agricultural 
and industrial activities, and waste and fossil-fuel burning. Arsenic 
exists in four oxidation states: As(-lll), As(0), As(III) and As(V) w ith 
numerous forms, both organic and inorganic, resulting in com
plexity o f its chemistry and mobility in the environment. The 
major arsenic species found in environmental and biological 
samples are arsenite As(Iil), arsenate As(V), arsenious acids° ar
senic acids, monomethylarsonate (MMA), dimethylarsinate (DMA), 
arsenobetaine (AB), arsenocholine (AC), and arsenosugars. Differ
ent species of arsenic have different toxic levels o f which organic 
species are considered to be substantially less harmful in com
parison to inorganic forms. Among the existing arsenic species in

* Corresponding author.
E -m a il a d d r es s :  kriangsaks©g.swu,ac.th (K. Songsrirote).
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the environment, arsenite and arsenate, inorganic species, are the 
most concerned species because o f their high toxicity in which 
arsenite is 10 and 70 times more toxic than arsenate and the 
methylated species, respectively [ 1 ,2 ].

Due to its toxicity, arsenic contaminations in a wide range of 
samples such as water, food, soils, and plants etc. were monitored 
[3—8 j. To determine the accurate quantity of arsenic in samples, 
expensive and sophisticated instruments and facilities together 
w ith skilled staff are required. Several analytical techniques have 
been applied for arsenic determination such as atomic absorption 
spectroscopy (AAS) [3,9], atomic emission spectroscopy (AES) 110- 
1 2 ], electrochemical methods [13-16], atomic fluorescence spec
trometry [17,18], neutron activation analysis (NAA) [19,20], capil
lary electrophoresis (CE) [21,22], and chromatographic methods 
(hyphenated techniques) [3,9,23,24], To date, field test kits for 
determining arsenic semi-quantitatively have been developed and 
extensively used for arsenic in water samples. Most o f the test kits 
commercially available are based on the classical Gutzeit method, 
developed over 100  years ago [25] used for hydride generation to 
generate a toxic arsine gas, AsH3. Flowever, the user must be very 
careful, as the test k it protocols involve the use of a strong redu
cing agent and acid, and toxic gas production.

Nowadays, nanoparticle optical detection based on colorimetry 
have been gaining great attention from researchers especially for 
biological and environmental sample analysis because of their 
simplicity, low cost, less time consuming, and ease o f data inter
pretation. Nanotechnology is rapidly growing in the field o f optical

http://www.elsevier.com/locate/talanta
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detections, as nanoparticles (NPs) have unique physical, chemical, 
and biological properties compared to their macro-scaled coun
terparts. Different types of NPs provide different optical, fluor
escent and magnetic properties. Therefore, NPs w ith distinctive 
optical property related to the size and shape of the NPs especially 
gold- and silver-NPs show potential to be exploited in a wide 
range of applications. Gold nanoparticles (AuNPs) have been in
tensively studied for numerous applications as optical detections 
for heavy metals [26-29] including As(lll) [30] and As(V) [31], 
aromatic compounds [32,33], organophosphate [34], and stimu
lant [35] etc. Colorimetric detections of mercury(Il) ion using 
AgNPs were reported for environmental [36,37] and biological 
sample [38] analyses. The selective detection of Co2+ using glu
tathione-modified AgNPs was also presented [39].

In this study, silver nanoplates (AgNPls) were elucidated for As 
(III) and As(V) detections. However, due to the matrix effect which 
possibly interferes the detection, iron oxide-coated silica gel was 
exploited to selectively adsorb arsenic prior to the detection w ith 
AgNPls. Since several technologies have been used for arsenic re
moval from water to improve the water quality such as oxidation 
[40], co-precipitation [41], ion exchange [42,43], and membrane 
[44] etc. Adsorption onto sorptive media [45-511 is one o f the 
most common technologies utilized to remove arsenic. Iron(Ill) 
oxide is widely used as arsenic adsorbent [45-48 j. The synthesis 
and properties of ferrihydrite-coated silica gel (Si02-Fh) for As 
removal were studied and explained clearly by Arifin [45]. Si02-Fh 
showed good efficiency on both As(III) and As(V) removals w ith 
easy synthesis procedure. Therefore, the iron oxide-coated silica 
gel was applied for arsenic detection herein. Thus, the developed 
approach of using the As removal technology combined w ith silver 
nanotechnology was first demonstrated for the detection of in
organic arsenic in contaminated water for the first time.

2. Experimental section
2.1. Chemicals and materials

Silver nanoplates (AgNPls) w ith  dark blue color were obtained 
from the Sensor Research Unit at the Department of Chemistry, 
Chulalongkorn University. Synthesis of AgNPls employed a facial 
method that used starch as the stabilizer w ithout capping agents. 
Analytical grade reagents and 18 M n cm resistance deionized 
water (obtained from a Millipore Milli-Q. purification system) were 
used throughout. Arsenic trioxide, arsenic pentaoxide, iron(lll) 
nitrate nonahydrate, mercury chloride, silver nitrate, trisodium 
phosphate were purchased from Sigma-Aldrich. Sodium chloride, 
zinc chloride, magnesium chloride, lead nitrate, sodium sulfate, 
sodium carbonate, calcium chloride, ammonium chloride, and 
magnesium sulfate were purchased from Analytical univar reagent 
Ajax Finechem. 22

22 . Preparation o f the ferrihydrite-coated silica gel

Ferrihydrite-coated silica gel (Si02-Fh) was modified from the 
protocol developed by Eric Arifin et al. [45]. Briefly, 20 g of silica 
gel 60 (70-230 mesh ASTM) and 2.8 g of Fe(N03)3 - 9H20 and 
50 mL deionized water were loaded into 250 mL flask. The pH of 
the mixture was adjusted to neutral (pH 7) by using N H 4O H  so
lution. The mixture was stirred for 2 h at room temperature. The 
modified silica bead was then filtered using vacuum filtration and 
washed w ith  deionized water to remove free ferrihydrite from the 
beads. Finally, the Si02-Fh was oven dried at 60 °c for 2 h, and 
then stored in a glass vial for further use.

2.3. Arsenic adsorption on the ferrihydrite-coated silica gel

Approximate 0.3 g of Si02-Fh was added to the too mL of 
sample solution and then stirred w ith  slow speed for 45 min. The 
solid was then filtrated using vacuum filtration and washed w ith 
large volume of deionized water. The solid was oven dried at 50 °c 
for 1 h, and then stored in a glass vial until the determination.

2.4. Colorimetric measurements o f inorganic As and AgNPls

The absorption spectra of the AgNPls w ith  and w ithout in
organic arsenic added were obtained by using a UV-vis absorption 
spectrometer (Shimazu, 2401 PC). In addition, AgNPls were char
acterized and reported in our previous work [36].

2.5. Analysis o f real samples

To test the practical application capability o f the develop ap
proach, water samples from different sources were collected and 
filtered through a 0.45 |im  membrane. Standard addition method 
was applied to prepare a series of samples by spiking standard 
solutions of As(lll) to tap water, groundwater, and canal water. 
Prior to arsenic determination using AgNPls, the pretreated water 
samples were applied to Si02-Fh following the procedure de
scribed in Section 23. In addition, inductively coupled plasma- 
optical emission spectrometry (Thermo Scientific iCAP 7000 Series 
1CP-OES) was exploited as validation method for the proposed 
approach.

3. Results and discussion
3.1. Conditions o f AgNPls fo r  inorganic As determination

The dark blue colored AgNPls were obtained w ith  an initial 
concentration of 400 ppm. The AgNPls showed maximum ab
sorption at 575 nm. The dark blue color of AgNPls was changed to 
purple, pink, orange, and yellow, respectively, depending on the 
concentrations of As added to the solution. Fig. 1 is UV-vis spectra 
of 50 ppm AgNPls and also of the 50 ppm AgNPls w ith  50 ppm As 
(III) at the ratio 1:1. The spectra o f AgNPls containing As(IH) were

Fig. 1. The UV-vis spectra of AgNPls a t 50 ppm  w ithout As(lil) added (Blue line) 
and w ith 50 ppm  As(IH) addition, w hich w ere recorded every 2 min for 15 min 
started  from the th ird  m inute a fter add ing As(III) to  AgNPls. (For interpretation of 
the references to color in this figure legend.the reader is referred to the w eb version 
of this article.)
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recorded for 15 min to monitor the optical changes of AgNPls. 
After As(III) addition to AgNPls, the color of AgNPls gradually 
changed from dark blue to yellow (maximum absorption occurred 
at approximately 470 nm) w ith in 7 min. Subsequent to this no 
further change in color was observed.

The concentrations of AgNPls also effected for As detection. To 
achieve the optimum concentration of AgNPls for As detection, the 
series of 25, 50, 100, 150, and 200 ppm o f AgNPls were treated 
w ith different concentrations o f As(III)! 50 ppm of AgNPls provided 
the best sensitivity for As detection w ith LOD of 0.5 ppm. W ith 
25 ppm AgNPls, LOD was found to be 5 ppm, while higher con
centrations of AgNPls than 50 ppm also presented less sensitivity 
for As detection. In the case of too high concentrations of AgNPls, 
dark blue color can interfere the visual resulting in difficulty to 
differentiate the slightly-changed color. However, too low con
centrations cause poor sensitivity for As detection. Therefore, 
50 ppm of AgNPls was chosen as the optimal concentration for the 
further studies.

เท aqueous systems, arsenic normally exists in the form of 
oxyanion either arsenite or arsenate depending on the conditions 
of the water. Thus, behaviors of both As(lil) and As(V) on changing 
color of AgNPls were studied. Interestingly, both As(lll) and As 
(V) resulted in the similar color changes of AgNPls (Fig. 2). 
Therefore, the AgNPls at the concentration of 50 ppm provided 
detection range for inorganic arsenic between 0.5-30 ppm. The 
color of AgNPls was changed from dark blue to purple, pink, or
ange, and yellow according to the concentrations of As presented 
from low to high levels in the tested solutions. The solutions which 
contain As more than 30 ppm turned the color of AgNPls to un
differentiated yellow color. Since inorganic arsenic resulted in a 
blue shift effect, namely maximum absorption of AgNPls was de
creased in the presence of As(III) and As(V), this indicated that the 
sizes of AgNPls become smaller upon the increased concentrations 
of As. Therefore, the changes of AgNPl colors are not caused by 
aggregation mechanism. In addition, as both As(lll) and As 
(V) demonstrated the same behavior on the AgNPl-color changes, 
thus, oxidation of Ag(0) to Ag(I) by As(lII) is not a promising me
chanism. The reduction potential of Ag(l) is also higher than those 
of As(Ill) and As(V). To confirm the origin of the observed color 
changes o f the AgNPls, transmission electron microscope (TEM) 
was exploited. Predictably, the TEM images (Fig. 3) show that ar
senic ions caused a decrease in the size AgNPls by dispersion re
sulting in the blue-shift effect observed in UV-vis spectra.

3.2. Selectivity o f AgNPls fo r  As detection using ferrihydrite-coated 
silica gel

The selectivity of AgNPls for inorganic As was studied by 
treating AgNPls w ith  several potential interferences including 
CaCl2, HgCl2, NaCl, Na2C03, Na3P04, NH4C1, MgCl2, MgS04, Pb 
(N03)2, and ZnCl2. All of the studied salts were prepared at the 
concentration of 2,000 ppm, and added individually to 50 ppm 
AgNPls w ith the ratio of 1:1. Chloride salts were found to interfere 
As detection, as they were able to change the color of dark blue 
AgNPls, while metal ions w ith  other counter anions; C032 - , 
P043 - , S042 - , and N03~, had no effect on changing the color of 
the original AgNPls. As the color of AgNPls was not selectively 
changed only by arsenite and arsenate, different observed chloride 
salts showed different effects on the color changes w ith different 
mechanisms [36], The tolerant levels of AgNPl-color changes on 
the presence of these chloride salts were as follows: 40 ppm for 
NaCl and ZnCl2, 30 ppm for CaCl2, 20 ppm for NH4C1, 15 ppm for 
MgCl21 and 5 ppm for HgCl2.

To overcome the interference effect from other metal ions and 
their counter anions, iron oxide (ferrihydrite)-coated silica gel was 
exploited to adsorb only As(III) and As(V) to the surface of the

(A)

Fig. 2. Color changes of 50 ppm  AgNPls after the  addition o f (A) As(HI) and (B) As 
(V) a t different final concentrations.

adsorbent prior to As detection. Arsenic in water is normally 
presented as arsenic oxyanion; arsenite (As033_) and arsenate 
(As043_). Iron-oxide is well known and has been used as As ad
sorbent material to remove As from water due to the great affinity 
towards arsenic. Several kinds of iron-oxide have been developed 
for As removal [44-47]. In this work, ferrihydrite-coated silica gel 
(Si02-Fh) was applied for As detection, since its selectivity to As 
adsorption and allowing the adsorbed As to be detected by AgNPls.

The 0.3 g o f Si02-Fh was stirred for 45 min in the As(lll) solu
tions 100 mL containing 6  chlorides salts including HgCl2, MgCl2, 
CaCl2, NH4C1, ZnCl2, and NaCl of which the concentration o f each 
salt is 2000 ppm. The solid was then filtrated and washed w ith 
200 mL deionized water, and oven dried. The dried solid was di
vided approximately 0.03 g for As test. After the 50 |IL of AgNPls
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Fig. 3. TEM images o f  50 ppm  AgNPIs w ithou t (A) and w ith (B) 20 ppm  As(III) 
addition.

was applied to the As-adsorbed Si02-Fh, the blue color of AgNPIs 
was changed immediately according to the concentrations of As 
adsorbed onto the Si02-Fh w ithout interference effect from 
chloride salts in the solution. Fig. 4 demonstrates the color chan
ges of AgNPIs covered on the Si02-Fh applied to the solutions 
containing 1.0 and 5.0 ppm As(ill) (Fig. 4B.2 and B.4, respectively) 
in the presence of chloride salts. There was no difference between 
the colors of AgNPIs applied to standard As(III) solutions w ith no 
chloride salts (Fig. 4B.1 and B.3) and applied to Si02-Fh after As 
adsorption in the presence of chloride salts.

However, the amounts of Si02-Fh and also the volumes of

(A)

Fig. 4. (A) Physical appearance of ferrihydrite-coated silica gel. (B) Comparing the 
colors of AgNPIs be tw een  the  application to standard  As(HI) solutions, 1.0 and 
5.0 ppm , w ith  no chloride salts (B.1 and B.3, respectively) and application to Si02- 
Fh a fter As adsorption in the  presence of chloride salts (B.2 and  B.4).

testing solution used in As adsorption protocol influence sensi
tiv ity  o f As detection. W ith higher amounts of Si02-Fh or lower 
volumes o f solution, the sensitivity is reduced, while lower 
amounts of Si02-Fh or higher volumes of solution can improve 
sensitivity for As detection. The 1.0 g of Si02-Fh was preliminary 
employed for As adsorption. The color changes of AgNPIs were not 
observed from the Si02-Fh treated to As solutions w ith  con
centrations less than 30 ppm (data not shown). Therefore, the 
sensitivity of As detection using this approach can be improved by 
reducing the amount of Si02-Fh and increasing the volume of 
testing solution.

To elucidate the detection of both As(lll) and As(V) using the 
combination of Si02-Fh and AgNPIs, adsorption of As(V) onto Si02- 
Fh prior to the detection w ith AgNPIs was also carried out. Since 
the sensitivities of As(lll) and As(V) detection using AgNPIs w ith 
out adsorption onto Si02-Fh were not significantly different, the 
results of using Si02-Fh to adsorb As(lll) and As(V) prior to the 
detection also provided the similar color changes o f AgNPIs. Fig. 5 
shows the appearance o f color changes of AgNPIs after As ad
sorption protocol. The tested solutions also contained chloride 
salts at the concentration of 2000 ppm. At the same concentration 
of As(III) and As(V) in the solutions, the same color of AgNPIs was 
observed. In addition, the total inorganic arsenic was also de
termined by using the developed method, as the color changes of 
AgNPIs applied to the mixture solution of As(IIl) and As 
(V) represented total amount of both As species in the solution.
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I AgNPIs

ฒ & * Î!
Fig. 5. The color changes of AgNPIs applied to A s-adsorbed Si02-Fh w ith different 
As concentrations; no arsenic (blank), 2.5 ppm  As(III), 2.5 ppm  As(V), and 2.5 ppm  
As(lll) +  2.5 ppm  As(V). An inset presents the appearance of the AgNPl solutions 
separated  from their Si02-Fh solid.

3.3. Analysis o f real sample

After the proposed approach was successfully applied to stan
dard As solutions, samples o f natural water including tap water, 
groundwater, and canal water were tested. A series of samples 
w ith  different As concentrations were determined using the pro
posed approach. As shown in Fig. 6, there was no color change of 
AgNPIs applied to groundwater w ith no standard As added. 
However, the pretreated groundwater samples w ith 1.0,10.0, and 
20.0 ppm standard As resulted in color changes of AgNPIs from 
blue to purple, orange, and yellow, respectively, which corre
sponded to the results of standard As detection. In addition, a 
series of samples of tap water and canal water showed the similar 
results to the groundwater, which means that As contaminations 
in the selected natural water samples are less than 0.5 ppm.

ICP-OES was also performed to determine concentration and 
recovery of As in the real samples. The results are shown in

Table ใ
The results of As(lll) de term ination  in real sam ple (ท= 3 )  using ICP-OES and the 
proposed m ethod.

Samples ICP-OES Proposed m ethod

Added
(ppm )

Found
(ppm )

Recovery (%) RSD (%) Cone, of As (ppm ) 
com pared to the 
colors of standard  As

Tap w ater 0.0 ND — _ < 0 .5
1.0 1.05 105.0 1.27 1-2

10.0 8.48 84.8 0.63 5-10
20.0 17.04 85.2 0.33 15-20

Ground 0.0 ND - - < 0 .5
w ater

1.0 0.92 92.0 0.18 1-2
10.0 8.30 83.0 0.35 5-10
20.0 16.82 84.1 0.38 15-20

Canal 0.0 ND - - < 0 .5
w ater

1.0 1.01 101.0 0.44 1-2
10.0 8.37 83.7 0.54 5-10
20.0 17.58 87.9 0.62 15-20

ND is no t detectable.

Table ใ, the recovery of As(lll) was between 84.8-105.0% for tap 
water, 83.0-93.0% for groundwater, and 83.7-101.0% for canal 
water. Moreover, arsenic in all of real samples cannot be detected 
which agreed w ith  the results obtained from the developed ap
proach, indicating that the approach was practically applicable for 
the detection of inorganic arsenic in real samples.

4. Conclusions
The inorganic arsenic screening method has been developed 

based on colorimetric detection using AgNPIs which are able to 
change the color in the presence of As in the tested solution. The 
visible color changes were observed w ith the blue shift of ab
sorption spectra of AgNPIs suggesting that the average particle size 
of the AgNPIs decreased as the As concentration increased re
sulting from AgNPl dispersion in the presence o f As in the solution. 
In addition, the Si02-Fh was exploited to overcome interference 
from other ions potentially existing in the tested solution. W ith 
the naked eye, LOD of As was 0.5 ppm w ith the detection range 
between 0.5-30 ppm. Total inorganic As determination can be 
achieved using this developed method, as both arsenite and ar
senate can be adsorbed onto the Si02-Fh and they also exhibited 
the same sensitivity on AgNPl optical detection. Therefore, this 
method can be applicable for screening As levels in water samples 
or monitoring quality of wastewater after a treatment.

Acknowledgments
The authors acknowledge scholarship support from Srina- 

kharinwirot University, Thailand (Grant no. 044/2557), and partial 
support from the Thailand Research Fund through Research Team 
Promotion Grant (RTA5780005).

Appendix A. Supplementary material
Fig. 6. The color changes of AgNPIs applied to A s-adsorbed Si02-Fh from the  p re
treated canal w ater samples; no arsenic added, 1.0 ppm  As(III), 10.0 ppm  As(III), and 
20.0 ppm As(III) (lower). The upper presents the  appearance of the  AgNPl solutions 
separated from their S i02-Fh solid.

Supplementary data associated w ith this article can be found in 
the online version at http://dx.doi.Org/10.l0l6/j.talanta.20l6.03. 
028.
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A R T I C L E  I N F O  A B S T R A C T
K e y w o r d s :
Paraquat
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Colorimetry 
On-silica bead 
Optica] detection

A sim ple , rap id , sensitive , a n d  econom ical m e th o d  based  on co lo rim etry  fo r th e  d e te rm in a tio n  o f  p a raq u a t, a 
w idely u sed  herb ic ide , w as developed. C itra te-coa ted  silver nan opartic le s  (AgNPs) w ere  sy n thesized  as th e  
co lo rim etric  probe. T he  m echan ism  o f th e  assay  is re la te d  to  th e  agg rega tion  o f  negatively  charg ed  AgNPs as 
induced  by positively -charged p a ra q u a t resu lting  from  cou lom bic a ttra c tio n  w hich causes th e  colo r to  change 
from  a  deep  g reen ish  yellow  to  pa le  yellow  in acco rdance  w ith th e  co n cen tra tio n s o f p a raq u a t. Silica gel was 
exp loited  as th e  p a ra q u a t a d so rb en t fo r pu rifica tio n  a n d  p re -c o n c en tra tio n  p rio r  to  th e  d irec t d e te rm in a tio n  
w ith  negatively ch a rg ed  AgNPs w ith o u t th e  req u irem e n t o f  th e  e lu tio n  step . T he valid ity  o f  th e  p rop osed  
app ro ach  w as eva lua ted  by sp ik ing s ta n d a rd  p a ra q u a t in  w a te r  a n d  p la n t sam ples. Recoveries o f  p a ra q u a t in 
w ater sam p les w ere  93.6%  a n d  95.4%  for g ro u n d w ate r  a n d  can a l w ater, respectively, w hile  th o se  in  p lan t 
sam ples w ere  89.5%  a n d  86.6%  for C h inese  cabbage an d  g reen  app le, respectively ,after u s ing  th e  op tim ized  
ex trac tio n  p rocedu re . T he  ab so rb an ce  o f  A gN Ps a t  400 n m  w as linearly  re la te d  to  th e  c o n cen tra tio n  o f  p a raq u a t 
over th e  ran ge  o f  0 .0 5 -5 0  m g L-1 , w ith  d e tec tion  lim its o f  0 .05  m g L"1 for w a ter sam ples, a n d  0 .1 0  m g L-1 for 
p lan t sam ples by n ak ed  eye de te rm in a tio n .

1. Introduction
P a r a q u a t  ( l , l - d i m e th y l - 4 ,4 - b ip y r id iu m  d ic h lo r id e )  is  a  f a s t - a c t in g  

n o n - s e le c tiv e  c o n ta c t  h e r b ic id e . I t  h a s  b e e n  w id e ly  u s e d  a s  a n  a c tiv e  
c o m p o n e n t  in  s e v e ra l  c o m m e rc ia l  h e r b ic id e s  to  c o n tr o l  b ro a d - le a v e d  
w e e d s  in  b o th  a g r ic u l tu ra l  a n d  n o n - a g r ic u l tu ra l  a re a s  in  o v e r  1 3 0  
c o u n t r ie s  s in c e  1 9 6 2 . A lth o u g h  r e s id u a l  p a r a q u a t  c a n  b e  d e g r a d e d  b y  
m ic ro b io lo g ic a l  a n d  p h o to c h e m ic a l  p ro c e s s e s , t h e  s lo w n e s s  o f  th e  
d e g r a d a t io n  p ro c e s s , a s  w ell a s  t h e  o v e r u s e  o f  p a r a q u a t ,  in c r e a s e s  th e  
c o n ta m in a t io n  r i s k  fo r  th e  e n v i r o n m e n t ,  c o n s e q u e n t ly  c a u s in g  a 
p o te n t ia l  d a n g e r  fo r  h u m a n  a n d  a n im a l  h e a l th .  T h e re fo re , i t  h a s  b e e n  
b a n n e d  in  s o m e  c o u n t r ie s  []  ]. H o w e v e r , d u e  to  i ts  re la t iv e ly  lo w  c o s t  
a n d  h ig h  e ff ic ie n c y , p a r a q u a t  is  u n l ik e ly  to  b e  s u p e r s e d e d  in  th e  n e a r  
f u tu r e ,  r e s u l t in g  in  i l l ic i t  u s a g e , a n d  i t  is  s t il l  le g a lly  u s e d  in  s e v e ra l  
c o u n t r i e s .  H e n c e , l a rg e -s c a le  u s a g e  o f  p a r a q u a t  w ill b e  a  lo n g - la s t in g  
p ro b le m  o f  s e r io u s  c o n c e rn .

A s  i t  is  o n e  o f  t h e  m o s t  c o m m o n ly  u s e d  h e r b ic id e s  w o r ld w id e , 
a g r ic u l tu ra l  w o rk e r s  a r e  e a s i ly  e x p o s e d  to  i t  f ro m  e i th e r  a c c id e n ta l  o r  
d i r e c t  c o n ta c t ,  r e s u l t in g  in  a  p ro b le m  f o r  h u m a n  h e a l th .  In  a d d i t io n ,  
w ith  a  p ro p e r ty  o f  h ig h  s o lu b i l i ty  in  w a te r ,  a n  in te n s iv e  u s e  o f  p a r a q u a t
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a ls o  d a m a g e s  th e  a q u a t ic  e n v i r o n m e n t  a ffe c tin g  a lg a e , f ish , in s e c ts ,  a n d  
o t h e r  a q u a t ic  o rg a n is m s  [2 ] . T h u s ,  c o n ta m in a t io n  o f  p a r a q u a t  in  w a te r  
is  a  g r e a t  c o n c e r n . M o re o v e r , e x p o s u r e  to  p a r a q u a t  a n d  o th e r  p e s t ic id e s  
c a n  p o te n t ia l ly  o c c u r  t h r o u g h  r e s id u e s  o n  f o o d  c ro p s , a s  th e  h u m a n  d ie t  
c o n s is ts  la rg e ly  o f  v e g e ta b le s  a n d  f ru i t .  T h e re fo re , p l a n t s  a r e  e ffe c tiv e  
c a r r i e r s  o f  p a r a q u a t  t o  t h e  c o n s u m e r ,  a s  p a r a q u a t  is  a b s o r b e d  in to  p la n t  
c e lls  e a s i ly  a n d  s im p le  w a s h in g  m a y  n o t  a d e q u a te ly  r e m o v e  i t  c o m 
p le te ly . T h e  m a x im u m  c o n te n t  o f  p a r a q u a t  r e s id u e  a l lo w e d  in  m o s t  
fo o d s tu f f s  is  0 .0 5  m g /k g  [ I ] ,  a n d  t h e  a c c e p ta b le  d a i ly  in ta k e  is 
0 .0 0 4  m g /k g  ( b o d y  w e ig h t)  [1 ,3 ] .

T h e r e  is  a  w id e  v a r ie ty  o f  a n a ly tic a l  t e c h n iq u e s  w h ic h  h a v e  b e e n  
r e p o r te d  fo r  p a r a q u a t  d e te r m in a t io n  s u c h  a s  g a s  a n d  l iq u id  c h r o m a to 
g ra p h y  [4 ,5 ] , m a s s  s p e c t ro m e t r y  [6 ], e le c t ro p h o r e t ic  m e th o d s  [7 ,8 ] , 
e le c t ro c h e m is t r y  [ 9 - 1 1 ] ,  f lo w  in je c t io n  a n a ly s is  [1 2 ] ,  a n d  s p e c t r o 
p h o to m e t r y  [ 1 3 - 1 5 ] ,  A lth o u g h  t h e s e  t e c h n iq u e s  c a n  b e  e ffe c tiv e ly  u s e d  
fo r  p a r a q u a t  d e te r m in a t io n  w ith  h ig h  s e le c tiv i ty  a n d  s e n s i t iv i ty , t h e y  
a re  h o w e v e r  t im e - c o n s u m in g ,  s a m p le - t r e a tm e n t  r e q u i r in g  te c h n iq u e s , 
c o m p lic a te d  in  o p e r a t io n  w ith  h ig h  c o s t ,  a n d  o ff - s i te  d e te c tio n . 
T h e r e f o r e , i t  w ill  b e  v e ry  u s e fu l  to  h a v e  a  s im p le  to o l  w h ic h  e v e ry o n e  
c a n  u s e  fo r  q u ic k ly  s c r e e n in g  p a r a q u a t  le v e ls  o n - s i te  to  o b ta in  r e a l - t im e
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d e te r m in a t io n .
V isu a liz in g  th e  c o lo r  c h a n g e s  is  o n e  o f  t h e  s im p le s t  w a y s  to  

i n te r p r e t  a  s ig n a l  fo r  e v e ry o n e , w ith  n o  sc ie n tif ic  sk il l  n e e d e d . T h e  
r e d u c t io n  o f  p a r a q u a t  s o lu t io n  in  a n  a lk a l in e  m e d iu m  to  d e v e lo p  a  b lu e  
c o lo r  is  a  w e ll-k n o w n  r e a c t io n , a s  in te n s i ty  o f  th e  d e v e lo p e d  c o lo r  
s im p ly  r e p r e s e n t s  p a r a q u a t  le v e ls . S e v e ra l  r e a c t io n s  b a s e d  o n  c o n v e r 
s io n  o f  c o lo r  a f te r  t r e a tm e n t  w ith  r e d u c in g  a g e n ts  s u c h  a s  s o d iu m  
b o r o h y d r id e ,  s o d iu m  d i th io n i te ,  a n d  n a tu r a l  r e d u c in g  a g e n ts  e .g . 
a s c o rb ic  a c id  a n d  g lu c o se  h a v e  b e e n  r e p o r te d  fo r  p a r a q u a t  d e t e r m i n a 
t io n  u s in g  s im p le  c o lo r im e try . E a c h  o f  th e s e  p ro v id e s  d if f e re n t  a d 
v a n ta g e s  a n d  d is a d v a n ta g e s  in  d if f e re n t  a p p l ic a t io n s  [ 1 2 - 1 4 , 1 6 - 1 9 ] .

W ith  d is t in c t iv e ly  o p t ic a l  p ro p e r t ie s ,  n a n o te c h n o lo g y  is  r a p id ly  
g ro w in g  in  th e  f ie ld  o f  o p tic a l  d e te c tio n s , a s  n a n o p a r t ic le s  (N P s )  h a v e  
u n iq u e  p h y s ic a l , c h e m ic a l , a n d  b io lo g ic a l  p ro p e r t ie s  c o m p a r e d  to  t h e i r  
m a c ro - s c a le d  c o u n te r p a r t s .  D if fe re n t  ty p e s  o f  N P s  p ro v id e  d i f f e re n t  
o p t ic a l ,  f lu o r e s c e n t  a n d  m a g n e t ic  p r o p e r t ie s .  T h e re fo re , o p tic a l  p r o p e r 
t ie s  r e l a t e d  to  th e  s iz e  a n d  s h a p e  o f  N P s , e sp e c ia lly  g o ld -  a n d  s i lv e r -  
N P s , s h o w  p o te n t ia l  fo r  e x p lo ita t io n  in  a  w id e  r a n g e  o f  a p p l ic a t io n s . 
G o ld  n a n o p a r t ic le s  (A u N P s)  h a v e  b e e n  in te n s iv e ly  s tu d ie d  fo r  n u m e r 
o u s  a p p l ic a t io n s  a s  o p t ic a l  s e n s o r s  fo r  h e a v y  m e ta l s  [ 20 - 22 ], a r o m a t i c  
c o m p o u n d s  [2 3 ] ,  s t im u la n t s  [2 4 ] ,  e tc . T h e  o p t ic a l  d e te c tio n  o f  o rg a -  
n o p h o s p h a te  a n d  o rg a n o p h o s p h o n a te  s p e c ie s , u s e d  a s  n e rv e  a g e n ts  
a n d  p e s t ic id e s , u s in g  s i lic a  m ic ro p a r t ic le s  in  c o n ju n c t io n  w ith  A u N P s , 
h a s  b e e n  d e m o n s t r a t e d  [2 5 ] . C o lo r im e tr ic  d e te c t io n s  o f  h e a v y  m e ta l s  
u s in g  A g N P s  w e re  a lso  r e p o r te d  fo r  e n v i r o n m e n ta l  [2 6 ]  a n d  b io lo g ic a l  
s a m p le  [2 7 ]  a n a ly se s . In  a d d i t io n , p a r a q u a t  d e te r m in a t io n  u s in g  c y c le n  
d i th io c a r b a m a te - fu n c t io n a l iz e d  A g N P s  fo r  c o lo r im e t r ic  s e n s in g  h a s  
p re v io u s ly  b e e n  p r e s e n te d  [2 8 ] .

I n  th i s  w o rk , t h e  d e te r m in a t io n  o f  p a r a q u a t  u s in g  a  s im p le  
s y n th e s iz e d  n e g a tiv e ly  c h a rg e d  A g N P s  a s  a  c o lo r im e t r ic  p r o b e  is 
p ro p o s e d .  D u e  to  s iz e  a n d  s h a p e  d e p e n d e n c e s ,  t h e  n e g a tiv e ly  c h a r g e d  
A g N P s  w e re  a g g re g a te d  b y  th e  c o u lo m b ic  a t t r a c t io n  w ith  p a r a q u a t ,  
p o s i t iv e ly  c h a r g e d  s p e c ie s , c a u s in g  t h e  c o lo r  c h a n g e s . M o re o v e r, s i lic a  
g e l w a s  e m p lo y e d  fo r  p a r a q u a t  p u r i f ic a t io n  a n d  c o n c e n t r a t io n  to  
im p ro v e  t h e  d e te c t io n  p e r f o rm a n c e  p r io r  to  th e  d e te r m in a t io n  u s in g  
n e g a t iv e ly  c h a r g e d  A g N P s. T h e  a p p l ic a t io n s  o f  s i lic a  g el a s  a n  a d s o r 
b e n t  fo r  q u a te r n a r y  a m m o n iu m  h e r b ic id e s  w e re  w ell d o c u m e n te d  
b y  P ic o , e t  a l. [2 9 ] . F ro m  o u r  b e s t  k n o w le d g e , t h i s  is  t h e  f i r s t  r e p o r t  
o n  t h e  u s e  o f  s i lic a  g el a n d  A g N P s fo r  p re - c o n c e n t r a t io n  a n d  d e te c tio n  
o f  p a r a q u a t .  T h e  p ro p o s e d  a p p r o a c h  w a s  a lso  a p p l ie d  fo r  d e te r m in in g  
p a r a q u a t  in  c o n ta m in a te d  w a te r  a n d  p l a n t  s a m p le s .

2. Experimental section
2.1 . C hem ica ls a n d  m a teria ls

A n a ly tic a l  g ra d e  r e a g e n ts  a n d  18  M G  c m  d e io n iz e d  (D I)  w a te r  
( o b ta in e d  f ro m  a  M ill ip o re  M illi-Q  p u r i f ic a t io n  s y s te m )  w e re  u s e d  
t h r o u g h o u t .  P a r a q u a t ,  d iq u a t ,  d i fe n z o q u a t ,  a n d  s i lv e r  n i r a t e  ( A g N 0 3) 
w e re  p u r c h a s e d  f ro m  S ig m a -A ld r ic h . S o d iu m  b o r o h y d r id e  (N a B H 4), 
s o d iu m  h y d ro x id e  (N a O H ), h y d ro c h lo r ic  a c id  (H C 1), s u lfu r ic  a c id  
( H 2S O 4), t r is o d iu m  c i t r a te  (T S C ), a n d  m e th a n o l  (M e O H ) w e re  p u r 
c h a s e d  f ro m  M e rc k . T h e  s a l t s  fo r  in te r f e r e n c e  s tu d y  w e re  p u r c h a s e d  
f ro m  A n a ly tic a  u n iv a r  r e a g e n t  A jax  F in e c h e m . S ilc a  g e l w ith  p a r t ic le  
s iz e  o f  0 .0 5 - 0 .2 0  n m  w a s  p u r c h a s e d  f ro m  C a r lo  E rb a  R e a g e n ti . P la n t  
s a m p le s  w e r e  p u r c h a s e d  f ro m  a  lo ca l s u p e r m a r k e t .

2 .2 . P rep a ra tio n  o f  neg a tive ly  charged  silver  n a nop artic les

T h e  p ro to c o l  fo r  s y n th e s iz in g  A g N P s  w a s  a d a p te d  f ro m  ร. 
A g n o h o tr i ,  e t  a l. [3 0 ] .  B rie fly , 4 0  m L  o f  t h e  m ix tu re  o f  
5 x l O '4 m o I L _1 N a B H 4 a n d  3 . 5 x l 0 -3  m o l L_1 T S C  w a s  h e a te d  a t  
6 0  °c fo r  3 0  m in  in  th e  d a r k  w ith  v ig o ro u s  s t i r r in g .  T h e n , 10  m L  o f  
2 . 0 x l 0 -3 m o l L -1  A g N 0 3 w a s  a d d e d  d ro p -w is e  to  th e  m ix tu re  w h ile  th e  
t e m p e r a t u r e  w a s  in c re a s e d  to  9 0  °c. T h e n , t h e  p H  o f  th e  s o lu t io n  w a s  
a d ju s t e d  to  1 0 .5  u s in g  0 .1  m o l  L-1  N a O H  w h ile  t h e  h e a t in g  w a s

c o n t in u e d  fo r  20  m in  u n ti l  t h e  c o lo r  o f  th e  r e a c t io n  c h a n g e d  to  a  d e e p  
g re e n is h -y e l lo w  s o lu t io n . T h e  s y n th e s iz e d  A g N P s  w e re  th e n  a l lo w e d  to  
c o o l a t  ro o m  te m p e r a tu r e  a n d  s to r e d  a t  4  °c u n t i l  u se .

2 .3 . S a m p le  p rep a ra tio n  f o r  the  d e te rm in a tio n  o f  p a r a q u a t in w a te r  
a n d  p la n t  sa m p le s  w ith  silica ge l a d so rb en t

2 .3 .1 . D e te rm in a tio n  o f  p a r a q u a t in  w a te r
N a tu r a l  g ro u n d w a te r  a n d  c a n a l  w a te r  w e re  c o l le c te d  in  P T F E  

b o t t le s .  A p p ro x im a te  0 .2  g  o f  s i lic a  g e l w a s  a d d e d  to  th e  5 0  m L  o f  
f i l t e r e d  s a m p le  s o lu t io n s  a n d  t h e n  s t i r r e d  a t  a  s p e e d  o f  a r o u n d  3 0 0 -  
5 0 0  r p m  f o r  3 0  m in . T h e  b e a d s  w e re  t h e n  c o l le c te d  u s in g  v a c u u m  
f i l t r a t io n  a n d  w a s h e d  w ith  a  la rg e  v o lu m e  o f  D I w a te r .  T h e  b e a d s  w e re  
th e n  o v e n - d r ie d  a t  5 0  °c fo r  1 h , a n d  s to r e d  in  a  p la s t ic  v ia l u n t i l  th e  
d e te r m in a t io n .

2.3 .2 . D e te rm in a tio n  o f  p a r a q u a t in p la n ts
I n  t h i s  s tu d y , C h in e se  c a b b a g e  a n d  g re e n  a p p le s  w e re  s e le c te d  a s  a 

m o d e l  f o r  d e te r m in in g  p a r a q u a t  in  p la n ts .  S e v e ra l  e x t r a c t io n  p ro c e 
d u r e s  p re v io u s ly  r e p o r te d  w e r e  a d a p te d  a n d  c a r r i e d  o u t  to  c o m p a r e  th e  
e x t r a c t io n  e ff ic ie n c y  fo r  p a r a q u a t  d e te c t io n  [ 1 ,1 3 ,2 8 - 3 2 ] .  T o  e v a lu a te  
e x t r a c t io n  e ff ic ie n c y , 10  g  o f  p l a n t  s a m p le s  w a s  w e ig h e d  a n d  h o m o 
g e n iz e d . T h e n , 5 0 0  p L  o f  t h e  p a r a q u a t  s t a n d a r d  (1 0 0 0  m g  L-1 ) w as  
a d d e d  a n d  th e  s lu r r y  w a s  a l lo w e d  to  s t a n d  f o r  10  m in  p r io r  to  th e  
a d d i t io n  o f  2 0  m L  o f  e a c h  e x t r a c t io n  s o lv e n t  in c lu d in g  ( I)  6  m o l L -1 

H 2S 0 4, ( I I )  6  m o l L ‘ ‘HC1, ( I I I )  5 0 :5 0  M e O H /0 .1  m o l L ~ ‘ HC1, a n d  (IV ) 
D I  w a te r .  T h e  e x tr a c t io n s  u s in g  t h e  a b o v e  e x t r a c t io n  s o lv e n t  w e re  
p e r f o r m e d  in  tw o  d if f e re n t  c o n d i t io n s  o f  e i th e r  a  w a te r  b a th  a t  8 0  °c o r  
s o n ic a t io n  a t  5 0  °c fo r  3 0  m in . T h e n , t h e  e x t r a c t  w a s  c e n t r i f u g e d  a t  
5 0 0 0  r p m  f o r  1 0  m in . A n  a l iq u o t  w a s  f i l te r e d  t h r o u g h  a  s y r in g e  f i lte r  
(0 .4 5  p m ) ,  a n d  t r a n s f e r r e d  t o  a  p la s t ic  b o t t le  a n d  m a d e  u p  t o  a  f in a l 
v o lu m e  o f  5 0  m L  w ith  D I w a te r .  I n  a d d i t io n ,  t h e  a c id ic  e x t r a c t io n  
s o lu t io n s  w e re  n e u t r a l iz e d  w ith  1 m o l  1/ 1 N a O H  b e f o r e  t h e  p r e 
c o n c e n t r a t io n  s te p . A p p ro x im a te ly  0 .2  g  o f  s i lic a  g el w a s  a d d e d  to  th e  
d i lu t e d  e x t r a c t  s o lu t io n s  a n d  t h e n  s t i r r e d  a t  a  s p e e d  o f  a r o u n d  3 0 0 -  
5 0 0  r p m  f o r  3 0  m in . T h e  b e a d s  w e re  t h e n  c o l le c te d  u s in g  v a c u u m  
f i l t r a t io n  a n d  w a s h e d  w ith  a  la rg e  v o lu m e  o f  D I w a te r .  T h e  b e a d s  w e re  
o v e n - d r ie d  a t  5 0  °c fo r  1 h , a n d  t h e n  s to r e d  in  a  p la s t ic  v ia l u n t i l  th e  
d e te r m in a t io n .  B e c a u se  i t  w a s  f o u n d  t h a t  p a r a q u a t  h a d  s t r o n g  a b s o r p 
t io n  to  g la s s w a re  [1 ,3 2 ] ,  p la s t ic w a re  w a s  u s e d  t h r o u g h o u t  th e  e x p e r i 
m e n t .

2.4 . C olorim etric  m e a su re m en t o f  p a r a q u a t  u s in g  A g N P s p ro b e

T h e  a b s o r p t io n  s p e c t r a  o f  t h e  A g N P s  e i th e r  a d d e d  d i re c tly  to  in 
s o lu t io n  p a r a q u a t  o r  to  o n - s i l ic a  b e a d  p a r a q u a t  w e re  o b ta in e d  u s in g  a  
U V -V is  a b s o r p t io n  s p e c t r o m e te r  ( s h im a z u ,  2 4 0 1  P C ) w ith  a n  u l t r a 
m ic r o q u a r tz  c u v e t te  fo r  m ic ro -s c a le  a n a ly s is . I n  th e  c a s e  o f  d i r e c t  
r e a c t io n  b e tw e e n  A g N P s  a n d  s a m p le  s o lu t io n ,  5 0  p L  o f  A g N P s  w a s  
a d d e d  to  5 0  p L  o f  th e  s a m p le  s o lu t io n .  F o r  d e te r m in in g  p a r a q u a t  
a d s o r b e d  o n to  s ilic a l g e ls , 1 0 0  p L  o f  A g N P s  w a s  a d d e d  to  0 .0 5  g  o f  
s i lic a  g e ls . I n  b o th  c a se s , th e  m ix tu re s  w e re  w e ll m ix e d , a n d  a llo w e d  to  
s t a n d  fo r  5  m in  p r io r  to  th e  c o lo r im e t r ic  m e a s u r e m e n t .

2.5 . M e th o d  va lid a tio n  exp erim en ts

B o th  e x te r n a l  s t a n d a r d  (u s in g  D I w a te r  o r  e x t r a c t io n  s o lu t io n  a s  a  
d i lu t io n  s o lv e n t)  a n d  s t a n d a r d  a d d i t io n  c a l ib ra t io n s  o v e r  a  w o rk in g  
r a n g e  o f  0 .0 1 - 5 0 .0  m g  L" 1 w e re  c o n s t ru c te d  to  m o n i to r  th e  m a tr ix  
e f fe c t  in  th e  s a m p le s . A p p ro x im a te ly  0 .2  g  o f  s i lic a  g e l w a s  a d d e d  to  th e  
s t a n d a r d  s o lu t io n s  a n d  e x tr a c t io n  s o lu t io n s  o f  s p ik e d  s a m p le s  fo llo w in g  
t h e  p ro to c o l  o f  s a m p le  p r e p a ra t io n .

T h e  r e s u l t s  o b ta in e d  f ro m  th e  p r o p o s e d  a p p r o a c h  w e re  c o m p a r e d  
w ith  t h e  c o n v e n t io n a l  c o lo r im e tr ic  m e th o d  o f  p a r a q u a t  r e d u c t io n  by  
u s in g  N a B H 4 in  a n  a lk a lin e  m e d iu m . B rie fly , 0 .0 5  g  o f  p a r a q u a t -  
a d s o r b e d  s i lic a  g e ls  w a s  t r a n s f e r r e d  to  a  p la s t ic  v ia l, a n d  t h e n  5 0  pL
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o f  s a tu r a t e d  a m m o n iu m  c h lo r id e  w a s  a d d e d  to  e lu te  t h e  p a r a q u a t .  
1 0 0  |iL  o f  1% N a B H 4 ( a q )  a n d  3 0 0  p L  o f  2  m o l L -1  N a O H  w e re  th e n  
a d d e d  [1 3 j .  T h e  a b s o r b a n c e  o f  th e  b lu e  s o lu t io n  o f  p a r a q u a t  r a d ic a l  
c a t io n  w a s  m e a s u r e d  a t  6 0 5  n m  u s in g  a  U V -V is a b s o r p t io n  s p e c t r o 
m e te r  (S h im a z u , 2 4 0 1  P C ).

3. Results and discussions
3.1 . S y n th es is  a n d  ch arac teriza tion  o f  n eg a tive ly  ch arged  s ilver  
na nop artic les

T h e  A g N P s w e re  s y n th e s iz e d  u s in g  N a B H 4 a s  t h e  p r im a r y  r e d u c ta n t  
a n d  T S C  a s  th e  s e c o n d a r y  r e d u c ta n t  a s  w ell a s  s ta b i l iz in g  a g e n t .  A fte r  
f in is h in g  th e  p r e p a r a t io n  p ro to c o l , a  d e e p  g re e n is h  y e llo w  s o lu t io n  w a s  
o b ta in e d  w ith  a  p a r t ic le  s iz e  o f  a p p r o x im a te ly  4 0  n m  a c c o rd in g  to  
t r a n s m is s io n  e le c tro n  m ic ro sc o p e  (T E M ) m e a s u r e m e n t .  T h e  s o lu t io n  o f  
s u s p e n d e d  A g N P s  w a s  c h a r a c te r iz e d  u s in g  U V -V is s p e c t ro p h o to m e t r y ,  
a n d  m a x im u m  a b s o r p t io n  (Xmax) a t  4 0 0  n m  w a s  o b s e rv e d . T h e  m e 
c h a n is m  o f  n e g a tiv e ly  c h a r g e d  A g N P s f o r m a t io n  is w ell d e s c r ib e d  
b y  A g n o h o tr i  e t  a l. [3 0 ] .

3.2 . The color chang es o f  A gN P s upon p a r a q u a t concen tra tio ns

I n  a  p re l im in a ry  o b s e rv a t io n , th e  c o n c e n t r a t io n  o f  A g N P s  w a s  
o p t im iz e d  fo r  p a r a q u a t  d e te r m in a t io n ,  a s  a t  h ig h  c o n c e n t r a t io n s  th e  
d a r k  c o lo r  o f  A g N P s  c a u s e s  d iff ic u lty  f o r  m o n i to r in g  th e  c o lo r  c h a n g e s , 
w h ile  to o  lo w  c o n c e n t r a t io n s  r e s u l t  in  p o o r  s e n s i t iv i ty  o f  d e te c tio n . 
T h e r e f o r e , 5 0  p L  o f  7 0  m g  L" 1 o f  n e g a tiv e ly  c h a r g e d  A g N P s  w a s  a d d e d  
to  5 0  m L  o f  p a r a q u a t  s o lu t io n s  fo r  p a r a q u a t  d e te c tio n  b y  u s in g  A gN P s 
a s  th e  c o lo r im e tr ic  p ro b e . T h e  c o lo r  o f  A g N P s  c h a n g e d  f ro m  y e llo w  to  
m e ta l l ic  b la c k  w ith  in c r e a s in g  c o n c e n t r a t io n s  o f  p a r a q u a t  (F ig . 1) 
r e s u l t in g  f ro m  th e  a g g re g a t io n  o f  n e g a tiv e ly  c h a rg e d  A g N P s  in d u c e d  
b y  p o s i t iv e ly  c h a r g e d  p a r a q u a t .  A t h ig h  c o n c e n t r a t io n s  o f  p a r a q u a t ,  th e  
a g g re g a t io n  o f  A g N P s  s u s p e n d e d  in  t h e  s o lu t io n  b e g a n  to  d e v e lo p  a  
d a r k  m e ta l l ic  c o lo r  w h ic h  w a s  c le a r ly  o b s e rv e d  b y  th e  n a k e d  e y e , a n d  
th e  a g g r e g a te d  A g N P s a c c u m u la te d  a n d  e v e n tu a l ly  s e t t l e d  to  th e  
b o t to m  o f  t h e  v ia l.

3.3 . In ter feren ce  f o r  p a r a q u a t d e te rm in a tio n

T h e  s e le c tiv i ty  o f  th e  s y n th e s iz e d  A g N P s  w a s  a s s e s s e d  b y  in v e s t i 
g a t in g  th e  e ffe c t o f  o th e r  q u a te r n a r y  a m m o n iu m  p e s t ic id e s  a n d  s o m e  
s a l t s  in  th e  a n a ly s is  o f  p a r a q u a t  (F ig . 2 ) . T h e  to le r a n c e  l im i t  le v e ls  o f  
d i f f e re n t  fo re ig n  s p e c ie s  o n  th e  c o lo r  c h a n g e  o f  A g N P s  a re  p r e s e n te d  in  
T a b le  1.

D iq u a t  c a u s e d  a  c o lo r  c h a n g e  in  A g N P s  s im i la r  to  p a r a q u a t  w ith  a  
l i t t le  le ss  s e n s i t iv i ty , p o s s ib ly  d u e  to  r e la te d  s t r u c tu r e s  b e tw e e n  th e  tw o  
c o m p o u n d s ,  w h ile  th e  A g N P s s h o w e d  a  v e ry  h ig h  to le r a n c e  to  
d i fe n z o q u a t .  I n  a d d i t io n ,  d i f f e re n t  s a l t s  a ffe c te d  th e  c o lo r  c h a n g e  o f  
th e  A g N P s  a t  d i f f e re n t  to le r a n c e  v a lu e s , in  w h ic h  C u 2+ h a d  th e  lo w e s t

Fig. 1. The colors of 70 mg L'1 AgNPs added with different paraquat solutions from 0 to 
too mg L 1.

Fig. 2. The effect of heavy metal salts (too mg L'1 of Zn2*, Cr3*, cd2+, Cu2*, Ni2’, Fe2’, 
and Mn2’) on the color change of AgNPs.

T ab le  1
Effect of foreign species on the color change of AgNPs (50 pL, 70 mg L-1).

F o re ig n
sp ec ie s

T o le ra n c e  lim it 
(m g  L*1)

F o re ign
sp ec ie s

T o le ra n c e  lim it 
( m g t r 1)

Paraquat 10 Ni2*, Fe2’ 500
Diquat 20 Zn2*, cd2* 120
Difenzoquat 2000 Mn2* 100
Cr3* 1000 Cu2* 30

Fig. 3. The appearance of 70 mg L’1 AgNPs added to different concentrations of 
paraquat adsorbed on silica gel.

t o le r a n c e  l im it ,  w h ile  th e  s y s te m  c o u ld  e a s i ly  to le r a t e  t h e  c o n ta m in a 
t io n  o f  C r3+. T h e  s e le c tiv ity  o f  th e  A g N P s  o n  p a r a q u a t  d e te c t io n  c o u ld  
b e  m a in ly  f ro m  th e  s iz e  o f  p a r a q u a t ,  w h ic h  p o s s ib ly  fits  w ell w ith  th e  
s iz e  o f  th e  A g N P s. In  a d d i t io n ,  p a r a q u a t  is  re la t iv e ly  la rg e  w h e n  
c o m p a r e d  to  t h e  s iz e  o f  h e a v y  m e ta l  s a l t s .  T h is  c o u ld  le a d  to  a  m o re  
a g g r e g a t io n - in d u c e d  e ffe c t  o f  th e  A g N P s. C o n s e q u e n t ly , t h e  c o lo r  
c h a n g e  o f  th e  A g N P s  s o lu t io n  is  m o r e  d e a r l y  v isu a l iz e d . M o re o v e r, 
t h e r e  a r e  tw o  c h a r g e d  s i te s  o n  th e  s t r u c t u r e  o f  p a r a q u a t  d is s o lv e d  in  a n  
a q u e o u s  s o lu t io n . T h is  c o u ld  in c r e a s e  a n  in te r a c t io n  o p p o r tu n i ty  
b e tw e e n  p a r a q u a t  a n d  th e  A g N P s. T h e  d e te c t io n  o f  d i f e n z o q u a t  s h o w e d  
p o o r  s e n s i t iv i ty  p o s s ib ly  b e c a u s e  o f  i ts  r e la t iv e ly  lo w  s o lu b i l i ty  in  w a te r  
c o m p a r e d  to  p a r a q u a t ,  a n d  th e r e  is  o n ly  o n e  c h a r g e d  s i te  o n  th e  
s t r u c tu r e .

3 .4 . A p p lica tio n  o f  silica gel a s  p a r a q u a t  a d so rb e n t p r io r  to the  
detectio n  w ith  A g N P s

A s s h o w n  in  F ig . 1, u s in g  th e  n a k e d  e y e , th e  c o lo r  o f  le ss  th a n  
1 0  m g  L_1 p a r a q u a t - a d d e d  A g N P s  s o lu t io n s  c a n n o t  b e  d i f f e re n t ia te d  
f ro m  t h e  c o lo r  o f  b la n k  A g N P s. O w in g  to  s u c h  a  p o o r  l im it  o f  th e  d ire c t  
in - s o lu t io n  d e te c t io n ,  p r e - c o n c e n t r a t io n  p ro to c o l w a s  r e q u i r e d  to
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(C)

Fig. 4. The appearance of AgNPs solutions added to blank and 0.01 mg l / 1 paraquat- 
adsorbed silica gels (A), and scanning electron microscope images of silica gel without 
and with paraquat adsorption (B and c, respectively).

Fig. 5. Absorption spectra of AgNPs after addition to different concentrations of 
standard paraquat adsorbed on silica gel. The inset shows spectrum of the AgNPs 
(200 mg L"1) without paraquat added.

6 mol I .1 6๓011. '
IlzSO, HC1

50:50
MeOH/lfCl

Di water
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im p ro v e  th e  s e n s i t iv i ty  o f  t h e  d e te c tio n . U n m o d if ie d  s i lic a  g e ls  w e re  
c o n v e n t io n a l ly  u s e d  a s  a n  a d s o r b e n t  fo r  q u a te r n a r y  a m m o n iu m  s p e c ie s  
[ร , 1 3 ,1 4 ,1 9 ,3 4 - 3 6 ] .  G e n e ra lly , in  a ll c o lo r im e t r ic - b a s e d  a p p r o a c h e s  
p re v io u s ly  r e p o r te d ,  th e  e lu t io n  s t e p  w a s  n e e d e d  to  le a c h  th e  p a r a q u a t  
o u t  o f  th e  s i lic a  g e l p r io r  to  th e  c o lo r  fo rm in g  r e a c t io n  p ro c e d u r e .  
H o w e v e r , p a r a q u a t  a d s o r b e d  o n  th e  s u r f a c e  o f  s ilic a l g e l c a n  b e  
d e te r m in e d  d ire c tly , w ith  n o  e lu t io n  s te p  r e q u i r e d  in  th is  w o rk .

S im i la r  r e s u l t s  to  in - s o lu t io n  d e te c t io n  w e re  o b s e rv e d  in  w h ic h  th e  
c o lo r  o f  A g N P s  w a s  c h a n g e d  a c c o rd in g  to  th e  c o n c e n t r a t io n  le v e ls  o f  
p a r a q u a t  a d s o r b e d  o n to  t h e  s i lic a  gel. H o w e v e r , t h e  c o lo r  o f  A g N P s 
a p p l ie d  to  a n  o n - s i l ic a  b e a d  s y s te m  a n d  th e  t r e n d  o f  c o lo r  c h a n g e  w e re  
d if f e re n t  f ro m  th o s e  u s in g  a n  in - s o lu t io n  s y s te m . I n  th e  c a s e  o f  th e  o n -  
s i lic a  b e a d  s y s te m , th e  c o lo r  o f  A g N P s c h a n g e d  f ro m  a  d a r k - g r e e n is h  
y e llo w  s o lu t io n  to  l ig h te r  y e llo w  o r  p a le  y e llo w  a c c o rd in g  to  th e  
c o n c e n t r a t io n s  o f  p a r a q u a t  (F ig . 3 ) , b e c a u s e  th e r e  w a s  n o  d i lu t io n  o f  
t h e  in it ia l  A g N P s s o lu t io n  b y  s a m p le  o r  s t a n d a r d  s o lu t io n s . I n  a d d i t io n ,

Fig. 6. Comparing efficiency of different methods for paraquat extraction from homo
genized Chinese cabbage spiked with standard paraquat solutions, 500 pL of 1000 mg L' 
, (ท=3).

h ig h  c o n c e n t r a t io n s  o f  p a r a q u a t  a d s o r b e d  o n  s i lis a  g e l, s u c h  as  
5 0  m g  L_1 a s  s h o w n  in  F ig . 3 , r e s u l te d  in  th e  c o lo r  b le a c h in g  o f  
A g N P s, w h i le  th e  in - s o lu t io n  s y s te m  c a u s e d  t h e  c o lo r  to  c h a n g e  f ro m  
y e llo w  to  a  d a r k  m e ta l l ic  c o lo r .

I n te r e s t in g ly ,  a t  a  lo w  c o n c e n t r a t io n  o f  p a r a q u a t ,  0 .0 1 -  
0 .0 5  m g  L _ I , t h e  c o lo r  c h a n g e  o f  A g N P s s o lu t io n s  c o u ld  n o t  e a s i ly  b e  
o b s e r v e d  w ith  t h e  n a k e d  eye , b u t  th e r e  w a s  c le a r  d i f f e re n t ia t io n  in  c o lo r  
b e tw e e n  t h e  s i lic a  g e ls  w ith  a n d  w ith o u t  p a r a q u a t  a d s o r b e d  o n  t h e i r  
s u r f a c e s  (F ig . 4 ) .  T h e  c o lo r  o f  s i lic a  g e l w ith  a d s o r b e d  p a r a q u a t  tu r n e d  
b la c k , r e s u l t in g  f ro m  A g N P s  a g g re g a t io n  in d u c e d  b y  c o u lo m b ic  a t t r a c 
t io n  w ith  p a r a q u a t ,  a n d  th e  a g g re g a te d  A g N P s  w e re  c o n s e q u e n t ly  
a d s o r b e d  o n  t h e  s u r f a c e  o f  th e  s i lic a  gel. T h is  p h e n o m e n o n  e x p la in s  
th e  r e a s o n  fo r  A g N P s  c o lo r  b le a c h in g  in  t h e  o n - s i l ic a  b e a d  s y s te m , a s
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T ab le  2
The results of paraquat determination in real samples (ท=3) using the proposed on-silica 
bead with AgNPs method and the conventional colorimetric method.

Samples

Standard Proposed 
1 method

Added (mg Found (mg 
L"1) L- ' r

Conventional
method
Found (mg L-1)3

Limit of 
detection 
Naked eye 
(mg L"1)

Ground 0.05 0.03 ± 0.02 0.04 ± 0.02 0.05
water 1.00 0.87 ± 0.04 1.20 ± 0.07

25.00 23.37 ±1.16 26.10 ± 1.02
Canal 0.05 0.03 ± 0.01 0.04 ± 0.01 0.05

water 1.00 0.74 ± 0.07 0.80 ± 0.08
25.00 23.80 ± 0.98 22.70 ±1.22

Chinese 0.05 ND ND 0.10
cabbage 1.00 0.78 ±0.15 1.00 ±0.11

25.00 26.60 ± 0.92 26.5 ±1 14
Green 0.05 ND ND 0.10

apple 1.00 0.86 ±0.09 0.90 ± 0.08
25.00 26.13 ±1.29 22.80 ±1.25

ND = Not detectable.
8 UV-Vis spectrometric measurement.

th e  n e g a tiv e ly  c h a r g e d  A g N P s  w e re  a t t r a c te d  to  a c c u m u la te  o n  th e  
s i lic a  g e l s u r f a c e  c o a te d  b y  p o s it iv e ly  c h a r g e d  p a r a q u a t .  T h e re fo re , 
in s t e a d  o f  d i s p e rs in g  t h r o u g h o u t  th e  s o lu t io n  t o  m a k e  a  d a r k  m e ta l l ic  
c o lo r , t h e  A g N P s  w e re  a t t r a c te d  to  t h e  s i lic a  g e l s u r f a c e , c a u s in g  th e  
re m o v a l  o f  A g N P s  f ro m  th e  s o lu tio n .

3.5 . A p p lica tio n  o f  on-silica  b ead  sy s tem  f o r  p a r a q u a t de tec tio n  in 
rea l sa m p les

3 .5 .1 . W a te r  sa m p le  d e te rm in a tio n
T h e  a b s o r p t io n  s p e c t r a  o f  A gN P s w e r e  p ro p o r t io n a l ly  d e c r e a s e d  

a c c o rd in g  to  t h e  in c r e a s e  o f  p a r a q u a t  c o n c e n t r a t io n s  a d d e d  (Fig. 5). T o  
in v e s t ig a te  t h e  m a t r ix  e ffe c t  f ro m  n a tu r a l  w a te r  s a m p le s , g r o u n d w a te r  
a n d  c a n a l  w a te r ,  a  s t a n d a r d  s o lu t io n  o f  p a r a q u a t  w a s  a d d e d  to  th e  
w a te r  s a m p le . T h e  r e s u l t s  s h o w e d  t h a t  m a t r ic e s  in  n a tu r a l  w a te r  
s a m p le s  h a d  n o  o b v io u s ly  a d v e r s e  e ffe c t o n  th e  d e te r m in a t io n .  By 
u s in g  th e  o n - s i l ic a  b e a d  p ro to c o l , t h e  r e c o v e r ie s  o f  p a r a q u a t  f ro m  
g r o u n d w a te r  a n d  c a n a l  w a te r  w e re  9 3 .6 %  a n d  9 5 .4 % , re s p e c tiv e ly , 
c a lc u la te d  b y  c o m p a r i s o n  w ith  e x te r n a l  s t a n d a r d  c a l ib ra t io n .

3.5 .2 . P la n t sa m p le  d e te rm in a tio n
E x tr a c t io n  e ff ic ie n c y  w a s  s tu d ie d  to  a c h ie v e  s a t i s f a c to ry  re c o v e ry  o f  

p a r a q u a t  fo rm  p la n t  m a tr ic e s .  A lth o u g h  l i t e r a tu r e  r e p o r te d  th e  s u c 
c e s s fu l  e x t r a c t io n  o f  p a r a q u a t  f ro m  p la n t  s a m p le s  w ith  g o o d  re c o v e ry  
b y  u s in g  a  s t r o n g  a c id  [ 1 3 ,3 6 ] ,  in  th is  e x p e r im e n t  t h e  r e s u l t s  s h o w e d  
r e la t iv e ly  p o o r  re c o v e ry . F u r th e r m o r e ,  e x t r a c t io n s  w ith  s o n ic a t io n  
p ro v id e d  g r e a te r  re c o v e ry  t h a n  w ith  h e a t in g .  A m o n g  t h e  s tu d ie d  
e x t r a c t io n  p ro c e d u r e s  fo r  C h in e se  c a b b a g e , u s in g  D I w a te r  w ith  
s o n ic a t io n  s h o w e d  th e  b e s t  r e c o v e ry  a t  8 9 .5 % , w h i le  u s in g  5 0 :5 0  
M e O H /H C l w ith  s o n ic a t io n  p ro v id e d  s l ig h t ly  le ss  re c o v e ry  a t  8 8 .5 %

(F ig . 6 ) , a s  c a lc u la te d  u s in g  th e  e x te rn a l  s t a n d a r d  c a l ib ra t io n ,  w h ile  
g re e n  a p p le  m a tr ic e s  r e s u l te d  in  s l ig h tly  le ss  re c o v e ry , 8 6 .6% u s in g  D I 
w a te r  w ith  s o n ic a t io n  ( d a ta  n o t  s h o w n ) . T h e r e f o r e , D I w a te r  w a s  
c h o s e n  fo r  f u r th e r  e x p e r im e n ts .  I t  w a s  a lso  c o m p a t ib le  w ith  A g N P s 
d e te c t io n ,  s in c e  A g N P s  a re  v e ry  s e n s i t iv e  to  a c id ic  c o n d i t io n s . S e v e ra l 
e x t r a c t io n  p ro c e d u r e s  w e re  a lso  p e r f o rm e d  a n d  r e p o r te d  b y  T . Z o u , 
e t  a l. fo r  th e  d e te r m in a t io n  o f  p a r a q u a t  in  v e g e ta b le s ,  a n d  th e  
m a x im u m  re c o v e ry  w a s  a t  7 3 .5 %  u s in g  w a te r  a s  a n  e x t r a c t io n  s o lv e n t  
in  th e  s o n ic a t io n  s y s te m . T h e  r e a s o n  fo r  in c o m p le te  e x t r a c t io n  is 
p o s s ib ly  b e c a u s e  p a r a q u a t  c a n  p e n e t r a t e  p l a n t  c e lls  r a p id ly  a n d  re s id e s  
t ig h t ly  in s id e  th e  ce lls , w h e n  a  v e ry  lo w  c o n c e n t r a t io n  o f  p a r a q u a t  is 
s p ik e d  in to  a  p l a n t  s a m p le , v e ry  lo w  re c o v e ry  is  o b ta in e d  [ 1 ] .

3.5 .3 . M e th o d  va lida tion
A s D I w a te r  w ith  s o n ic a t io n  w a s  c h o s e n  a s  th e  e x t r a c t io n  m e th o d  

fo r  p l a n t  s a m p le s , th e  m e a s u r e m e n t  o f  p a r a q u a t  in  th e  r e a l  s a m p le s  
u s in g  t h e  p ro p o s e d  a p p ro a c h  w a s  c o m p a r e d  to  a  c o n v e n t io n a l  c o lo r i 
m e t r i c  m e th o d  fo r  p a r a q u a t  d e te r m in a t io n  b y  u s in g  a  r e d u c in g  a g e n t  
u n d e r  a lk a l in e  c o n d i t io n s , s t a n d a r d  a d d i t io n  c a l ib ra t io n s  o v e r  th e  
r a n g e  o f  0 .0 1 - 5 0  m g  L_I fo r  e a c h  s a m p le  w e re  c o n s t ru c te d ,  a n d  th e  
s p ik e d  s a m p le s  w ith  f in a l c o n c e n t r a t io n s  o f  0 .0 5 , 1 .0 0  a n d  
2 5 .0 0  m g  L" 1 w e re  a d d i t io n a l ly  p re p a re d .  A fte r  e x t r a c t io n  a n d  p r e 
c o n c e n t r a t io n  s te p s , A g N P s w e re  a d d e d  to  t h e  s i lic a  g e l c o a te d  w ith  
p a r a q u a t  fo llo w e d  b y  U V -V is  s p e c t ro m e t r ic  m e a s u r e m e n t .  T h e  r e s u l t s  
a r e  s h o w n  in  Table 2 .

B y u s in g  t h e  p ro p o s e d  m e th o d  to  d e te r m in e  p a r a q u a t  in  t h e  s p ik e d  
s a m p le , p a r a q u a t  c o n te n ts  w e re  c a lc u la te d  b y  c o m p a r in g  t o  th e  
s t a n d a r d  a d d i t io n  c a l ib ra t io n . S a t is fa c to ry  r e s u l t s  w e r e  a c h ie v e d . T h e  
w o rk in g  r a n g e  o f  th e  m e th o d  w a s  0 .0 5 - 5 0  m g  L ~ ' w ith  t h e  d e te c tio n  
l im it  o f  0 .0 1 5  m g  L_1 b y  u s in g  U V -V is s p e c t ro m e t r ic  d e te r m in a t io n ,  in  
th e  c a s e  o f  w a te r  s a m p le  a n a ly s is . H o w e v e r , s in c e  t h e  p ro p o s e d  
a p p r o a c h  w a s  a im e d  to  b e  a p p l ie d  a s  a n  o p t ic a l  a s s a y  f o r  s im p le  
s e m i - q u a n t i t a t io n  a n a ly s is  a s  o n - s i te  d e te c tio n , t h e r e f o r e  t h e  l i m i t  o f  
d e te c t io n  w a s  a lso  d e te r m in e d  w ith  th e  n a k e d  e y e . O w in g  to  in c o m p le te  
e x t r a c t io n  f ro m  p la n t  so lid  m a tr ic e s ,  t h e  d e te c t io n  l im i t  o f  p a r a q u a t  in  
p la n t  s a m p le s  (L O D  o f  0 .1  m g  L-1 ) w a s  h ig h e r  th a n  t h a t  o f  p a r a q u a t  in  
w a te r  s a m p le s  (L O D  o f  0 .0 5  m g  L_ I) d e te r m in e d  b y  v isu a l iz in g  th e  
c o lo r  o f  A g N P s  s o lu t io n .

W ith  th e  a p p l ic a t io n  o f  n e g a tiv e ly  c h a r g e d  A g N P s  f o r  c o lo r im e t r ic  
d e te c t io n  o f  p a r a q u a t ,  t h e  p r e s e n t  m e th o d  s h o w s  a  g o o d  a l te r n a t iv e  
a p p r o a c h  in  t e r m s  o f  s im p lic i ty , s e n s i t iv i ty , a n d  e c o n o m y . T h e  m e th o d  
is  c o m p a r e d  to  o th e r  p u b l i s h e d  c o lo r im e tr ic  a n d  c h r o m a to g r a p h ic  
m e th o d s  a s  s h o w n  in  T a b le  3 .

4. Conclusion
T h is  w o r k  p re s e n t s  a  n o v e l, s im p le , r a p id , e c o n o m ic , a n d  s e n s i t iv e  

o n - s i l ic a  b e a d  a p p r o a c h  fo r  p a r a q u a t  d e te c tio n , b e c a u s e  i t  is  o n e  o f  th e  
m o s t  w id e ly  u s e d  to x ic  c h e m ic a ls  a s  a  h e r b ic id e . N e g a tiv e ly  c h a r g e d  
A g N P s  w e re  u s e d  a s  a  c o lo r im e tr ic  p ro b e  o f  w h ic h  th e  le v e ls  o f  
c o n ta m in a te d  p a r a q u a t  c a n  b e  d e te r m in e d  w ith  th e  n a k e d  eye .

T ab le  3
Comparison of the proposed approach with other colorimetric and chromatographic methods for paraquat determination (modified from Rai et al. [13]).

Methods Detection range/lim it Remarks
(mg L-1)

Forming complex with tetra-iodomercurate [16] 3
Reduction with ascorbic acid 114] 1.2-9.6
Reduction with sodium borohydride [13j 0.05-0.50
Host-guest chemistry using cyden dithiocarbamate- 1.85

functionalized silver nanoparticles [28]
HPLC with silica column and u v  detection [5] 0.01-0.50
HPLC coupled to ESI-MS [6j 2.0x 10-4
On-silica bead detection with negatively charged AgNPs as 0.05* 

colorimetric probe (present method)

Reaction time is relatively long, and reagent is toxic and expensive.
Less sensitive than the proposed method.
Elution of analyst from SPE prior to reduction is needed.
Less sensitive and more expensive reagent than the proposed method.

Method is more sensitive, but relatively more complicated.
Method is very sensitive, but the instrument is complicated and expensive.
Method is simple, selective, and sensitive. LOD can be as low as 0.01 ppm for water 
determination by visualizing color of silica gel coated with paraquat. ■
'By visualizing the color of AgNPs solution with naked eye for water sample.
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M o re o v e r , th e  e lu t io n  s te p  c a n  b e  ig n o r e d  a f te r  p re - c o n c e n t r a t io n  
p ro to c o l ,  a s  A g N P s  c a n  b e  a p p l ie d  d i re c tly  to  t h e  p a r a q u a t  a d s o r b e d  
o n to  s i lic a  g el fo r  m o n i to r in g  p a r a q u a t  c o n c e n t r a t io n s .  T h e  a p p r o a c h  
w a s  s u c c e s s fu lly  a p p l ie d  fo r  p a r a q u a t  d e te r m in a t io n  in  w a te r  a n d  p la n t  
s a m p le s  w ith  a  r e la t iv e ly  lo w  l im it  o f  d e te c t io n  a s  c o m p a r e d  to  th e  
p re v io u s  r e p o r ts  o f  c o lo r im e t r ic  m e th o d s  fo r  p a r a q u a t  d e te c tio n . 
T h e re fo re , th is  a p p r o a c h  c a n  b e  a p p l ie d  a s  a  q u ic k  s c a n n in g  a s s a y  fo r  
p a r a q u a t  c o n ta m in a t io n  in  fo o d  a n d  e n v i r o n m e n ta l  s a m p le s .
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Abstract: Inorganic nanoparticles usually provide novel and unique physical properties as 
their size approaches nanometer scale dimensions. The unique physical and optical 
properties of nanoparticles may lead to applications in a variety of areas, including 
biomedical detection. Therefore, current research is now increasingly focused on the use of 
the high surface-to-volume ratios of nanoparticles to fabricate superb chemical- or 
biosensors for various detection applications. This article highlights various kinds of inorganic 
nanoparticles, including metal nanoparticles, magnetic nanoparticles, nanocomposites, and 
semiconductor nanoparticles that can be perceived as useful materials for biomedical 
probes and points to the outstanding results arising from their use in such probes. The 
progress in the use of inorganic nanoparticle-based electrochemical, colorimetric and 
spectrophotometric detection in recent applications, especially bioanalysis, and the main 
functions of inorganic nanoparticles in detection are reviewed. The article begins with a 
conceptual discussion of nanoparticles according to types, followed by numerous 
applications to analytes including biomolecules, disease markers, and pharmaceutical 
substances. Most of the references cited herein, dating from 2010 to 2015, generally 
mention one or more of the following characteristics: a low detection limit, good signal 
amplification and simultaneous detection capabilities.
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1. Introduction
Among the various nanomaterials, inorganic nanoparticles are extremely important in the 

development of sensors. Not only can they be easily synthesized, but also cheaply mass produced. 
For this reason, they can also be more readily integrated into a variety of applications. Recently, 
inorganic nanoparticles of different kinds and dimensions have become widely exploited as versatile 
and sensitive sensors or probes. The main objective of designer inorganic nancparticles, enhanced 
sensitivity in bio-sensing applications, greatly benefits from their small size, where their properties are 
strongly influenced by increasing their surface area. Thus, the combination of inorganic nanoparticles 
and sensors is one of the most exciting areas in modern analytical detection development because they 
offer excellent prospects for designing highly sensitive and selective sensors. Electrochemical sensing 
and spectrophotometric detection based on the modification or use of a particular variety of inorganic 
nanoparticles cosntitute a fascinating research area in biomedical applications. The remarkable features 
resulting from the use of inorganic nanoparticles are now widely employed in various detection 
systems. Presently, inorganic nanoparticle electrochemical sensors and optical spectrophotometric 
sensors used for bioanalysis purposes are collected. In this review the electrochemical and optical 
spectrophotometric characteristics of biomedical probes based on inorganic nanoparticles and the 
sensing applications possible with these materials are discussed, and their advantages and weaknesses 
are also explored. We also summarize the promising future anticipated for the use of these inorganic 
nanoparticles in both electrochemical and spectrophotometric detection as shown in the following sections.
2. Types of Nanoparticles
2.1. G'old Nanoparticles

Gold nanoparticles (AuNPs), one of the most commonly used metal nanoparticles, have been 
applied in various fields. The range of applications for AuNPs is growing rapidly and includes: 
electronics, photodynamics, therapeutic agent delivery, sensors, probes, diagnostics and catalysis. 
AuNPs possess several advantages: (1) AuNPs can be synthesized in a straightforward manner and can 
be made highly stable; (2) AuNPs possess unique optoelectronic properties; (3) AuNPs provide high 
surface-to-volume ratio with excellent biocompatibility; (4) these properties of AuNPs can be readily 
tuned by varying their size, shape, and the surrounding chemical environment and (5) AuNPs offer a 
suitable platform for multifunctionalization with a wide range of organic or biological ligands for the 
selective binding and detection of small molecules and biological targets [1]. Due to the abovementioned 
advantages, AuNPs have been utilized in various sensing strategies.
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2.2. Magnetic Nanoparticles
Magnetic nanoparticles are nanoparticles composed of magnetic elements, particularly iron oxide. 

A large surface-to-volume ratio owing to their small size provides them with a high immobilization 
density and high surface reactivity [2-4], Prior to their use in any detection procedure, most magnetic 
nanoparticles have to be functionalized with enzymes, metals, or metal oxides in order to improve their 
physiochemical properties and stability [5,6], This refinement has to be employed since bare magnetic 
nanoparticles tend to form large aggregates and have few active groups. Moreover, they are easily 
oxidized and dissolved in acid media, leading to poor stability [5]. Their plethora of applications 
benefit from their low toxicity, biocompatibility, and easy separation utilizing external magnetic 
fields [7-10]. A facile separation of magnetic nanoparticles is not only able to reduce the background 
interference but also enhance target immobilization [11], Consequently, magnetic nanoparticles have 
been extensively applied in biomedicine, immunology, biocatalysis, bioanalysis, and especially the 
separation and purification of target molecules [9,11].
2.3. Nanocomposites

Nanocomposites are one of the new composite materials formed by nanometer-sized materials 
dispersed in a 3-D substrate. Nanocomposites offer an exciting and practical approach for designing 
and fabricating new technological products and materials with superior mechanical, electrical, optical, 
antimicrobial, catalytic, and reactive properties [12], Nanocomposites provide better performance over 
conventional composite materials and are suitable candidates to overcome the limitations of many 
materials owing to the high surface to volume ratio of the reinforcing phase and its high aspect ratio. 
Nanocomposite materials can be classified, according to their matrix materials, into three different 
categories including ceramic matrix nanocomposites (CMNC), metal matrix nanocomposites (MMNC) 
and polymer matrix nanocomposites (PMNC) [13]. Herein, to the best of our knowledge, all the 
various applications of nanocomposites in the biomedical field are presented.
2.4. Semiconductor Nanostructures

Semiconductor nanostructures have recently attracted considerable attention due to their unique 
physical properties that give rise to many potential applications. Semiconductor particles of nanometer 
size can refer to nanoparticles, nanoclusters, nanocrystals, quantum dots, etc. Semiconductor 
nanostructures are generally categorized into three types: two-dimensional (2D) nanostructures 
(e.g., quantum wells (QWs)), one-dimensional (ID) nanostructures (quantum wires (QWRs)) and 
nanowires (NWs)), and zero-dimensional (0D) nanostructures (quantum dots (QDs)) [14], Colloidally 
synthesized semiconductor nanoparticles often possess a strong band-gap luminescence tunable by 
size as a result of the quantum confinement effect, which makes them interesting for different 
applications [15], Because QDs are zero-dimensional, they have a sharper state density than 
higher-dimensional structures and as a result, they have superior transport and optical properties and 
are being researched for use in laser diodes, solar cells, and several biological sensors [14],



Sensors 2015, 15 21430

2.5. Silver Nanoparticles
Silver nanoparticles have received tremendous attention due to their unique properties that are 

absent from their bulk forms. Their unusual features, including physiochemical and electronic 
properties, lead to enormous sensing applications in biosensors, electronics, catalysis, pharmaceutical, 
and therapeutics [16,17], Enhancement of the local electric field supports the use of silver 
nanoparticles as substrates for surface-enhanced Raman scattering (SERs) extending the various uses 
of silver nanoparticles as detection probes [18]. Silver nanoparticles, moreover, are applied as a sensor 
modification in order to increase the electrochemical sensitivity, selectivity, and reproducibility [19]. 
In addition, the aggregation of silver nanoparticles induced by various conditions causes shifting and 
broadening of the plasma band [16]. This simplicity has allowed the development of abundant naked 
eye and optical detection uses. Furthermore, the utilization of silver nanoparticles offers benefits of 
minimal material consumption and no need for sophisticated instruments [16].
2.6. Other Nanoparticles

Other metals such as nickel, copper, palladium, and platinum have been used to synthesize metallic 
nanoparticles. A variety of applications are proposed elsewhere due to their special properties at the 
nanoscale. Many metal nanoparticles are candidates for electrochemical applications thanks to their 
conductivity enhancement and signal amplification properties. In addition to an increment in 
sensitivity, these nanoparticles are often employed due to their cost-effectiveness and environmental 
friendliness. Most of these applications focusing on electrochemical techniques are described in 
this review.
3. Biomedical Applications
3.1. Amino Acids

Amino acids are biological organic compounds that play critical functions in animals. 
Thiol-containing amino acids, including cysteine and tryptophan, has been frequently reported as 
disease biomarkers [20], due to the fact that their deficiency leads to numerous disorders, such as 
Alzheimer’s disease, slowed growth, lethargy, liver damage, skin lesions, etc. [21,22], A rapid 
quantification of amino acids, especially sulfur-containing compounds, is consequently an important 
objective for health diagnosis.
3.1.1. Electrochemical Detection

Gold nanoparticles with carbon nanotubes pre-cast on a glassy carbon electrode (AuNP-CNT/GCE) 
had been fabricated for the detection of tryptophan in pharmaceutical samples with a low detection 
limit. The hybrid nanomaterial substantially decreased the overpotential of tryptophan because of a 
remarkable synergistic effect of the modified electrode on the electrocatalytic activity toward the 
oxidation of the analyte [23],

Fe304-based nanoparticles with graphene oxide have been cast on glassy carbon electrodes. They 
show high catalytic effects in the oxidation of amino acids. The composite provided the advantages of
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excellent catalytic activity, high sensitivity, and good stability. The techniques were able to detect 
cysteine and N-acetylcysteine at low pM levels [24],

A glassy carbon electrode (GCE) was fabricated with silver nanoparticles/graphene oxide 
(AgNPs/GO) and glucose as a reducing and stabilizing agent. The modified electrode possessed 
specific features typical o f both silver nanoparticles and graphene oxide. The properties o f high 
specific area and fast electron transfer rate improved the electrocatalytic performance and enhanced the 
activity for oxidation o f tryptophan by ten-fold compared with graphene oxide films. The 
AgNPs/GO/GCE was also free o f interferences from tyrosine and coexisting species [25].

Cobalt and nickel nanoparticle-modified electrodes have also been used for the detection o f amino 
acids [21,22,26]. Essential compounds in living cells o f animals could be simultaneously detected by a 
carbon paste electrode (CPE) modified with a (9,10-dihydro-9,10-ethananoanthracene-l 1,12-dicarbox- 
imido)-4-ethylbenzene-l,2-diol (DEDE) and aNiO/CNT nanocomposite. The modified electrode had a 
potent and persistent electron-mediating behavior and well-separated oxidation peaks o f cysteine, 
nicotinamide adenine dinucleotide (NADH), and folic acid were observed [26], Another work reported 
nickel oxide nanoparticles modified on a glassy carbon electrode with DNA as a new platform for 
entrapment o f an osmium (III) complex as an excellent electron transfer mediator. The 
GC/DNA/NiOxNPs/Os(III)-complex modified electrode exhibited excellent selectivity, electrocatalytic 
activity, stability, remarkable antifouling properties, and allowed the simultaneous detection of  
cysteine and homocysteine without interferences from low molecular mass biothiol derivatives and 
electroactive biological species [21]. Cysteine was electrochemically detected by an electrode modified 
with cobalt hexacyanoferrate nanoparticles with a core shell structure. In the presence o f cysteine, the 
anodic peak current o f the Fe(II)/Fe(III) transition was increased while the corresponding cathodic 
peak current was decreased. In contrast, the peak current o f Co(II)/Co(III) remained almost unchanged. 
The results indicated that the nanoparticles oxidized cysteine via a surface mediated electrocatalytic 
mechanism. The detection limits o f cysteine in batch and flow mode with this modified electrode were 
as low as 40 and 20 nM, respectively.

3.1.2. Colorimetric and Spectrophotometric Detection

Carboxymethyl cellulose-functionalized gold nanoparticles were synthesized with sodium 
carboxymethyl-cellulose (CMC-AuNPs) for cysteine detection based on a colorimetric method. The 
novel nanoparticles would protect particles against salt-induced aggregation. In the presence of  
cysteine, colloid solutions in sodium chloride were aggregated and displayed color changes, as well as 
UV-Vis absorption spectra changes. The method was applied to real urine samples [27], Biothiols 
including Cys, GSH, and Hcys were detected by a colorimetric assay. S-adenosyl-L-methionine (SAM) 
that interacted electrostatically with unmodified gold nanoparticles (AuNPs) induced selective 
aggregation. In the presence o f bioethics, AuNPs prefer to react with thiols rather than SAM due to the 
formation o f AuS bonds, thus the aggregation o f AuNPs changes to the disperse state. The color change 
was detected by UV-Vis spectrometry and by the naked eye. This assay exhibited rapid operation, high 
selectivity and sensitivity, and allowd the simultaneous detection o f three biothiols compound [28],

Magnetic particles were functionalized with amine and Ni2+ for the detection o f histidine. A highly 
specific interaction between the histidine and Ni2+ formed a complex, which in the presence o f formic



Sensors 2015, 15 21432

acid would liberate gaseous nickel tetracarbonyl which separated from the sample matrix. The gas was 
determined by atomic absorption/fluorescence spectrometry. Ten to hundred fold improvements over 
conventional methods was seen with the method. The approach promises high sensitivity, simple 
design, and convenient operation [29].

Fluorescence responses o f Hey, L-cys, and GSH of CdTe QDs using L-cysteine as capping reagent 
were investigated. The probe offered good sensitivity, and selectivity for detecting Hey, L-cys, and 
GSH in the presence o f 20 amino acids, metal ions, and other molecules in biological fluids. It was 
applied in four serum samples, cell extract sample from two cancer cell lines (Hela and HepG2) with a 
detection limit o f 46 nM, 43 nM, and 63 nM for Hey, L-cys, and GSH, respectively [30], 
Mono-6-SH-(3-cyclodextrin capped Mn-doped ZnS quantum dots (p-CD-MnZnS QDs) had dual 
photoluminescence (PL) at 430 and 598 nm upon excitation at 315 nm to detect tryptophan enantiomers 
differently. The D-isomer showed little effect whereas L-tryptophan displayed a large time-dependent 
enhancement in the PL intensity o f QDs. This selectivity is due to different inclusion constants for 
tryptophan enantiomers o f the coating on the surface o f Mn-ZnS QDs. L-Tryptophan can be detected 
in the presence o f its stereoisomer with a 5.4 nM detection limit [31].

Silver nanoparticles has been primarily reported for detection of amino acids due to the strong 
interaction o f thiol groups towards nanoparticles [32], Silver nanoparticles induced an aggregation or an 
anti-aggregation mechanism in the presence of cations and surface modified material. This basis was 
used for sensing various amino acids. For example, in the presence o f cysteine, the color o f the silver 
nanoparticles changed from yellow to pink. The color change was detected visually and could be 
estimated metrically by measuring the surface plasmon resonance absorption. The method could be 
applied for the detection o f cysteine at ultralow levels [32], Moreover, nonionic fluorosurfactant-capped 
silver nanoparticles were aggregated as a result o f the presence o f cysteine. The modified nanoparticles 
exhibited selectivity towards cysteine in the determination o f this amino acid in human urine and 
plasma samples [16]. Calcium ion was used as a cross-linking agent for a rapid detection o f cysteine. 
By monitoring the color change from yellow to red, cysteine could be quantified in biological fluids, 
such as serum and artificial cerebrospinal fluid [33]. Another demonstration stated that cysteine was 
selectively detected in the presence o f Ca2+ and NaCl. The result showed other amino acids had no 
effect on the color change due to the absence o f thiol groups [34], Chromium ion had a similar 
interaction. In a solution composed o f silver nanoparticles and Cr34) cysteine was able to induce 
aggregation and displayed accolor change from yellow to purple. The techniques also exhibited the 
selectivity towards cysteine in the presence o f other amino acids [35], Amino acids without thiol 
functional groups such as tryptophan could be quantified using surface plasmon absorption. The 
modification o f 4,4-bipyridine-functionalized onto silver nanoparticles changed the color o f the 
solutions from yellow to red. The absorption could be detected at 390 nm and 556 nm, respectively. 
This approach demonstrated the selectivity o f the functionalized nanoparticles over other neutral 
amino acids with low detection limits [36],

3.2. A ntigen-A ntibody

Antigens are many substances that stimulate the immune system to produce antibodies. There is a 
specific antibody for each antigen, thus, each one can be used to detect the presence of the other. The
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detection o f particular antigens/antibodies is a widespread method used in medical diagnostics o f many 
diseases. Several different methods may be employed, including the following:

3.2.1. Electrochemical Detection

In recent years, gold nanoparticles (AuNPs) have found wide use and have gained much attention in 
the electrochemical sensor field due to their great properties as described above. Interestingly, an 
electrochemical immunosensing platform has been developed for the detection o f the human lung 
cancer-associated antigen ENOl, by first fabricating a polyethylene glycol (PEG) layer on a screen 
printed electrode and subsequently using anti-ENOl -tagged AuNPs congregate bioprobes as signal 
amplifiers to improve the sensitivity o f the assay. The electrochemical signal from the bound AuNPs 
congregates was obtained after oxidizing, followed by the reduction o f AuClC in square wave 
voltammetry (SWV) mode as shown in Figure 1A. This AuNPs congregate-based assay provides an 
amplification approach for detecting ENOl at trace levels, leading to a detection limit as low as 11.9 fg 
(equivalent to 5 pL o f a 2.38 pg/mL solution) [37]. A number o f groups have also proposed a signal 
amplification strategy for ultrasensitive immunosensors. For example, using human and mouse IgG as 
model analytes, a multiplexed immunoassay has been developed by combining alkaline phosphatase 
(ALP)-labeled antibody functionalized AuNPs (ALP-Ab/AuNPs) and enzyme-AuNPs catalyzed 
deposition o f silver nanoparticles (AgNPs) on an immunosensor array (Figure IB). After sandwich-type 
immunoreactions, the ALP-Ab/AuNPs were captured on an immunosensor surface to catalyze the 
hydrolysis o f 3-indoxyl phosphate, which produced an indoxyl intermediate to reduce Ag+. The silver 
deposition process was catalyzed by both ALP and AuNPs, which amplified the detection signal. 
The deposited silver was then measured by anodic stripping analysis in KC1 solution [38], Based on a 
similar concept, a triple signal amplification strategy was also designed as illustrated in Figure 1C. 
An enhancement in signal resulted from the use o f a graphene modified immunosensor surface which 
accelerated electron transfer, PSA (poly(styrene-co-acrylic acid) microbeads that carried AuNPs as 
tracing tags to label signal antibody (Ab2 ) and AuNPs induced silver deposition in KC1 solution for 
anodic stripping analysis [39].

3.2.2. Colorimetric and Spectrophotometric Detection

Nanomaterials have found widespread use for the detection of different antigen/antibody 
combinations. Various optical immunoassay detection methods are o f interest in early diagnostic and 
screening detection, such as a surface-enhanced Raman scattering (SERS)-based gradient optofluidic 
sensor developed by Chon et al., for testing a specific target marker (rabbit immunoglobulin (IgG)) [40], 
The sensor is composed o f  three components consisting o f the gradient channel, the injection and 
mixing area o f antibody-conjugated hollow gold nanospheres and magnetic beads, and a sandwich 
immunoassay trapping area. This system, using antibody-conjugated HGNs and magnetic beads, 
provides advantages over the SERS immunoassay performed in microwells owing to the automatically 
control o f the microfluidic system, so the tedious manual dilution process and time consuming assay 
was eliminated.
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Figure 1. Schematic representation of (A) the operation of the electrochemical immunosensor 
for the detection o f ENOl [37]. Reprinted with permission from (Ho, J.A.A.; Chang, H.C.;
Shih, N.Y.; พน, L.C.; Chang, Y.F.; Chen, C.C.; Chou, c. Diagnostic detection o f human 
lung cancer-associated antigen using a gold nanoparticle-based electrochemical 
immunosensor. Anal. Chem. 2010, 82, 5944-5950.). Copyright (2010) American Chemical 
Society.; (B) preparation of immunosensor array and detection strategy by sandwich-type 
immunoassay and linear sweep voltammetric stripping analysis o f enzymatically deposited 
AgNPs [38]. Reprinted (adapted) with permission from (Lai, G.; Yan, F.; พน, J.; Leng, c.;
Ju, H. Ultrasensitive multiplexed immunoassay with electrochemical stripping analysis o f  
silver nanoparticles catalytically deposited by gold nanoparticles and enzymatic reaction.
Anal. Chem. 2011, 83, 2726-2732.). Copyright (2011) American Chemical Society; and 
(C) the immunosensor fabrication and sandwich-type immunoassay procedure [39]. 
Reprinted (adapted) with permission from (Lin, D.; พน, J.; Wang, M.; Yan, F.; Ju, H.,
Triple signal amplification o f  graphene film, polybead carried gold nanoparticles as tracing 
tag and silver deposition for ultrasensitive electrochemical immunosensing- Anal. Chem.
2012, 84, 3662-3668.). Copyright (2012) American Chemical Society.

Based on magnetic core/shell Fe304/Si02 and Fe304/Ag/Si02 nanoparticles, a surface plasmon 
resonance (SPR) biosensor for the detection o f goat anti-rabbit IgG was developed. The modified 
magnetic nanoparticles (MNPs)-based biosensor has two main advantages over traditional biosensors. 
First, the MNPs can easily be immobilized on the Au film, which greatly simplifies the operation; 
Second, in contrast to the traditional biosensor that contained only one layer o f receptor molecules on the 
surface o f the gold film, the modified MNPs have larger surface areas, better compatibilities and more 
numbers o f receptor molecules, which are more beneficial for the immobilization o f antibodies [5], 

Nanocomposites have also been used for carcinoembryonic antigen (CEA) detection. A sandwich 
type electrochemiluminescence (ECL) immunosensor based on a Ag/graphene nanocomposite was 
designed using nanoporous Pd as a catalytically promoted nanolabel. The main advantages o f the 
developed immunosensor can be attributed to two aspects: first, the obtained Ag/graphene
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nanocomposite could be an ideal substrate for antibody immobilization with good stability and 
bioactivity. Second, the novel ECL label o f nanoporous Pd exhibited excellent ECL activity [41]. 
A versatile immunosensor using a CdTe quantum dot (QDs) coated silica nanosphere (Si/QDs) as a 
label was also developed for the detection of a biomarker (rabbit IgG). In this approach, goat 
anti-rabbit IgG antibody was covalently bound to CdTe QDs on the surface o f silica nanospheres 
(Si/QD/Ab2 ) attached onto the gold electrode surface through a subsequent sandwich immunoreaction. 
The resulting immunosensor exhibited a signal amplification in both the ECL and square-wave 
voltametry techniques which could be attributed to the high loading o f CdTe QDs [42], An 
electrochemiluminescence (ECL) immunosensor based on the amplifying ECL o f luminol by 
hemin-reduced graphene oxide (hemin-rGO) and silver nanoparticles (AgNPs) decorated reduced 
graphene oxide (Ag-rGO) was constructed for the detection o f carcinoembryonic antigen (CEA).

In brief, AuNPs electrodeposited (DpAu) onto hemin-rGO constituted the base for the 
immunosensor, which amplified the ECL signal o f luminol and served as carrier to immobilize primary 
antibody (Abi). Moreover, AgNPs-rGO were used to load secondary antibody (Ab2 ) and GOD. In the 
presence o f oxygen, the loaded GOD immediately catalyzed the oxidation o f glucose in the detection 
o f in situ  generated H2 O2 , which could promote the oxidation o f  luminol with an amplified ECL signal. 
Additionally, hemin and AgNPs could further enhance the ECL signal o f luminol owing to the 
decomposable catalysis o f H2 O2  to produce increased amounts o f reactive oxygen species [43],

3.3. A ntioxidants

Antioxidants are a broad group of organic compounds that are widespread in food [44], Their 
properties are understood to involve the inhibition o f free radical chain reactions. The reactions 
initiated by free radicals cause damage to proteins, lipids, and nucleic acids [45]. Glutathione (GSH) as 
an example o f antioxidants prevents aging, cancer, and other diseases [46]. In addition, it functions in 
protein synthesis, enzyme activity, and cell protection [47]. Another example is ascorbic acid (AA) or 
vitamin c, which acts as a supplement and is frequently consumed in tablets. Mostly, it is used for 
treating colds, scurvy, and promoting health development [48]. The benefits o f  other antioxidants are 
abundantly reported, therefore, their quantification is o f importance.

3.3.1. Electrochemical Detection

Modified nanocomposites are responsible for the improvement o f electrochemical signals, as a 
consequence o f the good properties o f the various materials and nanoparticles fabricated into an 
electrode. A A-(4-hydroxyphenyl)-3,5-dinitrobenenamide-FePt/CNTs carbon paste electrode was used 
for the detection o f GSH in the presence of piroxican. The modified nanocomposite exhibited a good 
electron-mediating behavior. As a result, the oxidation peaks were well separated. Moreover, the 
approach could detect GSH and piroxican at low nM concentrations [46], The synergistic effect o f a 
Fe203/graphene nanocomposite modified electrode was improved for ascorbic acid and uric acid 
detection [48], The nanocomposite modified onto the electrode was able to resolve the overlapping 
anodic peaks o f these two analytes. It had advantages of simplicity, high sensitivity, and good selectivity.

Silver nanoparticles/carboxylated multiwalled carbon nanotubes/polyaniline film (AgNPs/ 
c-MWCNT/PANI) have been synthesized on gold electrodes and further covalently immobilized with
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glutathione oxidase for the detection of glutathione in hemolysated erythrocytes. The modified electrode 
held a great promise of stability, lower response time and could perform without interferences [47],

Electrodeposition o f nickel oxide nanoparticles onto a glassy carbon electrode offered low oxidation 
potential toward GSH, while other organic compounds like ascorbic acid, uric acid, dopamine, and 
glucose had no interaction in the method. Additionally, nickel oxide nanoparticles modified with 
ethylferrocene (EF) and multiwalled carbon nanotubes (MWCNT) on carbon paste electrode (CPE) 
showed excellent individual peak separation characteristics for the electroxidation o f glutathione and 
acetaminophen [49], Other nanoparticles such as platinum nanoparticles had been employed as a 
nanocomposite for Pt-nanoparticles/polyelectrolyte-functionalized ionic liquid (PFIL)/graphene sheet 
(GS) modified electrodes. Independent oxidation peaks o f ascorbic acid and dopamine were observed 
in urine samples [50],

3.3.2. Colorimetric and Spectrophotometric Detection

Glutathione was detected based on an anti-aggregation mechanism. The solution o f gold nanoparticles 
changed from a dispersion to at aggregated state in the presence o f glutathione, which resulted in a color 
change from red to blue. This anti-aggregation activity was preferable to have higher selectivity. 
This approach had selectivity towards glutathione relative to natural amino acids, homocysteine, and 
glutathione disulfide [51]. Gold nanoclusters coated with Hg2+ and Au+ were able to quench the emission 
o f NIR fluorescence, and the mechanism was used for the detection of glutathione. In the addition of the 
analyte, the signal was enhanced as a result o f the affinity between glutathione and Elg2+. The method 
had been employed for the detection of glutathione in living cells and human blood samples. It possessed 
advantages o f high sensitivity and low spectral interferences [52],

CdS nanotube (NT) films and K2 S2 O8 as coreactant were modified on an indium tin oxide substrate. 
Nanosemiconductors coated on this substrate exhibited strong electrochemilluminescent emission. 
The quench was differently affected by hydroxyl moieties in the benzene ring. This quenching 
property was used for the simultaneous determination o f phenolic compounds, namely catechol, 
phenol, hydroquinone, and resorcinol with good reproducibility [53]. CdS-2-mercapto-propionic acid 
or CdS-2-MPA was used for the luminescent detection o f rutin. The signal resulted from the inner 
filter effect and a statistic luminescence quenching component. Rutin was quantified in this technique 
without interferences from the flavonoids hesperidin and herperetin [54],

Due to the color change o f silver nanoparticles from colorless to yellow caused by ascorbic acid, the 
method could be used for quantification o f this antioxidant by LSPR with low detection limit [55], 
Another approach presented the immobilization o f silver nanoparticles on the surface o f magnetic 
particles for the detection o f glutathione by surface plasmon resonance. In the presence o f crystal 
violet, the glutathione competed for the adsorption on the particles. As a result, the Raman signal was 
decreased and inversely proportional with the increase o f  glutathione concentration. This method was 
applied to blood samples with high sensitivity, selectivity, and stability [56].
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3.4. Cancer

According to the National Cancer Institute (NCI), a biomarker is a biological molecule found in 
blood, other body fluids, or tissues that is a sign o f a normal or abnormal process, or o f a condition or 
disease. A biomarker may be used to see how well the body responds to a treatment for a disease or 
condition such as cancer. Cancer biomarkers can include a broad range o f biochemical entities, such as 
nucleic acids, proteins, and small metabolites as well as whole tumor cells that indicate the presence of  
cancer in the body. Cancer biomarkers can be used to screen for cancer diagnosis. Moreover, recent 
technological advancements have enabled the examination o f  many potential biomarkers, providing 
great opportunities for improving the management of cancer patients.

3.4.1. Electrochemical Detection

Electrochemical detection combined with several nanomaterials offers great potential for the 
detection o f clinically significant cancer biomarkers, and recently, various electrochemical biosensors 
for the detection o f cancer biomarkers have been established. For example, an inkjet-printed gold 
nanoparticles (AuNPs) array immunosensor was fabricated for the multiple detection o f the cancer 
biomarker interleukin-6 (IL-6) in serum. The AuNPs ink was printed on a flexible, heat resistant 
polyimide Kapton substrate. Captured antibodies for IL-6 were linked onto the eight electrode array, 
and used in sandwich immunoassays. In addition, a biotinylated secondary antibody with 16-18 
horseradish peroxidase labels was used, and detection was achieved by hydroquinone mediated 
amperometry. These promising sensors are easily fabricated at relatively low cost, and could be 
mass-produced with commercial inkjet printers [57]. Furthermore, an electrochemical single 
nucleotide polymorphism (SNP) genotyping sensor for the analysis o f a cancer-related gene sequence 
has also been reported. Combination o f the gold nanoparticles (AuNPs)-base enrichment effect with 
the surface hybridization-based dragging strategy can improve detection sensitivity and signal 
amplification. With a large number o f ferrocene (Fc) probes enriched with AuNPs and then dragged 
into close proximity to the electrode surface through DNA hybridization, a detection limit at the 
femtomolar level was achieved [58],

An aptamer-based competition assay for the electrochemical detection o f acute leukemia cells was 
developed with high sensitivity. It utilized the competitive binding o f cell-specific aptamers to acute 
leukemia cells and subsequent voltammetric quantification o f the metal signature. Enhanced sensitivity 
was achieved with dual signal amplification using Fe304 magnetic nanoparticles (MNPs) as carrier to 
load a large amount o f AuNPs and AuNPs-catalyzed silver deposition [59].

With aptamer-DNA concatamer-quantum dots (QDs) as recognizing probes, model cancer cells 
(CCRF-CEM cells) were detected using a MWCNTs@PDA@AuNPs modified electrode. The 
as-prepared electrode was applied to bind concanavalin A (Con A) for cell capture as shown in 
Figure 2. The developed supersandwich cytosensor showed high sensitivity with a detection limit of 
50 cells-mL_1. More importantly, it could distinguish cancer cells from normal cells, which indicated 
the promising applications o f the method in the clinical diagnosis and treatment o f cancers [60]. Other 
sensors have recently been demonstrated for the electrochemical detection o f specific DNA sequences 
o f bladder cancer cells based on CdTe quantum dots (QDs) modified glassy carbon electrode (GCE).
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Methylene blue (MB) was intercalated into the hybridized double stranded DNA (dsDNA) and used as 
electrochemical indicator for the detection o f target DNA in a differential pulse voltammetry (DPV) 
mode. The CdTe QDs provided advantages o f excellent electrochemical signal amplification due to 
their larger surface area, which can immobilize more single stranded DNA (ssDNA) probes on the 
electrode surface [61].
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Figure 2. Procedures for the Fabrication o f Aptamer-DNA Concatamer-QDs 
(A) MWCNTs@PDA@AuNPs Composites; (B) and Supersandwich Cytosensor; (C) [60], 
Reprinted with permission from (Liu, H.; Xu, ร.; He, z.; Deng, A.; Zhu, J.J. 
Supersandwich cytosensor for selective and ultrasensitive detection o f cancer cells using 
aptamer-DNA concatamer-quantum dots probes. Anal. Chem. 2013, 85, 3385-3392.). 
Copyright (2013) American Chemical Society.

3.4.2. Colorimetric and Spectrophotometric Detection

Many methods have been used to detect cancer biomarkers, such as a simple colorimetric assay 
reported by Wang e t al. [62] for testing human telomerase activity. Telomerase is over-expressed in 
over 85% o f all known human tumors. The working principle is based on the elongated primers 
conjugated to the gold nanoparticles (AuNPs) surface, which can fold into a G-quadruplex to protect 
the AuNPs from aggregation. Their assay has also been used for initial screening o f telomerase 
inhibitors as anticancer drug agents. Recently, based on a localized surface plasmon resonance (LSPR) 
and the coupling plasmon mode o f AuNPs, a strategy for the one-step dual detection o f tumor-specific 
mutations (E542K and E545K) and méthylation o f circulating tumor DNA (ctDNA) o f PIK3CA gene
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has been reported. Peptide nucleic acid (PNA) is used as probe to capture and enrich the 69-bp 
PIK3CA ctDNA. Immunogold colloids are exploited as méthylation detectors and plasmon coupling 
based enhancement for secondary response. Their results demonstrated that the sensor can 
simultaneously detect hot-spot mutations and epigenetic changes on CtDNA with this platform [63],

Magnetic nanoparticles (MNPs) have found widespread use for the detection o f various cancer 
biomarkers. For example, the simultaneous detection o f two biomarker o f T helper cancer cells has 
been established. One biomarker conjugates with immunofunctionalized MNPs, enabling the 
separation o f the T helper cells from a mixed population o f cells. The other biomarker is used for the 
detection during ELISA analysis. The specific T helper cells can be quantified according to their 
ELISA absorbance values following magnetic separation [64], In a similar assay, functionalized MNPs 
were also utilized for signal enhancement in conjunction with surface plasmon resonance (SPR) on 
gold nanoslits to detect mRNA heterogeneous nuclear ribonucleoproteins (hnRNP B l)  in two cancer 
cell lines (CL 1-0 and CL 1-5). In this approach, MNPs were applied for a dual purpose: to isolate the 
target molecule from the sample matrix to prevent non-specific binding and to enhance the SPR 
response. The approach for the detection includes double hybridization at two different specific 
locations in two steps. First, the biomarker target molecules are captured with MNPs, and second, 
MNPs carrying the target molecules are introduced to the SPR chip to hybridize with probe 
immobilized on the gold nanoslits [65], Another work has been reported by Fang et al. [66]. In their 
study, aptamer-conjugated upconversion nanoparticles (UCNPs) was used as nanoprobes to recognize 
circulating tumor cells (CTC), which were then enriched by attaching magnetic nanoparticles (MNPs) 
and placing them in the presence of a magnetic field. Owing to the autofluorescence-free nature of 
upconversion luminescence imaging, as well as the use o f maganetic separation to further reduce 
background signals this method shows promise for CTC detection in medical diagnostics. Up to date, 
ELISA have most widely been applied in immunoassays. However, several unavoidable limitations of 
natural enzymes have hindered their widespread applications. Interestingly, an efficient colorimetric 
detection o f target cells utilizing the superior catalytic activity o f graphene oxide-magnetic-platinum 
nanohybrids has been presented. The nanohybrids consisted o f Fe3Û4 magnetic nanoparticles (MNPs) 
and platinum nanoparticles (PtNPs), simultaneously immobilized on the surface o f graphene oxide 
(GO). Due to the highly catalytically active PtNPs and MNPs on GO whose frameworks possess high 
substrate affinity, the nanohybrid is able to achieve up to 30-fold higher maximal reaction velocity 
(V-max) compared to that of free GO for the colorimetric reaction o f the peroxidase substrate, and 
enable rapid detection of target cancer cells. Specifically, using this assay system, breast cancer cells 
can be detected in 5 min with high specificity and sensitivity [67].

Detection o f  cancer biomarkers using semiconductor quantum dots (QDs) is another promising area 
o f the research. Highly enhanced electrochemilunescence (ECL) from a novel hybrid 
gold/silica/CdSE-CdS quantum dots nanostructures has been establised for the first time, and 
successfully applied to develop an ultrasensitive ECL immunosensor for the detection o f a protein 
tumor marker [68]. Liu et al. [69] also reported the use o f multiplexed QDs and wavelength-resolved 
imaging to detect and characterize a class of low-abundant tumor cells in Hodgkin’s lymphoma. 
To overcome the cellular heterogeneity and rarity problem, they have developed multicolor QD 
antibody conjugates to simultaneously detect a panel o f four protein biomarkers (CD 15, CD30, CD45, 
and Pax5) directly in human tissue biopsies. Furthermore, a versatile electrochemiluminescence (ECL)
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assay for cancer cells based on dendrimer/CdSE-ZnS-quantum dot nanoclusters (NCs) as ECL probe 
has been reported. Capture DNA was designed as a high affinity aptamer to the target cell; a novel 
ECL biosensor for cancer cells was directly accomplished using the biobarcode technique to avoid 
cross-reaction. Moreover, magnetic beads (MBs) for aptamer immobilization were combined with a 
dendrimer/QD NCs probe for signal production in an ECL assay o f cancer cells, which simplified the 
separation procedures. In particular, a cycle-amplifying technique using a DNA device on MBs was 
further employed in the ECL assay o f cancer cells, which greatly improved sensitivity [70],

3.5. C hem ical Substances

A large number o f both organic and inorganic compounds are related to good physical condition 
and disease biomarkers. A group o f chemical substances including drugs and ions are described in 
company with nanoparticles that enhance the sensitivity o f the analysis in the following section.

3.5.1. Electrochemical Detection

The side effects o f chemical substances, namely drugs used for treating acute pain, cancer, heart 
conditions, bacterial infections, neulogical disorders, and respiratory disorders, are concentration 
dependent, and for this reason, their accurate quantification is critical. In this section, electrochemical 
detection using nanoparticles as modifiers are reviewed according to the sequential chemical 
substances listed above.

Nimesulide, zolmitriphan, acetaminophen or paracetamol (A-acetylaminophenol) are drugs used as 
analgesics. Nimesulide in medical tablets was detected by magnetic nanoparticles modified on a glassy 
carbon electrode. The results had a remarkable catalytic and enhancement effect on the reduction of 
the analyte and the reduction peak shifted positively compared with a bare electrode [10]. Silver 
nanoparticles/multiwalled carbon nanotube-modified glassy carbon electrodes showed an enhancement 
o f oxidation peaks and were applied for the detection o f zolmitriphan without interferences. The 
method was simple, sensitive, and reproducible [71]. The electrochemical detection o f  acetaminophen 
was reported in numerous references [72-74]. For example, electrochemically reduced graphene 
(ERG)-loaded nickel oxide (Ni203-Ni0) nanoparticles coated onto a glassy carbon electrode displayed 
high electrocatalytic activity ascribed to the synergistic effect o f the special composite structure and 
the physical properties of nickel oxide nanoparticles and graphene [73]. Acetaminophen had also been 
simultaneously detected in the presence o f ascorbic acid, dopamine, and uric acid. Its detection limit as 
low as 0.05 |iM benefited from coupling phenylethynyl ferrocene thiolate (Fc-SCA)-modified 
Fe3Û4@Au NPs with a graphene sheet/chitosan modified glassy carbon electrode. The modified 
electrode exhibited synergistic catalytic and amplification effects towards the analytes [75],

Adriamycin is a trade name o f doxorubicin, a drug known for cancer treatment. Its presence in calf 
thymus DNA was quantified with a glassy carbon electrode modified with silver nanoparticles and 
multiwalled carbon nanotubes with carboxy groups. The results showed excellent stability and low 
limit of detection [76],

Amiodarone, atenolol, and digoxin are employed in patients with heart disorder conditions, i.e., 
cardiovascular disease and cardiac dysrhythmias. Magnetic nanoparticles were combined with a 
modified electrode to determine the amount of drugs. For amiodarone and atenolol, the nanoparticles
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were loaded in crystalline material-41 grafted with 3-amiropropyl groups and modified on a carbon 
paste electrode. The anodic peak currents increased owing to the adsorption o f amiodarone and 
atenolol [77], Magnetic nanoparticles was coated on core-shell gold nanoparticles (Fe3C>4-Au-NPs), 
labeled with antigen, and later modified on a screen-printed carbon electrode for the analysis of 
digoxin with a low detection limit. The modified electrode offered simplicity, low cost, high 
sensitivity, stability, and reliability [78].

Anti-bacterial drugs are ubiquitous since encounters with bacteria are inevitable. Oxacillin and 
rifampicin are examples o f anti-bacterial drugs that can be detected by electrochemistry. With the 
fabrication o f an indium tin oxide electrode including cobalt nanoparticles, the resulting sensor had an 
excellent selectivity and amplification o f the electrochemical response signal for oxacillin detection in 
human blood serum samples [79]. Nickel hydroxide nanoparticles-reduced graphene oxide nanosheets 
(Ni(OH)2 -RGO) were prepared layer-by-layer on a graphene oxide (GO) film pre-cast on a glassy 
carbon electrode surface. The modified electrode exhibited a distinctly higher activity for the 
electro-oxidation o f rifampicin. The peak currents was enhanced as a result o f the fast electron transfer 
kinetics that arose from the excellent properties o f RGO nanosheets and the exclusive properties of  
nanoparticles [80],

Chlorpromazine, clonazepam, and thioridazine are drugs used in the management o f psychotic 
conditions. Cobalt nanoparticles modified on a carbon paste electrode showed high sensitivity for the 
detection o f chlorpromazine in biological samples [81]. A glassy carbon electrode composed o f silver 
nanoparticles and multiwalled carbon nanotubes was fabricated and had high electrocatalytic activity 
toward the reduction o f clonazepam. Nanodiamond graphite, in addition, was decorated with silver 
nanoparticles for thioridazine detection. The enhancement in microscopic area and strong absorption of 
thioridazine increased the peak currents and offered high sensitivity. Moreover, the modification of  
nanoparticles displayed high stability, uniformity, and reproducibility [17].

Silver nanoparticles functionalized on various electrodes were used as sensitive tools for respiratory 
disorder drugs, for example, difficult breathing and tuberculosis. Amperometric detection o f isoniazid 
exploiting a screen-printed carbon electrode modified with silver hexacyanoferrate in simulated human 
urine samples exhibited a detection limit as low as 2.6 pM [82]. Melamine functionalized silver 
nanoparticles were immobilized on the surface o f an electrode and used for the determination of 
clenbuterol in biological fluids and illegal usage in livestock feeding. The approach had advantages of  
simplicity, rapid detection, highly sensitivity, and selectivity [83],

3.5.2. Colorimetric and Spectrophotometric Detection

Chemical substances including drugs and ions can be detected by optical methods and provide high 
sensitivity and selectivity similar to electrochemical detection. Sample analytes in this part are divided 
into anti-bacterial and antiviral drug, drugs for relieving heart failure, pain, skeleton muscle 
performance, and ions.

Entecavir and 5-fluorocytosine are used as antiviral and antimitotic drugs, respectively. The 
detection concept of both analytes was based on the aggregation o f modified silver nanoparticles. The 
change from à dispersion to an aggregation resulted in a color change from yellow to wine red in the 
presence of entecavir. The aggregation was due to neutralization o f the electrostatic repulsion. This
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method was applied to real samples of human urine [84]. Along with / 7-aminobenzenesulfonic acid and 
silver nanoparticles, 5-fluorocytosine caused a color change from yellow to green and a SPR shift. The 
aggregation gaver a green color to the solution due to an electron donor/acceptor reaction. The result 
was detectable by the naked eye at concentrations as low as 0.08 ppm [85].

Plasmon absorbance decreased with increasing amounts o f captopril, a drug for hypertension and 
some types o f heart failure. Modified silver nanoparticles composed o f ascorbic acid as a reducer and 
sodium dodecyl sulfate as stabilizer were used as probe. The results exhibited a low detection limit in 
pharmaceutical formulation samples [86],

The tripan family drugs are used for migraines and cluster headache treatment. Silver nanoparticles 
were capped by citrate and utilized for detection. The results were observed as a color change from 
yellow, to orange, and to brown. The simple, sensitive, and rapid technique was employed in 
pharmaceutical tablets and nasal sprays [87], Semiconductor CdTe quantum dots were fabricated as 
S-P-CD-MSA-CdTe. In the presences o f acetylsalicylic acid (ASA), the fluorescence was enhanced. 
The method could be employed for detection o f aspirin [88].

An inhibition o f the chemiluminescent signal was observed after the addition o f baclofen into 
L-cysteine-capped CdS quantum dots, KMnCL, and Na2S2Û3. The technique was applied for the 
detection o f spasticity drugs showing higher sensitivity than CD-IMS [89].

Many ions act as a good representatives for disease and abnormal health status detection. For 
example, calcium ion as illustrative o f bone condition and iodated salt as a health indicator are 
described [90,91]. Amino-functionalized carbon dots mixed with glutamic acid and hyaluronic acid 
were found to bind at bone cracks. Thus, the process was able to locate micro-cracks and map calcium 
deposition by fluorescence imaging [90], Conjugated polyelectrolyte-stabilized silver nanoparticles 
were synthesized as light absorbers and 4-oxo-4(pyren-1-ylmethoxy) butanoic acid was used as an 
ideal fluorescence probe. Light absorbers quenched the ideal fluorophore and could be recovered after 
the addition o f hydrogen peroxide and iodine ion based on the inner filter effect (IFE). The technique 
was used for determination o f an iodate salt in urine samples [91].

3.6. H orm ones

A hormone is a chemical messenger produced by the endocrine system that regulates body physiology 
and behavior such as growth and development, metabolism, sexual function, reproduction and mood. 
Endocrine glands secrete hormones directly into the blood, which transports the hormones through the 
body. Cells in a target tissue have receptor sites for specific hormones. However, too much or too little 
o f a certain hormone can be serious. It takes only a tiny amount to cause big changes in cells or even 
the whole body. Thus, various laboratory tests for measuring hormone levels in biological fluids have 
been reported.

3.6.1. Electrochemical Detection

A simple, cost effective, selective and sensitive detection method is required for routine monitoring 
o f the endocrine-disrupting compounds in real samples. Thus, an electrochemical aptasensor for 
endocrine disrupting 17(l-estradiol based on a poly(3,4-ethylenedioxylthiopene) (PEDOT) doped with 
gold nanoparticles (AuNPs) platform has been reported. The prepared electrode was employed for the
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immobilization o f biotinylated aptamer for the detection o f the target. The electrochemical signal 
generated from the aptamer-target molecule interaction was monitored electrochemically using square 
wave voltammetry in the presence o f [Fe(CN)6]_3/_4 as a redox probe [92], Moreover, an aptamer-based 
label free electrochemical biosensor was also used for 17P~estradiol detection. In that work, an aptamer 
was immobilized on a layered tungsten disulfide nanosheets/gold nanoparticle-modified glassy carbon 
electrode through Au-S interaction. The layered tungsten disulfide nanosheet/AuNPs film acted as an 
efficient platform for the assembly o f  bio-probes. After blocking with bovine serum albumin, the 
aptamer probe was then bound with the addition o f 17(3-estradiol to form an estradiol/aptamer complex 
on the electrode surface, which led to a significant decrease in peak current. The aptamer sensor holds 
great promise o f sensitivity, reproducibility and could be extended to other analytes [93],

In addition, determination o f insulin was also established by using a nickel oxide nanoparticles 
modified Nafion-multiwalled carbon nanotubes screen printed electrode (NiONPs/Nafion-MWCNTs/ 
SPE). Cyclic voltammetric studies showed that the NiOPs/Nafion-MWCNTs film modified SPE 
lowered the overpotentials and improved the electrochemical behavior during insulin oxidation, as 
compared with the bare SPE. Moreover, amperometry was used to evaluate the analytical performance 
o f the modified electrode in the quantitation o f insulin. Excellent analytical performance was achieved 
under optimized conditions [94].

3.6.2. Colorimetric and Spectrophotometric Detection

Using multifunctional gold nanoparticles (AuNPs), a surface plasmon resonance (SPR) biosensor 
was developed for insulin detection in human serum. Bifunctional hydroxyl/'thiol-functionalized 
fourth-generation polyamidoamine dendrimer (G4-PAMAM)-encapsulated AuNPs were synthesized 
and immobilized on a gold surface. Part o f the dendrimer thiol groups were converted to hydrazide 
functionalities providing an activated surface available to subsequently immobilize the receptor. 
Herein, the resulting AuNPs dendrimer-modified surface provided an assay with high stability, 
significantly enhanced sensitivity, and a detection limit for analyzing insulin o f 0.5 pM. The SPR 
detection o f insulin was amplified due to the changes in the dielectric properties o f the matrixes, 
occurring upon the biorecognition processes on the sensor surface, through the coupling o f  the 
localized plasmon o f the NPs with the surface plasmon wave [95],

Europium (Eu(III)) chelate-bonded silica nanoparticles have been developed as a fluorescent label 
for a time-resolved immunofluorometric assay (TrIFA) for human thyroid stimulating hormone 
(hTSH). The fluorescent nanoparticle label allowed directly reading o f the fluorescent signal, omitting 
the signal development step required for the commercial dissociation-enhanced lanthanide 
fluorescence immunoassay (DELFIA) system. In combination o f high sensitivity, short period o f assay 
time, this developed method can be potentially used in hospitals for daily clinical practice in hTSH 
screening [96],

3 .7. Lipids

Most o f the fat found in food is in the form o f triglycerides, cholesterol, and phospholipids. High 
cholesterol is one o f the major controllable risk factors for coronary heart disease, heart attacks and 
strokes. Many people do not know their cholesterol is too high because there are usually no symptoms.
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Therefore, the monitoring o f cholesterol level is very important for clinical diagnosis. Many analytical 
methods have been developed for cholesterol determination using either enzymatic or non-enzymatic 
based methods.

3.7.1. Electrochemical Detection

To the present, electrochemical methods have been widely used to measure cholesterol levels. 
A gold nanoparticles (AuNPs)-modified cholesterol oxidase-based bioelectrode has been fabricated 
for the amperometric detection o f cholesterol in human serum samples. The fabrication procedure was 
based on the deposition o f AuNPs on a 1,6-hexanedithiol-modified gold electrode, functionalization of  
the surface o f the deposited AuNPs with carboxyl groups using 11-mercaptoundecanoic acid and 
then covalent immobilization o f cholesterol oxidase on the surface o f the AuNPs film using 
A-ethyl-M-(3-dimethylaminopropyl carbodimide) and A-hydoxysuccinimide ligand chemistry. 
The AuNPs provided an environment for enhanced electrocatalytic activities and thus resulted in an 
enhanced analytical response [97],

Besides, a porous tubular silver nanoparticles (AgNPs)-modified glassy carbon electrode (GCE) 
was also constructed as a working electrode for non-enzymatic cholesterol detection. The modified 
electrode showed markedly improved electrocatalytic activity toward cholesterol oxidation compared 
with solid Ag nanorods [98]. Likewise, a AgNPs-modified glassy carbon electrode (AgNPs/GCE) 
fabricated by an electrochemical deposition technique has also been reported for the determination of 
cholesterol in bovine serum based on coupling o f enzymatic assay and electrochemical detection. The 
AgNPs catalyst possesses catalytic activity in hydrogen peroxide reduction, with no observed 
interference from easily oxidizable species such as ascorbic acid and uric acid. In addition, the main 
advantages for the use o f AgNPs/GCE are in term o f high sensitivity, high accuracy, and simple 
fabrication [99],

3.7.2. Colorimetric and Spectrophotometric Detection

Several examples o f elctrochemiluminescence (ECL)-based nanoparticles for cholesterol detection 
have been demonstrated. For example, an ECL biosensor based on an anodic ECL o f luminol at low 
potential has been demonstrated. Firstly, C-60 was functionalized with L-cysteine (L-cys) giving an 
L-cys-C-60 composite, which was modified onto the surface o f glassy carbon electrodes for adsorbing 
gold colloidal nanoparticles (AuNPs). Subsequently, cholesterol oxidase (ChOx) was dropped onto the 
surface o f the modified electrode to fabricate a cholesterol biosensor. This approach promises good 
reproducibility, stability and anti-interference ability [100],

In a second example, an ECL biosensor for cholesterol detection based on multifunctional 
core-shell structured microspheres (Fe304@Si02-Au@mpSi02) has been reported. These microspheres 
consist o f a core o f silica-coated magnetite nanoparticles, an active transition layer o f gold 
nanoparticles (AuNPs) and a mesoporous silica shell. The microspheres possess a large surface area 
that can increase enzyme loading and an active transition layer AuNPs can also enhance the ECL 
signal, providing a better analytical performance [101].
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3.8. M icroorganism

Over millions o f years, microbes and humans have formed a unique relationship. The huge majority 
o f the microbes in the body are rendered harmless by the protective effects o f the immune system. 
Microbes are even useful for various applications such as a source o f antibiotics and vaccines to treat 
and prevent infectious diseases, but there are many ways that bacteria and other microbes can 
negatively affect human life.

3.8.1. Electrochemical Detection

A regenerating electrochemical impedance immunosensor has been constructed for the detection of 
type 5 adenovirus. The multi-layered immunosensor fabrication involved modification steps on gold 
electrodes: (1) modification with a self-assembled monolayer (SAM) o f 1,6-hexanedithiol to which 
gold nanoparticles (AuNPs) were attached via the distal thiol groups; (2) formation o f SAM o f  
11-mercaptoundecanoic acid onto the AuNPs; (3) covalent immobilization o f monoclonal 
anti-adenovirus 5 antibody, with EDC/NHS coupling reaction on the nanoparticles. The immunosensor 
displayed a very good detection limit o f 30 virus particles/mL and a wide linear dynamic range. 
An electrochemical reductive desorption technique was employed to completely desorb the components 
o f the immunosensor surface, then re-assemble the sensing layer and reuse the sensor [102],

3.8.2. Colorimetric and Spectrophotometric Detection

Recently, a platform based on conjugating long spacer arms (LSA) o f  carboxymethylated glucan 
(CMG) onto magnetic nanoparticles (MNPs) was developed to enhance the chemiluminescence (CL) 
detection o f infectious pathogens (hepatitis B virus (HBV)). CMG-MNPs are designed to have low 
steric hindrance and high suspension properties, which allow for facile modification and hybridization 
reactions that enhance the CL sensitivity and detection. The biotinylated amplicon o f HBV was 
hybridized to DNA probes functionalized on CMG-MNPs. The magnetic complexes were then 
incubated with streptavidin-alkaline phosphatase (SA-AP) to form linkages. Finally, the magnetic 
complexes were mixed with AMPPD to generate a CL signal that is proportional to the concentration 
o f HBV target. When optimized, the platform showed high specificity and a detection limit o f 0.5 pM, 
which exhibited great promise for the early clinical diagnosis o f  infectious diseases [103]. 
In addition, a method for the detection o f RNA virus (hepatitis c  virus (HCV)) based on enzyme free 
MNPs extraction o f nucleic acid and chemiluminescence has been reported. The specific lysis buffer 
conditions helped the nucleic acid adsorb on the surface o f MNPs. The CL detection o f HCV was 
achieved by incubating the biotin labeled RT-PCR products with probe-labeled MNPs and 
streptavidin-alkaline phosphatase (SA-AP) [104].

Simultaneous determination o f  human enterovirus 71 (EV71) and coxsackievirus B3 (CVB3) was 
also possible using dual-color quantum dots (QDs), as shown in Figure 3. The QDs are 
streptavidin-conjugated quantum dots (SA-QDs), and the antibodies are biotinylated antibodies. 
Biotinylated EV71 antibody (Abi) was associated with 525 nm green colored SA-QDs via 
biotinstreptavidin interaction forming QDs-Abi, whereas biotinylated CVB3 antibody (Ab2 ) was 
associated with 605 nm red colored SA-QDs via biotinstreptavidin interaction forming QDs-Ab2 .
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Graphene oxide (GO) was a quencher to the flurescent o f  both QDs-Abi and QDs-Ab2 . The target of  
EV1 and CVB3 can break up the complex o f QDs-AB and GO, recovering the fluorescence of  
QDs-Abi and QDs-Ab2 , respectively. Using these dual-color QDs, the two enterovirus can be 
simultaneously quantitatively determined with a single excitation light [105],

QDs 525 EV71 75 50 25 0 ng/ml. QDs 605
CVB3 25 50 75 100 ng/ml.

Figure 3. Schematic Presentation o f  the Multicolored QDs-Ab and GO Based EV71 and 
CVB3 Determination Biosensor and photovisualization o f semiquatitative simultaneous 
determination o f EV71 and CVB3 [105]. Reprinted with permission from (Chen, L.; 
Zhang, X.; Zhou, G.; Xiang, X.; Ji, X.; Zheng, z.; He, Z.; Wang, H. Simultaneous 
determination o f human enterovirus 71 and coxsackievirus b3 by dual-color quantum dots 
and homogeneous immunoassay. Anal. Chem. 2012, 84, 3200-3207.). Copyright (2012) 
American Chemical Society.

3.9. N eurotransm itters

Neurotrabnsmitters have received considerable attention due to their important role in the human 
brain and body [106], Dopamine has been recently an interesting target analyte o f many research 
groups. Its deficiency causes cognitive malfunctions, such as Parkinson’s disease [107], Other 
neurotransmitters, i.e., L-dopa, choline, and serotonin, also have essential role in animals.

3.9.1. Electrochemical Detection

Gold nanoparticle-modified electrodes have been individually and simultaneously used for 
detection o f dopamine and L-dopa. For example, a gold nanoparticles functionalized carbon nanotubes 
(AuNP-CNT)-modified pyrolytic graphite electrode (AuNP-CNT/PGE) decreased the oxidation 
potential whereas oxidation currents were increased by five-fold compared with PGE in the 
determination o f L-dopa [107], Dopamine was detected simultaneously in urine serum with a modified 
glassy carbon electrode. The biosensor was fabricated by electrodeposition o f Au-nanoclusters on a 
poly(3-amino-5-mercapto-1,2,4-triazole) (p-TA) film-modified glassy carbon electrode (GCE). 
The combination of materials produced a large surface area electrode and provided biological 
compatibility as well as good conductivity, stability, high sensitivity, and selectivity [108],
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Ascorbic acid was a serious interference in the analysis o f dopamine, thus a negatively charged 
electrode surface using PEGylated arginine functionalized magnetic nanoparticles was fabricated to 
resolve the problem. Dopamine interacted with the charged electrode and exhibited high sensitivity 
and selectivity for detection at a low concentration [109]. The fabrication o f glassy carbon electrode 
modified-NiF204 magnetic nanoparticles decorated with multiwalled carbon nanotubes showed a 
synergistic effect toward the oxidation o f dopamine without interference from other organic 
compounds, especially ascorbic acid, uric acid, cysteine, and urea. The results indicated a low 
detection limit and wide linear dynamic range for dopamine quantification in pharmaceutical, urine, 
and human blood serum samples [110].

A nanocomposite film o f choline oxidase, multiwalled carbon nanotubes, gold nanoparticles, and 
poly(diallyldimethylammonium chloride) (PDDA) was used for choline detection. Gold nanoparticles 
was coated on the multiwalled carbon nanotubes by the interaction o f gold and thiols. PDDA was 
utilized as dispersant and binder material. The film had good reproducibility and long term stability 
with anti-interference ability [111]. Other nanocomposites o f cuprous oxide nanoparticles [112], gold 
nanoparticles [113,114], palladium nanoparticles [106], and zinc oxide nanosheets [115] present 
corresponding advantages resulting from their nanoparticles, including excellent sensitivity, 
selectivity, coupled with good stability.

Dopamine in commercial available human serum samples was analyzed without interferences using 
chitosan-stabilized silver nanoparticles and />-toluenesulfonic acid-doped ultrathin polypyrrole film. 
The results indicated a low detection limit o f 0.58 nM [116]. Dopamine was detected simultaneously in 
the presence o f uric acid and ascorbic acid [117,118]. For example, a silver nanoparticles-decorated 
reduced graphene oxide composite (AgNPs/rGO) was responsible for excellent electrocatalytic activity 
and well separated oxidation peaks. The method had good stability, sensitivity, and selectivity. It was 
applied for detection o f these three compounds in commercial pharmaceutical samples, such as vitamin 
c  tablets and dopamine injections [117]. Other neurotransmitters, namely serotonin, were detectable in 
plasma serum samples with a detection limit as low as 0.15 mu-M by utilizing a platinum electrode 
modified with multiwalled carbon nanotubes, polypyrrole, and colloidal silver nanoparticles [19].

Other metal nanoparticles were coated onto electrodes for the determination o f dopamine, 
epinephrine, and L-dopa. To illustrate this, palladium nanoparticles with multiwalled carbon nanotubes 
and ionic liquids were decorated onto a carbon paste electrode for the simultaneous detection of  
dopamine, ascorbic acid, and uric acid. The results displayed three sharp and well separated peaks. The 
detection limit was in the nM range [119]. Epinephrine was detected in the presence o f dopamine by 
square wave voltammetry. A glassy carbon electrode modified with nickel oxide nanoparticles and 
carbon nanotubes within a dihexadecylphosphate film was used for analysis of these compounds in 
human body fluids consisting o f cerebrospinal fluid, human serum, and lung fluid [120]. Cobalt 
hydroxide nanoparticles and multiwalled carbon nanotubes was constructed on a carbon ionic liquid 
electrode for the detection o f L-dopa and melatonin in pharmaceutical and human urine samples. The 
electrode provided high sensitivity as well as convenient preparation and high stability [121].
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3.9.2. Colorimetric and Spectrophotometric Detection

Recent applications show that modified gold nanoparticles can be used for the visual detection of 
dopamine. For example, the use of BSA-stabilized Au nanoclusters (BSA-AuNCs) showed dramatically 
decreased the fluorescence intensity that could be inhibited upon the addition o f dopamine. The signal 
decrease was due to the dopamine electrostatically attached to the BSA-AuNCs [122], Moreover, 
melamine-induced aggregation o f gold nanoparticles was inhibited in the presence o f dopamine. The 
color changed from red to blue and could be detected by the naked eye. The aggregation was a 
consequence of strong hydrogen bonding between melamine and dopamine [123]. Dopamine was 
capped on the surface of gold nanoparticles and subsequently caused the aggregation. The reaction was 
catalyzed by thioglycolic acid that was modified through hydrolysis promoting Au-S bond formation. 
The addition o f dopamine changed the solution color from red to purple, or red to yellow. The method 
provided a detection limit lower than the level o f  existence o f dopamine in urine [124],

Many magnetic nanoparticles are reported to have peroxidase mimetic activity. As an illustration, 
CoxFe3-x04 magnetic particles were synthesized and could effectively catalyze the reaction between 
3,3,5,5-tetramethylbenzedine or TMB and H2 O2 . Dopamine, which possesses a hydroxyl group, was 
able to react as a reducing agent and consume the H2 O2 . The blue color due to the interaction between 
TMB and H2 O2 is eventually faded. The technique could quantify dopamine in human serum samples 
at low pM levels [125].

Silver nanoparticles have the ability to enhance the co-luminescent effects o f rare earth ions such as 
Tb3+ and Y3+. Dopamine could increase the luminescent intensity o f the ions. The analyte in 
hydrochloride injection was determined at concentrations as low as nM level using this 
metal-enhanced fluorescence concept [126].

3.10. N ucleic A cids

Nucleic acids are nucleotide biopolymers. Nucleotides are composed o f 5-carbon sugars, phosphate 
groups, and nitrogenous bases. RNA and DNA are types o f nucleic acid. The two have different 
sugars, thus RNA is composed o f ribose, whereas DNA is composed o f deoxyribose. The nitrogenous 
bases are derivatives o f pyrimidine (i.e ., cytosine, thymine, and uracil) and purine bases (1i.e., adenine 
and guanine). DNA and RNA are associated with gene expression. NADFI is two nucleotides joined 
together at a phosphate group or so-called dinucleotide. It is a coenzyme that carries electrons from 
one reaction to another. Due to the prevalence o f these substances in living cells, the detection o f  
nucleic acids and their composition is important.

3.10.1. Electrochemical Detection

Gold nanoparticles were modified onto a mercapto-diazoaminobenzene monolayer-modified 
electrode (AuNPs-ATP-diazo-ATP) based on self-assembly for the detection o f complementary 
single-stranded DNA. The DNA was determined with a detection limit o f 9.10 X 1O'11 M by 
differential pulse voltammetry with the use o f Co(phen)33+ as an electrochemical indicator. The gold 
nanoparticles were assumed to be responsible for the efficient electron transfer ability. The modified 
electrode had in consequence good selectivity and was easily regenerated [127],



Sensors 2015, 15 21449

Magnetic nanoparticles were immobilized with linker DNA and CdS NPs for the hybridization of  
the target DNA. Utilizing the nicking endonuclease for cutting the specific strand o f linker DNA, the 
target DNA was liberated and able to re-hybridize with other modified nanoparticles. When the linker 
DNA was transected, the CdS NPs was released. Hence, the amount o f released nanoparticles was 
enhanced. The amplification signal was detected by swv with a detection limit o f 0.08 fM. The 
method possessed high sensitivity, satisfactory reproducibility, and excellent stability [128]. Fe304 
magnetic nanoparticles were loaded onto the surface o f  a MWC-NTs-modified GC electrode for the 
detection o f NADH by amperometric detection. The modified electrode presented the advantages of 
both MNPs and MWC-NTs. Fe304 has similar redox properties to mediators that favor the electron 
transfer between NADH and the electrode. As a result, the modified electrode catalyzed the oxidation 
o f NADH at low potential and the overpotential was decreased. NADH could be detected with this 
technique with a detection limit of 0.3 pM. In addition, the method was used for detection o f lactate by 
coupled dehydrogenase enzymes with a modified electrode. The detection limit for lactate using DPV 
was 0.5 pM. The method promised to offer an efficient transducer for the design o f biosensors [129].

A TiCh-graphene nanocomposite was modified on a glassy carbon electrode for the determination 
o f purine bases, namely adenine and guanine. The detection limits o f adenine and guanine were 
0.10 and 0.15 pM, respectively. The electrocatalytic activity was improved because the modified 
electrode had a high adsorptivity and conductivity [130], AuNPs/rGO was formed on GCE with redox 
mediators and enzymes for NADH detection. The modified electrode produced an excellent direct 
electrocatalytic oxidation o f NADH due to a large active surface area and a favorable environment for 
electron transfer between NADH and the electrode. The electrocatalytic current density was 2-3 times 
higher compared with AuNPs alone. The detection limit was 1.13 nM (S/N = 3). The 
interferences, i.e., glutathione, glucose, ascorbic acid, guanine, were negligible. The method was 
applied in human urine samples [131]. CdSe QDs-GO was immobilized on a paraffin wax-impregnated 
graphite electrode (PIGE) for adenine and guanine detection. The modified electrode showed excellent 
electrocatalytic activity for the oxidative determination o f adenine and guanine with a good peak 
separation o f 0.31 V. The detection limits of adenine and guanine were 0.028 and 0.055 pM, 
respectively. The method was employed for herring sperm DNA as an example o f a real sample [132].

Poly(styrene-co-acrylic acid) microbeads were functionalized with CdTe quantum dots for the 
detection o f DNA. The engagement o f quantum dots made the polybeads an effective platform for 
labelling DNA and protein. The CdTe-tagged polybeads with a DNA probe specific to breast cancer 
was used for determination o f DNA using swv to measure Cd2+ after dissolution o f CdTe tags with 
FINO3 . The detection limit o f this technique was 0.52 fM [133].

Graphene was easily coated with polydopamine and funtionalized with AgNPs in order to assemble 
an electrode for the detection o f the nucleic acid derivatives. The confirmation o f electrode doping was 
illustrated by comparing pre-coating images obtained by SEM, TEM, and XRD with 
post-coating images. HS-SSDNA was immobilized and methylene blue was utilized as an 
electrochemical indicator for the determination o f DNA. The results showed the detection limit o f
3.2 X 10~15 M (S/N = 3) and high selectivity o f differentiation o f one-base mismatched DNA [134]. 
A similar technique for the determination o f adenine and guanine was reported having a detection limit 
o f 2.0 and 4.0 nM, respectively. The modified electrode showed more favorable electron transfer 
kinetics than both Gr-modified GCEs and AgNPs-modified GCEs [135].
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Nickel and nickel oxide nanoparticles was modified on a GCE for the detection o f DNA and 
NADH. NADH was detected with a NiOxNPs/GC electrode by chronoamperometry without using any 
electron mediator. The detection limit was 106 nM (S/N = 3). The modified electrode possessed 
excellent electrocatalytic activity toward oxidation of NADH at a reduced voltage [136], Likewise, a 
GCE was modified with NiNPs dispersed on PDAN for the detection o f NADH. The modified 
electrode provided a positively synergistic effect in the electrochemical oxidation o f NADH with 
excellent selectivity. Three types o f voltammetry were employed including cv, swv, and DPV. 
Each had a different detection limit o f 0.378, 0.122, and 0.02 pM, respectively [137]. In another 
reference the immobilization of a DNA probe and a [Ru(NH3)sC1]PF6 complex onto a NiOx(NP) 
modified GCE was reported. NiOx(NP) provided strong affinity for phosphate groups, thus 
oligonucleotide probes with a terminal phosphate group can be attached to the surface o f the modified 
electrode for the detection o f DNA. The detection limit was 6.8 X KT11 M. The Ru-complex only 
responded to the complementary sequence o f DNA. The technique has the advantages o f good 
selectivity, good sensitivity, excellent reproducibility, stability, and simplicity [138].

3.10.2. Colorimetric and Spectrophotometric Detection

The Stx-2 gene that causes disease in human was used as an example o f colorimetric detection by 
gold nanoparticles (GNPs). GNPs were functionalized with thiolated ssDNA complementary to a 
target specific based-pair o f stx-2 genes [139]. A detection and capture probe were reported in another 
reference for miRNA determination. The detection probe consisted o f thioI-DNA and gold 
nanoparticles, while the capture probe had biotin-single strand DNA as a combination. Adivin 
immobilized on a flow strip could capture the adivin-biotin-Au-sample complex so that miRNA was 
detected at levels as low as 1 fM without silver enhancement [140].

Magnetic nanoparticles were functionalized for the detection o f DNA. There were two probes for 
trapping and sensing, respectively. Complementary DNA was covalently immobilization on the target 
for the fabrication o f the trapping probe, which had the responsibility o f concentrating the target DNA 
from complex. The detection probe, on the other hand, was made from Fe304@Ah03 magnetic 
nanoparticles and riboflavin-5-monophospahte (RFMP) through Al-phosphate chelation. RFMV is a 
fluorescent dye used in a reaction in which the displacement o f DNA on the probe would release RFMP 
into the solution and enhanced fluorescent intensity. Ultimately, the DNA remaining on the probe was 
detected by MALDI-MS [141]. Target mutant DNA with a hairpin loop portion consisted o f biotin at 
3' and isothiocyanate (FITC) at 5' forming a nicking site for nicking endonuclease (NEase). NEase 
would cleave the hairpin and DNA, releasing parts with fluorescence for signal detection and DNA 
that was able to initiate the recycling process. Hence, the amount o f fluorescence was increased and 
could be quantified. The method was applied for the detection o f p53 gene and had high selectivity 
toward mismatched DNA [142],

HIV-1 and HIV-2 at a single molecule level could be detected by functionalized quantum dots 
(QDs). The QDs had two functions. One was to act as a concentrator, and another as fluorescence pair. 
The technique was simple, showing high sensitivity and low sample consumption with short analysis 
times [61],



Sensors 2015, 15 21451

The determined o f adenine with magnetic nanoparticles decorated with silver nanoparticles via 
photochemical reduction was proposed. The modified particles had a seven-fold signal enhancement 
and could be used for the detection o f adenine at a few hundred nanomolar concentration [143].

A sandwich-type DNA sensor was fabricated. Magnetic nanoparticles were functionalized at the 
amino group o f DNA, whereas the other DNA had a carboxyl functionalized by gold nanoparticles. 
Cobalt nanoparticles were modified onto DNA-functionalized gold nanoparticles to amplify the 
detection signals. Later, the mixture o f functionalized magnetic and modified gold nanoparticles would 
liberate cobalt ions in the presence o f acid, and the chemiluminescence o f the cobalt ions could be 
detected in the presence o f luminol and H2 O2 with a low detection limit [144],

3.11. Proteins

Proteins are large biomolecules composed o f amino acids that polymerizes to polypeptides. Proteins 
are essential compounds to many living beings, especially animals. They influence health through 
dietary consumption, and protein deficiency affects growth, therefore, the quantification o f proteins is 
important. There are many forms of protein that play critical roles in the living systems, but most 
publications refer to thrombin due to its crucial property as a part o f the blood coagulation system. 
Other protein and protein derivative analytes are also described in the following subsections.

3.11.1. Electrochemical Detection

Gold nanoparticles with antithrombin-aptamer as molecular recognition element improved the 
sensitivity for thrombin detection. The combination was self-assembled on the surface o f a bare 
electrode using 1,6-hexanedithiol. The redox couple was monitored for the electron transfer resistance 
o f the aptasensor. The detection limit was 0.013 nM. The aptasensor showed good selectivity 
toward thrombin against other proteins [145]. Another approach presented an aptamer-gold 
nanoparticles-horseradish peroxidase (HPR) sensor for the detection o f thrombin. A capture probe o f  
aptamer 1 immobilized onto the core/shell Fe3Û4/Au magnetic nanoparticles and a detection probe o f  
aptamer 2 labeled with AuNPs and HRP was fabricated. Thrombin linked the captured and detection 
probe together causing an amplification o f the signal. The method was simple, rapid, and selective. It 
showed great performance in the determination o f thrombin in disease diagnosis [146],

An electrochemical platform based on Fe304@polyaniline nanoparticles (Fe3C>4@PANI NPs) has 
been developed for the detection o f creatinine in human plasma and urine. The creatinine target 
molecule was self-assembled on the surface o f nanoparticles through N-H hydrogen bonding. 
Molecular imprinted polymers (MIPs) were established on a magnetic glassy carbon electrode. The 
sensors exhibited high sensitivity and selectivity for creatinine with a low detection limit [147]. The 
electrochemical signals modified by micro- and nanoparticles for detection o f P lasm odium  fa lc ip a ru m  
histidine-rich protein (ITPR2) that is related to malaria were compared. The particles were immobilized 
with HPR2-antibody and horseradish peroxidase (HRP), and then captured by graphite-epoxy 
composite (m-GEC) which was used as the transducer for the detection. The results showed that 
magnetic nanoparticles had better analytical performance for a rapid, simple, cost-effective, and on-site 
detection o f HRP2 in blood [148]. The schematic o f the detection method is illustrated in Figure 4.
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Figure 4. Schematic representation o f the experimental details o f the p. falciparum antigen 
(HRP2) related to malaria disease in human serum for the electrochemical magneto 
immunosensor [148]. Adapted with permission from (de Souza Castilho, M.; Laube, T.; 
Yamanaka, H.; Alegret, ร.; Pividori, M.I. Magneto immunoassays for plasmodium 
falciparum histidine-rich protein 2 related to malaria based on magnetic nanoparticles.
Anal. Chem. 2011, 83, 5570-5577.). Copyright (2011) American Chemical Society.

Graphene/3,4,9,10-perylenetetracarboxylic acid (GPD) with a three-dimensional porous structure 
had been fabricated as a redox probe. The novel probe has a high electrochemically active area and 
conductivity. In thrombin detection, the probe showed higher sensitivity compared with other redox 
probes [149]. ST6Gal-I is a protein marker o f tumors and cancer. It was detected using a modification 
of nanocomposites and gold nanoparticles. The nanocomposites were Prussian Blue-based (PB). The 
technique had excellent sensitivity and selectivity and could be used for quantification o f the protein in 
human serum samples with a detection limit as low as 3 pg-mL-1 [150],

Silver nanoparticles decorated with ZnO nanotubes were used as tools for the detection o f D-dimer. 
D-dimer is present in humans under thrombosis (DVT) disorder conditions. Firstly, ZnO nanorods 
were etched into nanotubes that later would be covered with silver nanoparticles. The biosensor 
exhibited a low detection limit with acceptable selectivity and reproducibility. The method promised 
specific detection o f D-dimer in clinical and real samples [151].

3.11.2. Colorimetric and Spectrophotometric Detection

Thrombin is detected by various colorimetric techniques. For example, gold nanoparticles with the 
addition o f thrombin in an excess of fibrinogen induced the formation o f  insoluble fibrin-AuNPs as a 
result o f the polymerization o f the unconjugated and conjugated fibrinogen. The absorbance o f the 
supernatants decreased as the amount o f thrombin increased. This probe exhibited high sensitivity and 
selectivity over other proteins. The limit o f detection is lower than those obtained using other 
nanomaterial- and aptamer-based detection methods. The technique has potential for the detection of 
thrombin in disease diagnosis [152]. Another reference [153] reported a technique similar to the 
previous one for quantification o f thrombin without interferences from proteins such as bovine serum 
albumin, pepsin, trypsin, etc. The catalytic activity o f gold nanoparticles in the luminol H2 O2 

chemiluminescent method (CL) was used for the detection o f thrombin. The effective binding o f the 
target protein and aptamer could induce the aggregation o f gold nanoparticles, and subsequently
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enhance the CL reaction. This biosensor provided a simple, cheap, rapid, and sensitive method for 
detection o f thrombin [154],

The parallel concept o f aptamer-induced aggregation was applied in magnetic nanoparticles for 
thrombin detection. Gold-coated iron oxide nanoparticles were synthesized. The synthesized 
nanoparticles had a flowerlike or nanorose shape. The nanorose changed from well dispersed to an 
aggregated state in the presence o f human-a thrombin, which resulted in an alteration o f the UV-Vis 
absorption spectra. The dual detection o f qualification and quantification was advantageous as it 
provided more reliable results. The technique was used for detection o f thrombin at low detection 
limits [155], Likewise, magnetic nanoparticles with antithrombin aptamer conjugated on SPR gold 
film was used for detection o f thrombin by SPR spectroscopy with a low detection limit. The 
selectivity o f the technique was tested using three kinds o f protein including BSA, human IgM, and 
human IgE. The results showed that the nanoparticles were an excellent amplification reagent in SPR 
detection o f thrombin and had great performance [11], Other approaches were employed for the 
quantification o f thrombin, the signal enhancement being due to core-shell gold capped magnetic 
nanoparticles (GMPs) was an example. In a solution comprised o f thrombin aptamer 1 and GMP5-Apt2 
conjugates a remarkably increase in SPR angle was displayed due to the larger mass and higher 
refractive index o f GMP5-Apt2 compared with gold nanoparticles. Thus, a low level detection limit 
could be achieved. The method presented a novel option for protein detection and disease 
diagnosis [156]. Besides thrombin, various analytes such as C-reactive protein (CRP), bovine serum 
albumin (BSA), and cardiac troponin I (cTnl) have utilized magnetic nanoparticles as a significant 
features for colorimetric detection [4,7,157].

Quantum dot coupling with thrombin aptamer was used for the quantification o f  thrombin. 
QDs-apt:B was constructed by assembling the quantum dots with a single-stranded aptamer, then 
staining the duplex regions o f the aptamer with a DNA intercalating dye (BOBO-3). The dye was 
released as thrombin induced the folding o f the aptamer. The QD fluorescence resonance energy 
transfer (FRET)-mediated BOBO-3 emission decreased, therefore, the technique could be applied to 
evaluate the thrombin level [158]. Moreover, quantum dots functionalized with aptamer as well as 
magnetic nanoparticles functionalized by aptamer showed ability for the determination o f thrombin 
with low detection limits. The system was assembled on a chip using fluorescence as a detection 
technique. The results revealed that the on-chip platform had advantages o f speed and efficiency [159].

A protein derivative such as an amino acid can be detected using nanoparticles too. For example, 
short peptide chains were hydrolyzed into the negative peptide apart and positively charged dipeptides, 
in the presence o f trypsin. The dipeptides were able to cap on the surface o f silver nanoparticles and 
induce aggregation under salt conditions. The interaction caused a change in the color o f the solution, 
which could be detected by UV-Vis spectrophotometry and the naked eye. This technique provided a 
novel strategy for trypsin determination in clinical applications [160], An aptamer was functionalized 
on silver nanoparticles (apt-AgNPs) for the determination o f platelet derived growth factor-BB 
(PDGF-BB) protein. First, the aptamer and ssDNA were loaded on the nanoparticle surface to form a 
probe. Second, the probe could cause metal deposition by catalyzing the reduction o f metallic ions in a 
color agent. The corresponding results could be captured by the naked eye. There were two coloring 
agents, namely silver enhance solution, and color agent 1 which was a solution o f HAuCU and 
hydroquinone. The results demonstrated that color agent 1 had benefits over the other option,



Sensors 2015, 15 21454

especially at low detection limits due to its superior sensitivity. The development showed good 
potential in complex biological samples [29],

3.12. Sugars

Diabetes is a metabolic disease, which can cause serious health effect such as heart disease and 
kidney failure. Thus, monitoring o f glucose levels is required for the diagnosis and control o f diabetes. 
For this purpose, various analytical methods based on the use o f the nanomaterials have been 
established for glucose monitoring.

3.12.1. Electrochemical Detection

According to the sugar determination, this approach can be classified into two main groups: 
enzymatic and non-enzymatic methods. Enzymatic methods are highly selective, fast and sensitive, but 
several parameters can affect enzyme activity. To overcome these disadvantages, many glucose 
sensors that have been made are based on non-enzymatic methods such as those o f Ismail et al. [161] 
who reported a non-enzymatic electrochemical glucose sensor based on a graphene oxide nanoribbon 
(GONRs)-gold nanoparticle (AuNPs) hybrid. They found that AuNPs supported by GONRs were 
greatly superior to the unsupported conventional bare gold electrode, with a greatly enhanced current 
density (approximately by 200%). This is attributed not only to the high total surface area o f the 
AuNPs compared to that o f  a Au sheet, but also to the three-dimensional specific interaction between 
the functional groups on the GONRs and the Au active sites with the reactant and the intermediates 
that promote the reaction kinetics. Another non-enzymatic glucose sensor was also developed based on 
the electrocatalytic oxidation activity o f nanoporous gold (NPG) toward glucose. The NPG electrode 
was prepared by a rapid one-step square-wave oxidation reduction cycle (SWORC). The prepared 
NPG electrode had high roughness, and excellent electrocatalytic activity toward glucose 
electrooxidation. In addition, Nafion was selected as a protective film to enhance the specificity o f the 
developed glucose sensor with no interference from ascorbic acid and uric acid [162],

To increase the sensitivity o f enzymatic glucose biosensors, several articles have been published 
based on the use o f magnetic nanoparticles (MNPs) as an immobilization platform for glucose oxidase 
(GOD). A conductive-catalyst system that consisted o f Fe3 Û4  MNPs and oxidative enzymes 
co-entrapped in the pores o f mesoporous carbon, forming a magnetic mesoporous carbon (MMC) has 
been fabricated. GOD is subsequently immobilized in the remaining pores o f the MMC using 
glutaraldehyde cross-linking to prevent enzyme leaching. H2 O2 is generated by the catalytic action of 
GOD in proportion to the amount o f the glucose and is subsequently reduced in H2 O by the peroxidase 
mimetic activity o f MNPs generating a cathodic current, which can be detected through the conductive 
carbon matrix [163], Furthermore, a practical glucose biosensor with immobilization o f glucose 
oxidase (GOD) enzyme on the surface o f citric acid (CA)-assisted cobalt ferrite (CF) magnetic 
nanoparticles (GOD/CA-CF/GCE) has been reported. This approach worked on the principle o f  
detection o f H2O2 which is produced by the enzymatic oxidation o f glucose to gluconic acid. This 
sensor has tremendous potential for application in glucose biosensing due to its higher sensitivity and a 
substantial increment o f the anodic peak current [164], In order to improve the sensitivity, an 
amperometric glucose sensor based on an enhanced catalytic reduction o f oxygen using GOD adsorbed
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onto core-shell Fe304@silica@Au MNPs has been reported. The authors found that the immobilized 
GOD retained its bioactivity with protein load and exhibited a fast heterogeneous electron transfer 
rate [165]. Another work demonstrated magnetic single-enzyme nanoparticles (MSENs) encapsulated 
within a composite Fe304/poly(pyrrole-N-propylsulfonic acid) network. The MSENs were then modified 
onto a magnetic glassy carbon electrode (MGCE) through magnetic immobilization. The modified 
electrode exhibited high selectivity, stability and rapid operation for the detection o f glucose [9].

Nanocomposites have also found widespread use for monitoring glucose. This is due to their greatly 
enhanced electrocatalytic activity toward glucose in the electrochemical detection step. In these 
systems, chronoampermetry or amperometry are often performed, which are very suitable for the 
determination o f glucose. Using a PtPd/MCV nanocomposite (PtPd bimetallic alloy nanoparticles on 
onion-like mesoporous carbon vesicle (MCV))-modified glassy carbon electrode, a nonenzymatic 
glucose sensor has been reported. Compared with Pt/MCV nanocomposite, the PtPD/MCV 
nanocomposite displays an enhanced current response toward glucose. The particular lamellar 
structure o f the MCV also resulted in favorable transport passage for glucose [166], Glucose was also 
measured based on integration of glucose oxidase (GOD) with a Pt nanoparticles/ordered mesoporous 
carbon (OMC) nanocomposite-modified electrode. In this approach, GOD was immobilized by 
entrapment in an electropolymerized pyrrole film for the construction o f a glucose biosensor, 
providing great sensitivity [167], Moreover, a non-enzymatic glucose sensor based on a glassy 
carbon electrode has been recently modified with copper oxide (CuO) nanocubes-graphene 
nanocomposite [168], nickel hydroxide/graphene nanocomposite [169]. GOD immobilized on 
poly(methylene blue) doped silica nanocomposites (PMB@SiÛ2 ) was also constructed on a glassy 
carbon electrode. Compared with po!y(methylene blue) film, PMB@Si02 had more advantages in 
facilitating electron transfer between GOD and the electrode surface [170], Recently, a high 
performance non-enzymatic glucose sensor based on polyvinylpyrrolidone (PVP)-stabilized graphene 
nanosheets (GNs)-chitosan (CS) nanocomposite was demonstrated. Benefitting from the synergistic 
effect o f GNs (large surface area and high conductivity), NiNPs (high electrocatalytic activity in 
glucose oxidation) and CS (good film-forming and antifouling ability), this enzyme-free sensor was 
established with outstanding detection limits and attractive selectivity [171]. An in-situ  polypyrrole 
cross-linked chitosan/glucose oxidase/gold bionanocomposite film was fabricated to constructed a 
simple glucose sensor. The resulting bionanocomposite provided a suitable environment for the 
enzyme to retain its bioactivity under quite extreme conditions, and the decorated AuNPs in the 
bionanocomposite offer good enzyme affinity [172], Glucose was also measured by an enzyme-free 
sensor based on chemical oxidative polymerization o f pyrrole monomers on the surface o f CuFe2 Û4 

nanoparticles (core-shell-CuFe204/PPY nanocomposite). It was shown that the presence o f pyrrole 
increased the electronic interaction between NPs and the polypyrrole matrices [173]. To improve the 
sensitivity and prevent GOD from leaching away, a sensitive glucose sensor based on the 
immobilization o f GOD on hollow Pt nanospheres assembled on graphene oxide (GO)-Prussian Blue 
(PB)-3,4,9,10-perylenetetracarboxylic dianhydride derivative (PTC-NEh) nanocomposite film has been 
reported [174], Interestingly, to pursue high performance for non-enzymatic glucose sensors, the 
modified electrode coupling with concentrated hydroxide electrolyte based on a fast conversion o f the 
redox couple (Ni(OH)2 -f-*'NiOOH: Niu/Nim) on Ni(OH ) 2  nanoparticles-modified carbon (Ni(OH)2 /C) 
nanocomposites has been established. The excellent performance for glucose detection is attributed to
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the fast conversion o f  N in/Nim which is accelerated by an adequate hydroxide electrolyte 
concentration, fast electron transfer in the carbon skeleton, and high activity o f Ni(OH)2/C 
nanocomposite [175],

Silver nanoparticles (AgNPs) are o f interest for the electrochemical detection o f glucose. Several 
papers have been published based on the use o f AgNPs for the modification o f the electrode. 
For example, an enzymatic glucose sensor based on immobilizing glucose oxidase (GOD) on a 
AgNPs-decorated multiwalled carbon nanotube (AgNP-MWNT) modified glass carbon electrode 
(GCE) has been reported. The AgNP-MWNT composite membrane showed improved biocompatibility 
for GOD immobilization and an enhanced electrocatalytic activity toward reduction o f oxygen due to 
the decoration o f AgNPs on MWNT surfaces. The AgNPs also accelerated the direct electron transfer 
between the redox-active site o f GOD and the GCE surface because o f their excellent conductivity and 
large capacity for protein loading, leading to direct electrochemistry o f GOD [176]. In a second 
example, an amperometric glucose sensor based on silver nanowires (AgNWs) and chitosan 
(CS)-glucose oxidase (GOD) film was demonstrated. The results indicated that AgNWs play an 
important role in the enhanced electron transfer between the immobilized GOD and the surface of 
electrode, which are attributed to large surface-to-volume ratio and high conductivity o f AgNWs [177], 
Recently, a simple method for the decoration o f graphene oxide (GO) with AgNPs as the catalyst 
material was used for the glucose sensor applications. The total response o f the sensor was improved 
significantly, mainly because o f the synergistic interaction between the AgNPs and GO [178],

Owing to the unique properties o f the mentioned metal nanoparticles, other metal nanoparticles 
have also been used in non-enzymatic sensors to enhance the sensitivity. Cobalt nanoparticles (CoNPs) 
are alternative metal nanoparticles that have good potential for glucose sensing due to a prominent 
electrocatalytic activity toward glucose. For instance, a non-enzymatic amperometric sensor based on a 
cobalt oxide nanoparticle-modified glassy carbon (CONM/GC) electrode was reported. The modified 
electrode exhibited excellent performance for glucose determination, sensitivity and fast response 
times [179]. Moreover, a selective sensor based on cobalt oxide nanoparticles electrodeposited on 
reduced graphene oxide was also used, which displayed a remarkably selectivity toward glucose [180]. 
Another sensor has been reported using a new type o f cobalt nanoparticle modified indium tin oxide 
electrode made by an ion implantation technique [181].

Nickel nanoparticles (NiNPs) are another type o f metal nanoparticles that exhibit excellent 
electrocatalytic ability toward glucose broadly used in glucose sensors. Nie et al. [182] reported a 
non-enzymatic glucose sensor based on using well-distributed NiNPs on straight multi-walled carbon 
nanotubes (SMWNTs) nanohybrids, which were synthesized through an in situ  precipitation 
procedure. The observed remarkable enhancement in electrocatalytic activity can be attributed to the 
synergistic effect o f SMWNTs and Ni2+/Ni3+ redox couple. Nickel hexacyanoferrate nanoparticles 
(NiHCF)-modified TiÛ2 nanotube arrays (TNTs) were also applied for the non-enzymatic detection o f  
glucose. NiNPs were deposited on TNTs by a pulse electrodeposition method and then converted to 
NiHCF by cyclic voltammetry in a solution containing [Fe(CN)6]3~ [183], Furthermore, NiNPs 
electrodeposited on reduced graphene oxide film have also been reported [184], In order to achieve a 
higher sensitivity, a single layer o f nickel hydroxide nanoparticles (Ni(OH)2NPs) covered on a porous 
Ni foam electrode was successfully applied for the quantification o f glucose by an amperometric 
method [185],
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Palladium nanoparticles (PdNPs) are also of interest as a great potential catalyst for improving the 
performance o f glucose sensors. For example, PdNPs modified on functional carbon nanotubes (FCNTs) 
have been reported. Based on the electrochemical results, PdNPs efficiently catalyzed the oxidation of  
glucose and showed excellent resistance towards poisoning from interfering species such as ascorbic acid 
and uric acid [186]. Similarly, PdNPs were also electrodeposited on an epoxy-silver electrode, where the 
PdNPs act as catalyst for the direct oxidation of glucose [187]. Well-dispersed PdNPs were also prepared 
on graphene oxide (PdNPs/GO) using a simple ultrasonic method. The results showed that GO acted as a 
good supportive substrate for controlling the size and activity of PdNPs [6]. PdNPs deposited on 
surfactant-functionalized multi-walled carbon nanotubes (MWCNTs) were also synthesized by a facile 
spontaneous redox method. The as-prepared Pd catalyst showed excellent catalytic activity toward 
oxidation o f ethanol and glucose which indicated a great potential for improving the performance of 
direct ethanol fuel cells and glucose sensors [188]. Furthermore, PdNPs supported on multi-walled 
carbon nanotubes (MWCNTs) were also synthesized by a simple in situ  ultrasonication process at room 
temperature. The PdNPs could help increase the current signal due to their high surface area and the 
physical adsorption o f the glucose molecules onto the large surface area o f the electrode. More 
importantly, the electrode is highly resistant against poisoning by the interference from the oxidation 
o f common interfering agents [189].

3.12.2. Colorimetric and Spectrophotometric Detection

Colloidal gold is extensively used for molecular sensing because o f the flexibilities it offers in terms 
o f modification o f the gold nanoparticles (AuNPs) surface with a variety o f functional groups. To enable 
glucose detection, the naked eye detection o f glucose in urine has been reported. Thiol-capped AuNPs 
were functionalized with glucose oxidase (GOD) using carbodiimide chemistry. A visible color change 
o f the GOD-functionalized AuNPs from red to blue was observed [190], as shown in Figure 5. Another 
colorimetric assay for the detection o f sugars was also demonstrated. The synthesis o f  Au-NPs in 
presence o f glucose as reducing agent in different conditions has been achieved, allowing the formation 
o f pink or blue color NPs, and this has been employed in the design o f two colorimetric assays. Both 
assays relay on the analyte-induced intensity increase (without any shift) o f the NPs plasmon band 
absorption. The pink assay is based on the sugar-assisted chemical synthesis of NPs while the other is 
based on the AuNPs synthesis catalyzed by the glucose oxidase enzyme. This colorimetric assay did not 
suffer from bleaching o f the final color because the stability of the AuNPs [191].

A fluorometric method for the determination o f glucose and hydrogen peroxide using BiFeCb 
magnetic nanoparticles (BFO MNPs) has been reported. The authors found that BFO MNPs can 
catalyze the decomposition o f H2O2 to produce OH radicals, which in turn oxidize the weakly 
fluorescent benzoic acid to a strongly fluorescent hydroxylated product with a maximum emission at 
405 nm [192], Moreover, a renewable glucose biosensor based on GOD immobilized on MNPs was 
constructed. The GOD was covalently cross-linked to the surface o f synthesized Fe304 nanoparticles, 
then adhered to a solid parafin carbon paste electrode by magnetic force to fabricate a working 
electrode. H2 O2 was produced by the enzymatic reaction o f GOD and electrochemiluminescence 
(ECL) could be obtained by the reaction between luminol and H2 O2 [193], Furthermore, a colorimetric 
detection o f glucose based MFe204 (M = Mg, Ni, Cu) MNPs has been proposed. This nanomaterial
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exhibited catalytic activities similar to those o f biological enzymes that could cataly ze H2 O2 to produce 
hydroxyl radicals, which oxidized peroxidase substrate to produce a color [194],

Figure 5. Color of (A) GNPs and (B) GOD-GNP on reacting with >100 pg/mL glucose, with 
mechanism [190]. Reprinted with permission from (Radhakumary, c.; Sreenivasan, K. Naked 
eye detection o f glucose in urine using glucose oxidase immobilized gold nanoparticles.
Anal. Chem. 2011, 83, 2829-2833.). Copyright (2011) American Chemical Society.

Colorimetric detection based on assemblies o f 5-amino-2-fluorophenylboronic acid-modified silver 
nanoparticles (FPBA-AgNPs) has been demonstrated. The glucose-modulated assembly o f the 
FPBA-AgNPs occurred by the regulable formation o f interparticle linkages via the bridge binding of 
1,2-cA-diols and 5,6-cA-diols (for the furanose form) or 4,6-cA-diols (for the pyranose form), 
respectively, o f a glucose molecule to two FPBA-AgNPs. Furthermore, the glucose level variations 
associated with a model biological reaction process can be monitored by using FPBA-AgNPs, whilst 
the reaction mechanism remains nearly unchanged [195]. A new assembled glucose sensor based on 
the AgNPs-enhanced fluorescence o f CdSe quantum dots was also demonstrated. Compared to that of  
bare CdSe QDs, a fluorescence signal enhancement and a clear blue shift o f the emission peak for 
AgNP-CdSe QD complexes were observed, which is attributed to the surface plasmon resonance of 
AgNPs. In addition, the as-formed complexes are gradually disassembled in the presence of glucose 
molecules because they can replace the AgNPs by competitive binding with boronic acid groups, 
resulting in the weakening of the fluorescence enhancement [196],

4. Analytical Performance
Analytical performance o f selected samples are listed in tables that catagorized according to their 

detection methods including electrochemical (Table 1), and colorimetric and spectrophotometric 
techniques (Table 2), respectively.



Sensors 2015, 15 21459

Table 1. Selected examples o f  recent reports on biomedical targets using various nanoparticles by electrochemical techniques.
Group of Analytes Detection * Materials Analytes Detection Limit Linear Dynamic Range Ref.

Amperometry AuNP-CNT/GCE Trpysin 10 nM 30 nM-2.5 pM [23]

cv Cysteine 56 pM 0.5-13.5 mMFe304-GO/GCE [24]
Amino acids Acetaminophen 25 pM 0.12-13.3 mM

0.01-50 pMDPV AgNPs/GO/GCE Trpysin 2.0 nM [25]
50.0-800.0 pM

CA GC/DNA/NiOxNPs/Os(III)-complex electrode Cysteine 0.07 pM up to 1000 pM [21]
Antigens-antibodies sv AuNPs CEA 0.12 pg-mL-1 0.5 pg-mL-1-0.5ng-mL-1 [39]

swv NiO/MWCNT Glutathione 0.006 pM 0.01-200 pM [49]
Antioxidants nanocomposite Acetaminophen 0.5 pM 0.8-600 pM

cv Fe203/RG nanocomposite Ascorbic acid 0.543 pM 0.57-3.97 pM [48]
Amperometry AgNPs/CMWCNT/PANI/Au electrode Glutathoine 0.3 pM 0.3-3500 pM [47]

- AuNP Cancer-related gene sequence 4 fM 10 fM-1 nM [58]

Cancer biomarkers Voltammetry Fe3Û4 MNPs Leukemia cells 
DNA sequences of

10 cells

1 X 10-I2-1 X 10“8 M

[59]

DPV CdTe QDs/CGE 6.435 X 10-13 M [61]bladder cancer cells
CV Fe304-Au-NPs Digoxin 0.05 ng-mL-1 0.5-5 ng-mL-1 [78]

Chemical substances CV/DPV/LSV Fe304/GCE Nimesulide 1.3 X 10-7 M 2.6 X ÎO-S-I.O X lO-'M [10]
DPV AgNP/M WCNT S-COOH/GCE Adriamycin 1.7 X 10~9 M 8.2 X 10-9—19.0 X 10-9 M [76]

Hormones - พร2/AuNPs/GCE 17(3-estradiol 2 pM 0.1 pM-5 nM [93]
Amperometry N iOPs/N afion-M w  CNT s/SPE Insulin 6.1 nM 20-60 nM [94]

Lipids Amperometry AuE/dithiol/AuNPs/MUA/ ChOx Cholesterol 34.6 pM 0.04-0.22 mM [97]
CA AgNPs/GCE Cholesterol 0.99 mg-dL-1 3.9-773.4 mg-dL-1 [99]

Microorganisms 30 virus 10—1 o8 virusEIS EDC/NHS activated Au/l,6-HDT/AuNP/MUA Type 5 adenovirus particle-mL-1 particle-mL-1 [102]

Nurotransmitters DPV AuNP-CNT s/PGE L -D o p a 50 nM 0.1-150 pM [107]
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Table 1. Cont.
Group of Analytes Detection * Materials Analytes Detection Limit Linear Dynamic Range Ref.

DPV NiFe204-MWCNT modified GCE Dopamine 0.02 pM 0.05-6.0 pM 6.0-100 pM [110]
Nurotransmitters CV/LSV RGO-Pd-NPs composite modified GCEs Dopamine 0.233 pM 1-150 pM [106]

CV/DPA PPyox-PTSA/Ag NP/Pt electrode Dopamine 0.58 nM 1 X 10-M.2 X 10-7 M [116]
DPV

Amperometry
AuNPs-ATP-diazo-ATP/Au electrode ssDNA 9.10 X 10-“ M 3.01X 10~10-1.32 X 10-8 M [127]

Fe304/MWCNT/LDH/NAD+/CA/
modified GC electrode NADH 0.3 pM Up to 300 pM [129]

CV/DPVNucleic acids
Amperometry

/CV
Au

NADH 1.13 nM 50 nM-500 pM [131]nanoparticle/rGO GCE

CV CdSe
Adenine Guanine 0.028 pM 0.083-291 pM [132]QDs-GO 0.055 pM 0.167-245 pM

Nucleic acids DPV AgNPs-Pdop@Gr /GCE DNA 3.2 X 10-15 M 1 X 10—13—ใ X 1 O'8 M [134]
CA NiOxNPs/GC NADH 106 nM Up to 1 mM [136]

DPV AuMNPs-Aptl/thrombin/ Thrombin 30 fM 0.1-60 pM [146]Apt2-AuNPs-FIRP modified Au electrodeProteins
DPV Bovine serum albumin 2.8 X 10-11 1.0 X ÎO-M.O X 10-10

[7]MNPs/CS-MWCNTs
g-mL-1 g-mL-1

CA 2 pM-1.375 mMAuNPs/GONRs/CS Glucose 0.5 pM [162]1.375-15 mM
Amperometry MSENs/MGCE Glucose 0.2 pM 0.5 pM-3.5 mM [9]

Sugars Amperometry PVP-GNs-NiNPs-CS Glucose 30 nM 0.1 pM-0.5 mM [171]
Amperometry GOD-CS/AgNWs/ GCE Glucose 2.83 pM 10 pM-0.8 mM [177]
Amperometry CONM/GC Glucose 0.15 pM 0.7-60 pM [179]
Amperometry RGO-NiNPs/GCE Glucose 0.1 pM 2 pM-2.1 mM [184]
Amperometry Pd-MWCNTs Glucose 0.2 pM 1-22 mM [189]

* Detection methods were; (CA) Chronoamperometry, (CV) Cyclic Voltammetry, (DPV) Differential Pulse Voltammetry, (EIS) Electrochemical Impedance Spectroscopy (LSV) Linear
Sweep Voltammetry, (รพV) Square Wave Voltammetry.
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Table 2. Selected examples o f  recent reports on biomedical targets using various nanoparticles by colorimetric and spectrophotometric techniques.
Group of Analytes Detections * Materials Analytes Detection Limit Linear Dynamic Range Ref.

UV-Vis CMC-AuNPs Cysteine ND 10.0-100.0 pM [27]

Amino acids UV-Vis No ท- fluoro surfactant 
capped AgNPs Cysteine 0.05 pM 1.5-6.0 pM [16]

SERS AuNPs Rabbit IgG 1-10 ng-mL-1 0-100 ng-mL-1 [40]

SPR Fe304/SiÜ2 and 
Fe304/Ag/Si02 MNPs

Rabbit IgG ND 1.25-20 Pg-mL-1 (for Fe304/SiC>2) 
0.3-20 pg-mL-1 (for Fe304/Ag/Si02) [5]

Antigens-antibodies ECL
ECL

Ag/graphene
Si/CdTe/Ab2

CEA
Rabbit IgG

0.6 pg-mL-1 
1.3 Pg-mL-1

1 pg-mL-1-500 ng-mL-1 
5 pg-mL-1-10 ng-mL-1

[41]
[42]

ECL AgNPs-rGO-Ab2-GOD CEA 0.03 pg-mL-1 0.1 pg-mL-l-160 ng-mL-1 [43]
Fluorescence CdS-2MPA Rutin 1.2 X 10-* M up to 4 X 10-5 M [54]

Antioxidants Spectrophotometry
Colorimetric

BSA-AgNCs 
Primer conjugated AuNPs

Ascorbic acid 
Human telomerase activity

0.16 pM (35)
1 Hela cell-pL-1

2.0-50.0 pM 
ND

[55]
[62]

Cancer biomarkers
Colorimetric

Wavelength-resolved
imaging

Fe3Û4 MNPs and 
PtNPs nanohybrids

Multiplexed QDs

Target cancer cells 
(breast cancer) 
Tumor cells in 

Hodgkin’s lymphoma

ND

ND

ND

ND

[67]

[69]

Chemical substances CL L-cysteine capped CdS QDs Baclofen 0.0035 mg-L-1 0.012-24.0 mg-L-1 [89]
SPR AuNPs-G4-OH SAM Insulin 0.5 pM 2-43 pM [95]

■ Hormones Fluorescence Eu(III) chelated-bonded 
SiNPs

Human thyroid stimulating 
hormone

0.0007 mL'UL-1 0.005-100 ml-UL-1 [96]

Lipids
ECL
ECL

AuNPs
Fe304@Si02-Au@mpSi02

Cholesterol
Cholesterol

5.7 nM 
0.28 pM

0.17 nM-0.3 mM 
0.83-2.62 mM

[100]
[101]

CL CMG-MNPs HBV 0.5 pM ND [103]
Microorganisms Fluorescence Dual color QDs Human enterovirus 71

0.42 ng-mL-1 (for EV71) 
0.39 ng-mL-1 (for CVB3)

1-14 ng-mL-1 (For EV71) 
1-19 ng-mL-1 (for CVB3) [105]
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Table 2. Cont.
Group of Analytes Detections * Materials Analytes Detection Limit Linear Dynamic Range Ref.

Fluorescence AgNPs 6-thioguanine 9.7 nM 1.5 X 1 o-8—7.5 X 10-7M [105]
Neurotransmitters Spectrophotometry AuNPs Dopamine 33 nM 33 nM-3.33 mM [123]

UV-Vis CoxFe3-x04 MNPs Dopamine 0.13 pM 0.6-8.0 pM [125]

Colorimetric in flow strip Oligonucleotides-modified
AuNPs miRNA

1 fM (without silver 
enhancement)

ND [140]
Nucleic acids . . . .Fluorescence NEase-amplified MNPs p53 gene 198 fM ND [142]

CL Oppy-PdNPs/Au Sequence-specific DNA 6.0 X 10~17 M 1.0 X 10“16-1.0x 10-15 M [196]
Colorimetric Fib-AuNPs Thrombin ND 0.1-10 pM [152]

Proteins . . . .UV-Vis Fe3Û4@AuNPs Thrombin 1.0 nM 1.6-30.4 nM 1155]
Fluorescence QD-apt nanoconjugates Thrombin 1 nM nM-pM [158]

Proteins __Naked eyes Apt-AgNPs PDGF-BB 1.56 ng-mL-1 1.56 ngmL_1-100 ng-mL-1 [29]

Sugars
Colorimetric

Fluorescence

AuNPs

BiFeC>3 MNPs

Glucose

Glucose

10 pM (for pink assay) 
5 pM (for blue assay) 

4.5 nM

Extended to 1.5 mM (for pink assay) 
Extended to 1.0 mM (for blue assay) 

0.2 nM-0.2 pM

[191]

[193]
Colorimetric FPBA-AgNPs Glucose 89 pM ND [195]

* Detections were; (CL) Chemiluminescence, (ECL) Electrochemiluminescence, (SERS) Surface Enhanced Raman Scattering, (SPR) Surface Plasmon Resonance, 
(บV-Vis) u v -visible spectrophotometry.
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5. Conclusions

Due to the good properties o f inorganic nanoparticles, they have been prevalently used as powerful 
sensors and probes. Each type o f nanoparticle exhibits its own fascinating properties. However, they 
shared a similarity of enhancing probe sensitivity owing to their high surface area-to-volume ratios. 
Metal particles mostly synthesized from their bulk material display remarkably properties and 
exceptional features due to their miniature size, while the excellent behavior o f  semiconductor and 
nanocomposites results from their combinations of various materials. They have been utilized in a 
variety o f applications for numerous analytes as described in this review for both electrochemical and 
optical spectrophotometric detection. The use o f nanoparticles is an excellent approach for biomedical 
detection. Various groups o f examples as discussed clarify the efficiency o f nanoparticles by an 
increment o f signal. In addition to modification, nanoparticles are capable o f providing selectivity 
against interferences and complicated matrix effects. Many benefits o f nanoparticles have been 
revealed, although more feasible practices still need to be developed to overcome difficulties such as 
the tendency to agglomeration and precision in size-control. Moreover, differences in the synthesized 
products from day to day led to uncertain properties which stimulate the search for solutions. 
Applications o f nanoparticles in biomedical detection are abundant as well. Among essential 
substances, small clusters such as single molecules or cells as early stage disease markers are recently 
of interest. Therefore, improved comprehension o f the advantages resulting from the use of  
nanoparticles and curiosity is challenging many research groups and should lead to novel discoveries 
in the future.
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Chapter III

The development of paper-based analytical sensors

เท this chapter, we presented the new alternative analytical devices using paper. 

Paper-based analytical devices were recognized as a promising and powerful platform that 

have shown great potential in the development for the next generation of analytical 

devices. A paper-based microfluidic device combines many advantages of paper strip tests 

with the utility of microfluidics. They have the potential to be good alternatives for various 

applications over the traditional methods because they are capable of simultaneous 

multiplex analyte detection. เท addition, they are portable, easy to use, require only a 

small volume of sample and provide rapid analysis. There are 8 publications obtained from 

the proposed idea under the objective of this project. The publications can be classified 

into 3 groups according to  their detection modes:

1. Colorimetric detection

1.1 K. Talalak, J. Noiphung, T. Songjaroen, 0. Chailapakul, พ. Laiwattanapaisal, A facile low- 

cost enzymatic paper-based assay for the determination of urine creatinine, Talanta, 144 

(2015) 915-921.

1.2 ร. Chaiyo, A. Apiluk, พ. Siangproh, o. Chailapakul, High sensitivity and specificity 

simultaneous determination of lead, cadmium and copper using mu PAD with dual 

electrochemical and colorimetric detection, Sensors and Actuators B-Chemical, 233 (2016)

540-549.



1 .3  P. T e e n g a m ,  พ .  S ia n g p r o h ,  A . T u a n t r a n o n t ,  T .  V i la iv a n ,  0 .  C h a i la p a k u l ,  c .  ร . H e n r y ,

Multiplex Paper-Based Colorimetric DNA Sensor Using Pyrrolidinyl Peptide Nucleic Acid- 

Induced AgNPs Aggregation for Detecting MERS-CoV, MTB, and HPV Oligonucleotides, 

Analytical Chemistry, 89 (2017) 5428-5435.

2. Electrochemical detection

2.1 Y. Boonyasit, o. Chailapakul, พ. Laiwattanapaisal, A multiplexed three-dimensional 

paper-based electrochemical impedance device for simultaneous label-free affinity sensing 

of total and glycated haemoglobin: The potential of using a specific single-frequency value 

for analysis, Analytica Chimica Acta, 936 (2016) 1-11.

2.2 F.N. Maluin, M. Sharifah, p. Rattanarat, พ . Siangproh, o. Chailapakul, A.M. Issam, N.S.A. 

Manan, Synthesis of PANI/hematite/PB hybrid nanocomposites and fabrication as screen 

printed paper based sensors for cholesterol detection, Analytical Methods, 8 (2016) 8049- 

8058.

2.3 P. Ruengpirasiri, E. Punrat, o. Chailapakul, ร. Chuanuwatanakul*, Graphene Oxide- 

Modified Electrode Coated with in-situ Antimony Film for the Simultaneous Determination 

of Heavy Metals by Sequential Injection-Anodic stripping Voltammetry, Electroanalysis, 28 

(2016) 462-468.

2.4 ร. Nantaphol, R. B. Channon, T. Kondo, พ. Siangproh, 0. Chailapakul, c .  ร. Henry, Boron 

Doped Diamond Paste Electrodes for Microfluidic Paper-Based Analytical Devices, Analytical 

Chemistry, 89 (2017) 4100-4107.

3. Dual detection by combining colorimetric and electrochemical detection



3.1 ร. Chaiyo, A. Apiluk, พ. Siangproh, 0. Chailapakul, High sensitivity and specificity 

simultaneous determination o f lead, cadmium and copper using mu PAD with dual 

electrochemical and colorimetric detection, Sensors and Actuators B-Chemical, 233 (2016) 

540-549.

Detail o f each work is presented in the subsequent part.
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Creatinine is one of many markers used to investigate kidney function. This paper describes a low-cost 
enzymatic paper-based analytical device (enz-PAD) for determ ining urine creatinine. The disposable 
dead volumes of creatinine enzyme reagents from an automatic analyser cassette were utilised. W hat
man No. 3 paper was cut into long rectangular shapes (4 X 40 m m 2) on which the enzyme reagents, R1 
and R2, were adsorbed in two consecutive regions. The assay was performed by immersing test strips 
into urine samples contained in microwells to allow creatinine in the sample to react with immobilised 
active ingredients and, then, traverse via capillary action to the detection area w here chromogen pro
ducts accumulated. The method is based on hydrogen peroxide (H20 2) formation via creatinine con
version using creatininase, creatinase, and sarcosine oxidase. The liberated H20 2 reacts with 4-amino- 
phenazone and 2,4,6-triiodo-3-hydroxybenzoic acid to form quinoneimine with a pink-red colour a t the 
detection zone. The linear range of the creatinine assay was 2.5-25 mg dL~' (r2 =  0.983), and the de
tection limit was 2.0 m gdL-1 . The colorimetric enz-PAD for the creatinine assay was highly correlated 
with a conventional alkaline picrate method when real urine samples were evaluated (r2 == 0.977ะ ท =  40). 
This simple and nearly zero-cost paper-based device provides a novel alternative m ethod for screening 
urinary creatinine and will be highly beneficial for developing countries.

© 2015 Elsevier B.v. All rights reserved.

1. Introduction
C rea tin in e  is th e  e n d  p ro d u c t o f  c rea tin e  m etab o lism , w h ich  

n o rm ally  ex ists in se ru m  an d  is e rad ic a ted  from  th e  b lood  c ircu
la tion  via g lo m e ru la r filtra tio n  a t a c o n s ta n t ex cre tio n  ra te  [1,2]. 
A bnorm al levels o f  c re a tin in e  in se ru m  o r u r in e  in d ica te  im p aired  
k idney  function , an d  c rea tin in e  has b e e n  accep ted  as a m ark e r for 
m o n ito rin g  th e  im p ac t o f t r e a tm e n t  in haem od ia ly sis  p a tie n ts  [2], 
M oreover, u rin a ry  c rea tin in e  c o n c en tra tio n  is w id e ly  u sed  as an  
index  for u rin e  d ilu tio n  [3] and  as a n  in te rn a l s ta n d a rd  for no r
m alising  th e  ra tio s o f  o th e r  u rin a ry  b iom arkers, such  as m icro 
a lb u m in  [4j, p ro te in  [5], cy s ta tin -c  [6], a -d ic a rb o n y i co m p o u n d s  
[7], and  b isp h en o l A (BPA) [8],

C rea tin in e  assays a re  ro u tin e  in m o s t clinical labo rato ries. The 
orig inal m eth o d , th e  a lka line  p icra te  Jaffé reac tion , w as rep laced

* Corresponding author. Fax: +  66 02 218 1082.
E-mail address: Wanida.L#chiila.acth (พ. Laiwattanapaisal).

j http://dx.doi.Org/10.1016/j.talanta.2015.07.040 
; 0039-9140/e 2015 Elsevier B.v. All rights reserved.

by th e  jaffe  k in e tic  assay, w h ich  is still w id e ly  u sed  for d e 
te rm in in g  c rea tin in e  in m any  lab o ra to ries  [9,10]. H ow ever, th e  
m e th o d  is c h arac te rise d  by p o o r specificity. Specifically, m an y  
sub stances , such  as g lucose [11], a lb u m in  [12], c ycloke tones  [13], 
p se u d o ch ro m o g e n  [14] and  carbonyl c o m p o u n d s  [15], m ay  in te r
fere  w ith  th e  assay. T herefo re, th e  Jaffe assay  h as b e e n  w idely  
rep laced  by e n zy m atic  m e th o d s  [16]. เท a d d itio n  to  en zy m a tic  
m eth o d s , n u m e ro u s  c rea tin in e  assays have  b e e n  d ev e lo p ed , such  
as h igh  pe rfo rm a n c e  liquid ch ro m a to g rap h y  (HPLC) [17], cap illary  
e le c tro p h o re s is  [18], iso to p e-d ilu tio n  m ass sp e c tro m e try  (IDMS) 
[19], ta n d e m  m ass sp e c tro m e try  [20], flow  in je c tio n  analysis  [21], 
seq u e n tia l in jec tio n  analysis sy stem s [22], m icroflu id ic  system s 
[23], zone  fluid ic  m u ltich a n n e l k inetic  sp e c tro p h o to m e try  [24], 
su rfac e -e n h a n c ed  R am an spectro sco p y  [251 an d  a n tib o d y -b ase d  
sen so rs  [26 j. H ow ever, th ese  m e th o d s  a re  n o t  co m m o n ly  u se d  in 
gen e ra l lab o ra to ries  becau se  th e y  req u ire  e x p en siv e  in s tru m e n ts  
an d  a re  c u m b erso m e  for ro u tin e  u se  [17,19]. In a d d itio n , th e se  
m e th o d s  re q u ire  w e ll- tra in e d  p e rso n n e l to  o p e ra te  th e  m ac h in e ry  
an d  to  in te rp re t  th e  re su lts  [27,28],
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In c o n tras t, en zy m a tic -b a se d  m e th o d s  a re  n o w  w idely  accep ted  

d u e  to th e ir  high specificity. In add itio n , e n zy m atic  reag en ts  can  be 
analysed  using  gen era l sp e c tro p h o to m e te rs  th a t  a re  available in 
m o st lab o rato ries . A lternatively , e n zy m atic  m e th o d s  can be  as
sayed  in para llel w ith  o th e r  an a ly tes  u sing  a u to m a tic  analysers.

M oreover, th e  re su lts  o f  en zy m a tic  m e th o d s  have b e e n  re 
p o rte d  to closely  m irro r  th e  go ld  s ta n d a rd  m ethod , iso to p e -d ilu 
t io n -m ass  sp e c tro m e try  (IDMS) [16]. H ow ever, th e  m ain  d is 
a d v an tag e  o f  en zy m a tic  m e th o d s  is th e  high c o st because , m any  
en zy m e  types (e.g., 4 - 6  e n zy m es) a re  u tilised  for a g iven reac tion . 
Batch e n zy m atic  assays c o n su m e  a re la tively  large  re a g e n t v o lum e 
an d  req u ire  a large  space  for in s tru m e n ta tio n . T herefo re, such  
m e th o d s  a re  n o t su itab le  for bed sid e  p a tie n t u se  o r  for u se  in re 
m ote, low -inco m e a reas in  deve lo p in g  cou n tries .

Even th o u g h  m any  a u to m a tic  analysers have b een  d e v e lo p ed  to 
red u ce  th e  d ead  v o lu m e  o f  re a g e n ts  in  casse tte s , a p p ro x im a te ly  1 -  
3 mL o f re ag en t rem ain s  in  a  re a g e n t c asse tte  b ecause  th e  re a g e n t 
p ro b e  o f  a u to m a te d  m ach in es  d o es  n o t e x te n d  in to  th e  en zy m e  
re ag en t d e e p e r  th a n  its s e n so r  level. G enerally, th e  re m a in in g  re 
a g en ts  th a t  a re  left in th e  c asse tte s  a re  n eg lec ted  in  clinical la 
bo ra to ries . T hey a re  d isca rd e d  daily, even  th o u g h  th e  re ag en ts  still 
co n ta in  active  in g red ien ts , i.e., en zy m es an d  su b stra te s . T hese 
sm all re a g e n t vo lu m es can  be u tilised  in m in ia tu rised  sy stem s th a t  
c o n su m e  low  re a g e n t vo lum es, such  as m icroflu id ic dev ices or 
p a p e r-b a sed  analy tica l d ev ices  (PADs). T he la t te r  a p p ro ac h  is 
p ro m is in g  for b e in g  d e v e lo p ed  as a p o in t-o f-ca re - te s tin g  (POCT) 
fo r u se  in  d ev e lo p in g  c o u n trie s  [29] becau se  o f its s im p lic ity  a n d  
a n  ex tre m ely  low -co st o f p a p e r  su b stra te s .

M any re sea rch e rs  h ave  p ro p o se d  m icroflu id ic p a p e r-b a sed  
analy tica l d ev ices (pPADs) for m an y  ty p es  o f  clinical analyses, such  
as for assess in g  g lucose  [3 0 -3 2 ], p ro te in  (30,31], p a th o g e n s  [33], 
b lood ty p e  [34] a n d  liver fun ctio n  [35], Due to a sm all scale  o f 
p a p e r-b a sed  devices, th e se  devices req u ire  sm all re a g e n t and  
sam p le  vo lum es. A dditionally , p a p e r  ex h ib its  a special so lu tion  
w ick ing  via cap illary  a c tio n  ch arac te ristic . Thus, a liquid can  flow  
th ro u g h  p a p e r  w ith o u t  th e  use  o f  e x te rn a l forces [30]. Because o f 
th is  p ro p erty , p a p e r  is ex ten siv e ly  u sed  in b o th  th e  conven tio nal 
la te ra l-f lo w  im m u n o c h ro m a to g ra p h y  [36] an d  b id irec tiona l a p 
p ro ach es  [37]. Several re sea rch e rs  have dev e lo p ed  fabrica tion  
m e th o d s  for p a p e r-b a sed  dev ices u sing  p h o to lith o g ra p h y  [30], 
p a p e r c u ttin g  [38], w a x -p r in tin g  [39] an d  w a x -d ip p in g  [31,40],

เท th is  s tudy , an  ex tre m ely  lo w -co st d iag nostic  p a p e r dev ice  is 
p ro p o sed  for use in u rin a ry  c rea tin in e  assays based on  an  e n z y 
m atic  m eth o d . T he d isp o sab le  d e ad  v o lum es o f c rea tin in e  re ag en ts  
from  c asse tte s  o f  a n  a u to m a tic  a n a ly se r w e re  pooled for u se  in th is  
app lica tio n . B ecause en zy m a tic  reac tio n s  o ccu r in  a specific o rd e r  
an d  d e p e n d  on re ag en ts  in  cassettes, R1 a n d  R2, th e  re ag en ts  w e re  
a d so rb ed  on  tw o  consecu tiv e  reg ions on  th e  paper. E ndo gen ous 
c rea tin e  n e ed s  to  be  e lim in a te d  in th e  first s te p  by e n zy m es p re 
s e n t  in  R l. A c o n tin u o u s  cap illary  force from  th e  sam p le  so lu tion  
drives th e  en zy m e  re ag en ts  in to  th e  reac tio n  zone  and  facilita tes 
g e n e ra tio n  o f  th e  q u in o n e im in e  p ro d u c ts  th a t  a ccu m u la te  a t th e  
e n d  o f th e  PADS. T he co lo u r chan ge  in te n s ity  is analysed  using  a 
sca n n er o r  a d ig ita l c am era  for q u an tita tiv e  assays. This facile, 
s im p le  an d  lo w lc o s t p a p e r-b a sed  dev ice  p ro v ides a  n e w  a lte r
na tive  m e th o d  for d e te rm in in g  u rin a ry  c rea tin ine . This a p p ro ac h  
can  be  e x te n d e d  to  o th e r  sim ila r en zy m a tic  reac tio n s  and  w ill be 
h igh ly  benefic ia l fo r u se  in deve lo p in g  cou n tries .

2. Materials and methods
2.1. Materials and chemicals

C rea tin in e  (C4H7N 3O), p o tass iu m  p h o sp h a te  m ono basic  
(KH2PO4 ) and  p o tass iu m  p h o sp h a te  d ibasic  (K2 HPO4 ) w e re

o b ta in e d  from  M erck (D arm stad t, G erm any). C rea tin in e  reag en ts 
(CREP2-Creatinine p lus ver.2, Roche D iagnostics, Basel, S w itzer
land ; ref. 03263991, lo t no. 68 774 3) w e re  co llec ted  from  th e  d is
posab le  d ead  v o lum e o f  a u to m a tic  a n a ly se r c asse tte s  u sed  a t a 
local ho sp ita l in  Bangkok, T hailand . T he re m a in in g  re ag en ts  w ere  
pooled  from  ten  c asse tte s  th a t  w e re  co llec ted  on  d iffe ren t days 
w ith in  tw o  m o n th s  a fte r  op en ing . T he c re a tin in e  assay kits 
(CREATININE liqu icolo r) based  on  th e  Jaffe k in e tic  re ac tio n  w ere  
pu rch ased  from  HUMAN d iag n o stic  (W iesb ad en , G erm any). L-as- 
corbic acid, D-( +  )-g lucose, uric  acid an d  h u m a n  se ru m  a lbu m in  
w ere  o b ta in e d  from  S igm a-A ldrich  (St. Louis, U nited  S tates). Bi
lirub in  w as ob ta in ed  from  Fluka (Seelze, G erm any). W h a tm a n  fil
te r  p ap e rs  (Nos. 1, 3 a n d  42 ) w e re  p u rch ased  from  W h a tm a n  In
te rn a tio n a l Ltd. (M aid ston e, E ngland). W h ite  p e lle ts  o f b eesw ax  
w ere  pu rch ased  from  a local sh o p  in B angkok, T hailand . A h o t 
p la te  (m od el C-MAG HS7) a n d  th e rm o m e te r  (m o d el ETS-DS) from  
IKA (W ilm ington , USA) w e re  u sed  to  m e lt  th e  beesw ax .

2.2. Sample preparation
Forty u rine  sam p les  from  h e a lth y  v o lu n te e rs  w e re  collec ted  

from  th e  first m o rn in g  u r in a tio n  w ith o u t  add itives. T he u rine  
sam p les w e re  c en trifu g ed  a t 3 0 0 0  rp m  for 5 m in  an d  d ilu ted  10- 
to  20 -fold  w ith  a  100 m M  p o ta ss iu m  p h o sp h a te  b u ffer a t  pH 
7.5 b efo re  assay ing  w ith  enz-PADs. T he e x p e rim e n ts  w e re  a p 
p roved  by The E thics Review  C o m m ittee  for R esearch Involving 
H um an  R esearch Subjects, H ealth  Science G roup, C hulalongkorn  
U niversity, Bangkok, T hailand  (COA No. 159/2557).

2.3. Design and fabrication of enz-PADs
T he d iscarded  re ag en ts  from  c a sse tte s  w e re  p o o led  and  a n a 

lysed for to ta l p ro te in  c o n te n t b e fo re  u tilis ing  to avoid  lo t- to -lo t 
varia tion  o f  th e  en zy m e  reag en ts . เท th is  s tudy , th e  p o o led  en zy m e  
reag en ts , Rl and  R2, co n ta in e d  p ro te in  c o n c e n tra tio n s  o f 
4.76 +  0 .46  m g  m L-1  an d  0.73 +  0 .05 m g  m L- 1 , respectively . Ac
co rd ing  to  th e  m a n u fa c tu re r 's  d e scrip tio n , th e  R l re a g e n t con 
ta in ed  c rea tin ase , sarcosine  ox idase, a sc o rb a te  ox idase, catalase , 
2 ,4 ,6 -triio d o -3 -h y d ro x y b en zo ic  acid (HTIB) an d  N -tris- (h y d ro 
x y m eth y l) m e th y l-3 -am in o p ro p a n e su lfo n ic  acid  (TAPS). T he R2 
re ag en t con sis ted  o f  c rea tin in ase , pero x id ase , 4 -a m in o p h en a zo n e , 
p o tass iu m  h e x acy an o ferra te  [II] a n d  N -tris- (h y d ro x y m eth y l) m e- 
th y l-3 -a m in o p ro p an esu lfo n ic  acid (TAPS). T he assay  is b ased  on 
h y drog en  p e rox ide  (H 20 2) p ro d u c tio n  fo llow ing  th e  c rea tin in e  
conversion  w ith  c rea tin in ase , c rea tin ase , an d  sarco sin e  ox idase. 
The g e n e ra ted  H20 2 re ac ts  w ith  4 -a m in o p h e n a z o n e  an d  HTIB to 
yield p in k -red  q u in o n e im in e  dye. T he c o lo u r in te n s ity  o f  th e  
fo rm ed  q u in o n e  im in e  c h ro m o g en  is d irec tly  p ro p o rtio n a l to  th e  
c rea tin in e  c o n c en tra tio n  in th e  sam p le .

U nless o th e rw ise  s ta te d , W h a tm a n  No. 3 f ilte r p a p e r  w as used  
to fabrica te  th e  enz-PADs becau se  th e  p a p e r  h as a p p ro p ria te  pore 
sizes an d  th ick n ess  su itab le  for o u r  app ro ach . T he W h a tm a n  No. 
3 filter p a p e r  w a s  d e sig n ed  to c o n sis t o f  five zones, w h ich  included  
tw o  reag en t a d so rp tio n  zones (R l; 4 x 1 0  m m 2 and  R2; 
4 x 7  m m 2), a sam p le  d ip p in g  zone  ( 4 x 5  m m 2), a d e te c tio n  zone 
( 4 x 3  m m 2) a n d  a h y d ro p h o b ic  h o ld e r z o n e  (4  X 15 m m 2). It is 
necessary  to  a d so rb  th e  Rl an d  R2 en zy m e  re ag en ts  on  sep a ra te d  
zones for th e  fo llow ing  reaso n s. The ex is tin g  e n d o g en o u s  c rea tin e  
in  th e  sam p le  n eed s to  b e  e lim in a te d  in th e  f irs t s te p  d u rin g  th e  
c o n tac t w ith  Rl b e fo re  a re ac tio n  w ith  c re a tin in a se  is s ta r te d  in R2. 
A dditionally , th e  g e n e ra te d  H20 2 from  th e  c re a tin a se  and  sarcosine  
o x idase  reac tion  n e ed s  to  be  d e s tro y e d  using  th e  ca ta lase  in th e  Rl 
zone. The, th e  ca ta lase  is in h ib ited  w ith  so d iu m  azide  w h e n  it 
flows to R2, so th e  ac tual H20 2 th a t  is g e n e ra te d  from  th e  c rea ti
n ine  reac tion  d o es n o t in te rfe re . T he p a tte rn e d  p a p e rs  w ere  
p rin ted  using  an  HP LaserJet P1102 p r in te r  a n d  th en , w e re  cu t in to
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Creatine + H:0 creatinase Sarcosine T Urea

Sarcosine t O ,t H:0 sarcosine oxidase Glycine + HCHO + H ,0:
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1 for elimination of interference from ascorbic acid
3 for elimination of interference from bilirubin
4 for inhibition of catalase

Detection R2 Ri Sample ;
zone zone ; 4 mm

Fig. ใ . Schematic diagram of the enzymatic colorimetric assay of enz-PADs. (a) The operating principle of the enzymatic assay for urinary creatinine, (b) The enz-PAD design 
used in this study.
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Fig. 2. Tile enz-PADs fabrication steps and the creatinine assay procedure.

sm all re c tan g u la r sh a p e s  (4 X 40  m m 2). F u rthe rm ore , a h y dro - 
ph ob ic  h o ld e r zone  w as c rea te d  by d ip p in g  on e  en d  o f th e  p a p e r 
in to  a m e lte d  w ax  c h a m b e r a t 108 +  3 °c for 3 ร. In add ition , th e  
w ax  h o ld e r z o n e  a c ted  as a b a rrie r  for the  accum u la tin g  q u in o n e  
im ine  p ro d u c ts . T he enz-PAD d esig n  is sh o w n  in Fig. 1.

Follow ing the  m a n u fa c tu re r in s tru c tio n s , a 2:1 ra tio  o f R1-R2 is 
re co m m e n d e d  for a reac tio n  m ix tu re  o f th e  enzy m atic  c rea tin in e  
assay. T herefo re, th e  sam e  p ro p o rtio n  o f  b o th  re ag en ts  w as u tilised  
in th is  study. T he PADS w e re  placed on  a c leaned  lab bench , in 
w h ich  th e  p rin ted  p a tte rn  w as side  up . T hen , th e  re ag en ts  w ere  
app lied  to  th e  d e s ire d  a reas  using  a p ip e ttin g  tech n iq u e , in w h ich  
5 |iL o f  R1 and  2.5 pL o f  R2 w e re  a d so rb ed  on  th e  d esired  reg io ns 
sep ara te ly  (Fig. lb ). To carry  th e  enz-PAD, it w as to u c h ed  on ly  a t 
th e  hy drop hob ic  h o ld e r zone. Next, th e  enz-PADs w e re  a llow ed  to 
a ir d ry  a t roo m  te m p e ra tu re , and  a vacu u m  sea le r (SINBO™) w as 
u sed  to seal th e  enz-PADs in a p lastic  bag  for s to rag e  a t  4 °c un til 
fu tu re  use. Based o n  th e  1 -3  mL d e a d  v o lum e o f  th e  o b ta in e d  
reag en ts, 2 0 0 -6 0 0  enz-PADs w e re  fabrica ted . This, d e m o n s tra te d  a

very  low  o r  n e a r  ze ro -co s t for th is p a p e r  device.

2.4. Creatinine detection using enz-PADs
T he c rea tin in e  assay  p rinc ip le  con sis ted  o f  fou r co n tin u o u s  

en zy m e  reac tions, inc lud ing  (1) a con v ers io n  o f  c rea tin in e  in to  
c rea tin e  by c rea tin in ase , (2) a fu r th e r  con v ers io n  o f  c rea tin e  in to  
sarcosine  by c rea tin ase , fo llow ed by (3) an  o x id a tio n  o f sarcosine  
by sarco sin e  o x idase  th a t  p ro d u ces  H20 2 and  (4) a libera ted  H20 2 
re ac tio n  w ith  4 -a m in o p h e n a z o n e  and  HTIB to fo rm  a p in k -red  
q u in o n e im in e  ch ro m o g en  via th e  pe rox idase  fun ctio n , as d ep ic ted  
in Fig. l a  and  b. H ow ever, th e  c o m p le te  assay  re ac tio n  is in itia te d  
by  c rea tin in ase  a f te r  th e  a d so rb ed  reag en ts  oil R1 m ove to  R2 zone  
via cap illary  force. A lthough  catalase , p re se n t in R1 to rem o ve  
H20 2 g e n e ra te d  fro m  th e  e n d o g en o u s  c rea tin e  e lim in a tio n  reac
tion , m oves to  R2, ca ta lase  d o es no t in te rfe re  w ith  th e  perox idase  
reac tion  in R2 b ecause  it is in h ib ited  by th e  so d iu m  azide  co n 
ta in ed  in R2.
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Fig. 3. Effect of the sample pH on colour intensity development in the enz-PADs. 
The error bars represent standard deviation based on triplicate assays. (•)  
5 mg dL~1 of creatinine with 100 mM potassium phosphate buffer; (°) 20 mg dL-1 
of creatinine with 100 mM potassium phosphate buffer. (■ ) 5 mg d ir ' of creatinine 
with 100 mM Tris-HCI buffer; (°) 20 mg d ir '  of creatinine with 100 mM Tris-HCI 
buffer.

To in itia te  th e  assay, 50  |iL o f s ta n d a rd  so lu tion s and  u rin e  
sam p le s  w as p ip e tte d  in to  m icrow ells. Each sam p le  u n d e rw e n t 
tr ip lic a te  assays a n d  w as te s te d  in parallel w ith  c rea tin in e  s ta n 
d a rd  so lu tion s. T he sam p le  zone o f  each  enz-PAD w as d ip p e d  in to  
w ells  o f th e  s ta n d a rd  o r  u rin e  so lu tion s to  a llo w  c rea tin in e  in  th e  
sam p le  to  reac t w ith  th e  p re -im p reg n a te d  R1 an d  R2 re a g e n ts  via 
th e  n a tu ra l cap illary  force for 4  m in . M eanw hile , th e  w a te r  fro n t 
u su ally  re ac h e d  an d  covered  th e  d e te c tio n  zone. T hen, th e  e n z- 
PAD devices w e re  rem o v ed  from  th e  sam p le  w ells, and  th e  co lo u r 
w a s  a llow ed  to c o m p le te ly  deve lop  using  a ir-d ry in g  in th e  d e te c 
t io n  zone  for a n o th e r  7 m in  (Fig. 2). Finally, th e  enz-PAD w as im 
aged  using  a sc a n n e r (HP D eskjet F370 A ll-in-O ne scan n er) a t  60 0  
d p i re so lu tio n  in Jpeg  form at-The d e te c tio n  zone, a fixed size 
c o rre sp o n d in g  to  70 X 90 pixels in re c tan g u la r a rea  on  th e  e n z- 
PAD, w as se lec ted  for m ea su rin g  th e  co lo u r in tensity . An average  
in te n s ity  v a lu e  o f  th e  rec tan g u la r a rea  w as o b ta in e d  from  th e  
h is to g ra m  pane l o f  RGB c h an n e l in  th e  A dobe P ho to sh op  CS2 
p ro g ram m e.

To co m p are  th is  m eth o d , th e  c rea tin in e  c o n te n t in  th e  sam p les 
w as qu an tif ied  using  a com m erc ia l k it (C rea tin ine  liquicolor, HU
MAN) and  w as m easu red  using  a sp e c tro p h o to m e te r  (E volution  
60 0 , T herm o  Scientific). Briefly, a u rin e  sam p le  w as d ilu ted  50-fold  
w ith  d istilled  w a te r  and  th en , it reac ted  w ith  1000 pL o f  th e  a l
kaline  p ic ra te  w o rk in g  so lu tion . A fter 30  ร, th e  a b so rb an ce  A1 w a s  
read , an d  a fte r  2 m in, th e  abso rb ance  A2 w as read  a t 5 0 0  nm .

3. Results and discussions
3.ใ. Type of paper

In th is  study, th e  p o re-size  a n d  co lour d e v e lo p m en t in te n s ity  o f 
W h a tm a n  p a p e rs  Nos. 1, 3 an d  42 w e re  investig a ted  using  
20  m g dL ~ ’ c rea tin in e  tes tin g . T he fo rm ed  co lo u r in  th e  W h a tm a n  
No. 3 d e te c tio n  z o n e  w as sm o o th e r th a n  th a t  o f W h a tm a n  No. 
1 u p o n  a  naked  eyes ob serv a tio n  (d a ta  n o t show ). T his is a re su lt 
of, th e  p o re  size in W h a tm a n  No. 3 (6 pm ) b e in g  sm a lle r  th a n  th e  
p o re  size in  W h a tm a n  No. 1 (11 pm ). The po re  size d iffe ren ces lead  
to  d iffe ren t w ick ing  ra tes. Thus, th e  w ick ing  flow  ra te  in W h a tm a n  
No. 3 is 90  ร p e r 100 mL, w h e re a s  th e  flow ra te  in W h a tm a n  No. 
1 is 40  ร p e r  100 mL. The dev e lo p ed  co lour in  W h a tm a n  No. 1 in

th e  d e te c tio n  zone exh ib ited  a  ro cke t-lik e  shape. Specifically, th e  
co lo u r a t th e  edge  o f  th e  hy drop h ilic  zone  w as m ore  in te n se  th a t  
in th e  m id d le  o f th e  paper. T his cau sed  im p rec is io n  o f  th e  cap tu red  
co lour in te n s ity  from  th is  area . T hese  find ing  sug gests  th a t  a 
h o m o g e n eo u s  co lo u r in th e  d e te c tio n  z o n e  is b e tte r  o b ta in e d  from  
p ap ers  w ith  slow  w ick ing  ra tes. N everthe less, w h e n  using W h a t
m an  No. 42  (2.5 pm  p o re -s ize  and , a 240 ร p e r  100 mL w icking 
rate), a c o n s is te n t co lo u r d e v e lo p m e n t in th e  d e te c tio n  zone w as 
n o t sign ifican tly  im p roved  co m p ared  w ith  W h a tm a n  No. 3. 
W h a tm a n  No. 3 is tw o  tim es c h ea p e r th a n  No. 42. Thus, W h a tm a n  
No. 3 w as se lec ted  for fu r th e r ex p e rim e n ts . The d e te c tio n  zone 
w as desig n ed  to  be a sm all re c tan g u la r sh a p e  ( 4 x 3  m m 2) for it be 
read ily  ob serv ab le  and  to  a llow  co lo u r in te n s ity  m ea su re m en t. 
U sing th e  chosen  d e te c tio n  z o n e  size, a sm o o th  a n d  even ly  d e 
ve lo ped  c o lo u r in te n sity  w as ob serv ed , an d  th e  rocke t shaped  
co lo u r p a tte rn  d e v e lo p m en t w as n o t ob serv ed . In ten sity  o f th e  
d e v e lo p ed  co lo u r a t  th e  d e te c tio n  z o n e  w as ra n d o m ly  analysed  for 
10 rep lica tes  on  th e  sam e enz-PAD u sin g  a fixed size  o f 70  X 90 
pixels, an d  th e  average c o lo u r in te n s ity  o f  th e  e n tire  sq u are  w as 
reco rd ed . As sh o w n  in Fig s .l (S u p p lem e n ta ry  data), varia tion  
coefficients (% CV) w e re  o b ta in e d  w ith  values o f  0.26, 0 .30  and  
0.46% w h e n  assayed  w ith  s ta n d a rd  c rea tin in e  so lu tion  a t  2.5, 10 
an d  25 m g dL- 1 , respectively . In a d d itio n , th e  co lo u r in ten sities  of 
sm all a reas (1 7 .5 x 2 2 .5  p ixels) w e re  analysed  for 16 consecu tive  
a reas u n til th e  e n tire  d e te c tio n  zone  o f  an  enz-PAD w as covered. 
T he re su lts  a re  d isp layed  in Table s .l  (S u p p lem e n ta ry  data). Spe
cifically, % CVs w e re  o b ta in e d  w ith  v a lu es o f 2.94, 4.38, and  6.45% 
w h e n  assayed  w ith  2.5 m g d L - 1 , 10 m g d L -1  and  25 m g d L - 1 , re 
spectively. T hese  find ings co n firm ed  th a t  th e  dev e lo p ed  co lo u r in 
the  d e te c tio n  zone o f th e  p ro p o se d  enz-PAD w as sufficiently  
sm o o th  a n d  ev en ly  deve lop ed .

3.2. Effect of sample pH
In th is  study, d e te rm in a tio n  o f c re a tin in e  is b ased  on  an  e n 

zym atic  m eth o d . T herefo re, th e  pH o f  an  assay  re ac tio n  in fluences 
en zy m a tic  activ ity  and  th e  co lo u r in te n s ity  d e v e lo p m en t. In ou r 
enz-PAD platfo rm , u rin e  sam p les  re p re se n t a re la tive ly  large  v o 
lum e c o m p ared  w ith  th e  re a g e n t th a t  w as im p reg n a ted  on  th e  
paper. T herefo re, each  u rin e  sam p le  sh o u ld  be  a d ju ste d  to  th e  
sam e  o p tim ised  pH before  th e  assay  is p e rfo rm e d . T he average  pH 
o f  h e a lth y  u rin e  sam p les  ranges from  6.5 to  8.0. In th e  ex p e rim e n t, 
a v a rie ty  o f buffers w ith  pH ran g in g  fro m  6.5 to  9.0 w as u se d  to 
d ilu te  th e  sam p les  and  to d e te rm in e  th e  op tim a l pH. The resu lts  
d e m o n s tra te d  in Fig. 3 sh o w  th a t  th e  co lo u r in te n s ity  increased  
w h e n  pH o f  th e  sam p le  increased . H ow ever, a pH o f sam p les 
h ig h e r th a n  7.5 d id  n o t in flu en ce  th e  e n zy m e  activity , such  as for 
th e  u se  o f po tass iu m  p h o sp h a te  buffer, an d  there fo re , a co lour 
in ten sity  p la tea u  w as o b serv ed . Clearly, if th e  pH o f  th e  sam p le  
w as h ig h e r th a n  7.8, th e  co lo u r in te n s ity  w as d ram atica lly  d e 
creased . T herefo re, in th is s tudy , a to o  m M  p o tass iu m  p h o sp h a te  
bu ffer w ith  a pH o f 7.5 w as se lec ted  to  d ilu te  sam p les  b e fo re  th e  
enz-PAD analysis.

3.3. Effect of reaction time
To d e te rm in e  th e  op tim a l reac tio n  tim e  for e n zy m atic  reac tion  

before  c ap tu rin g  th e  im age in tensity , 2.5 and  20 m g  dL- 1 c re a ti
n ine  sam p le  so lu tion  w e re  te s te d  w ith  th e  p ro p o sed  enz-PADs. 
W h e n  th e  sam p le  so lu tio n  reach ed  and  co vered  th e  d e te c tio n  
zone, th e  dev ices w e re  rem o v ed  from  th e  sam p le  w ells, an d  th e  
reac tio n  tim e  w as im m ed ia te ly  reco rded . The co lo u r in te n sity  in 
th e  d e te c tio n  zone  w as c a p tu re d  u s in g  a sca n n er for a n o th e r  
15 m in  a t 1 -m in  in tervals. As sh o w n  in Fig. 4, th e  co lo u r in te n sity  
w as d e v e lo p ed  p ro p o rtio n a l to  t im e  w ith in  th e  first 3 - 7  m in. As 
th e  re ac tio n  e x te n d e d  lo n g er th a n  7 m in, th e  co lour in te n sity  w as
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Fig. 4. The colour intensities obtained for the optimisation study of the reaction 
time for determining creatinine using enz-PADs. (•)  2.5 mg dL-1 of creatinine; (๐) 
20 mgdL-1 of creatinine. Each point indicates the mean value from triplicate as
says; error bars represents standard deviation.

slo w ly  deve lo p ed . As a co m p ro m ise  b e tw e e n  th e  sen sitiv ity  o f  th e  
assay  a n d  th e  a ssay  tim e, a re ac tio n  tim e  o f 7 m in  w a s  se lec ted  for 
th e  c rea tin in e  m e a su re m e n ts  u sing  enz-PADs in th e  su b se q u e n t 
ex p e rim e n ts .

3.4. Analytical range and limit of detection
For th e  p ro p e r  c o n d itio n s  d e scrib ed  in Section  2.4, c rea tin in e  

c o n c en tra tio n s  up to  40  m g d L -1 w e re  an a ly sed  using enz-PADs, 
an d  tr ip lic a te  assays w ere  p e rfo rm ed  for each  co n cen tra tio n . The 
re su lts  d e m o n s tra te d  a lin ear range fro m  2.5 to  25 m g d L -1  of 
c rea tin in e  (1^= 0 .983 ), as sh o w n  in Fig. 5.

T he lim it o f  d e te c tio n  (LOD) w as ca lcu la ted  based  on th ree  
s ta n d a rd  dev ia tio n s  o f  a b lan k  sam p le  (ท= 1 0 )  d iv ided  by the  slope 
o f  th e  analy tical cu rve  in th e  lin e a r range. In o u r  study, the  ob 
ta in e d  d e te c tio n  lim it for c rea tin in e  w as 2.0 m g d L - 1 . C om pared 
w ith  p rev iously  p u b lish ed  stu d ies, o u r  p a p e r  device  offers th e  
sam e  sen sitiv ity  level. For exam ple , e lec tro ch em ica l sen so rs based  
o n  th e  Jaffé re ac tio n  ex h ib it a  lin e a r range  o f  4 .19 -40 .72  m g dL-1 
a n d  a  lim it o f  d e te c tio n  o f  0.97 m g d L -1  |41]. H ow ever, o u r 
m e th o d  is 1 0 -2 0  tim es  less sen sitiv e  th a n  th e  p rev iously

Fig. 5. Analytical curve of enz-PADs for determining urinary creatinine. The ana
lytical linear range obtained from 2.5 to 25 mgdL-1 of creatinine by measuring 
colour intensity (RGB mode) in the detection zone (r2=0.983, assays for each 
sample were performed in triplicate).

p u b lish ed  m eth o d s. Zone fluid ic m u ltich a n n e l k ine tic  sp e c tro 
p h o to m etry , w h ich  re lies on  th e  Jaffé reac tion , exh ib its  a LOD of 
0.076 m g d L -1 [24], w h e re a s  th e  LOD o f  a p rev iously  rep o rted  
p o rta b le  m icroflu id ic  sy stem  w as 0.33 m g d L -1  [23 j. H ow ever, 
such  m e th o d s  req u ire  so p h is tica ted  e q u ip m e n t and  w e ll-tra in ed  
p e rso n a l to o p e ra te  th e  m achinery . C om pared  w ith  po rtab le  POCT 
assays, such  as Clinitek® (S iem ens), th a t  d e te c t b o th  m ic roa lb um in  
a n d  c rea tin in e , C lin itek *  p ro v ides sem i-q u an tita tiv e  re su lts  and  
re p o rts  u rine  c rea tin in e  c o n te n t rang ing  from  10 to  30 0  m g d L - 1 , 
a llow in g  th e  u n d ilu ted  u rine  sam p le  to  be assayed  directly . A 
m ajo r d ra w b a ck  is th a t  th e  s tr ip  is expen siv e  (a p p ro x im a te ly  $ 3 .2 - 
6 p e r  te s t  strip ), and  h aem o g lo b in  o r  m yog lob in  ( > 5 m g d L - 1 ) 
m ay  cause  falsely e levated  re su lts  in b o th  th e  a lb u m in  and  c rea 
t in in e  tes ts . A ltho ugh  o u r  p ro p o se d  enz-PAD do es n o t  p rov ide  a 
v ery  low  LOD, its sen sitiv ity  IS sa tisfac to ry  and  is su ffic ien t for 
clinical d iagnoses, a n d  its lin e a r ran g e  covers b o th  th e  no rm al and  
patho log ical co n cen tra tio n s .

3.5. Precision of enz-PADs
To ev a lu a te  th e  rep ro d u c ib ility  o f  enz-PADs for th e  c rea tin in e  

assay, 20  pieces o f  enz-PADs fabrica ted  o n  th e  sam e d a y  w e re  used  
to  p e rfo rm  assays w ith  5 m g d L -1 and  20  m g d L -1  o f crea tin ine . 
T he re su lts  sh o w ed  th a t  w ith in -d ay  p rec isio ns w ith  coeffic ients o f 
va ria tio n  (CVs) o f  8.82% a n d  6.86% w e re  o b ta in e d  for assays o f 
5 m g d L -1 (ท =  10) and  20 m g d L -1  (ท =  10) o f  c rea tin ine , re sp ec 
tively. B e tw een  day  p rec isio ns a t 11.57% and  9.39% coefficients o f 
v a ria tio n  (CVs) w e re  o b ta in e d  w h e n  eva lu a ted  w ith  5 m g d L -1 
an d  20 m g d L -1  o f c rea tin in e  s ta n d a rd  on th re e  consecu tiv e  days 
(ท =  30), respectively .

In ad d itio n , th e  enz-PADs w e re  also ana ly sed  w ith  3 levels o f  
c rea tin in e , 1 1 .6m g d L -1  (ท= 2 0 ) , 172.0 m g d L -1  (ท= 2 0 )  and  
328.2  m g d L  (ท= 2 0 ) , fron t real u rin e  sam p les. T he re su lts  o f  th e  
w ith in -d a y  p rec isio n  w ith  CVs o f  14.2%, 6.9% a n d  5.9% w e re  o b 
ta in e d  w h e n  eva lu a ted  w ith  th e  a b o v e m en tio n e d  th re e  u rin e  
sam ples, respectively . T he b e tw e e n -d a y  p rec isio n  w ith  CVs o f 
16.6%, 6.4% and  6.1% w as o b ta in e d  w h e n  eva lu a ted  for th e  
a b o v e m en tio n e d  real u rin e  sam p les  w ith  d iffe ren t levels o f c re a 
tin in e  assayed  on ten  consecu tiv e  days, respectively .

3.6. Interference study
C urrently , d e te rm in a tio n  o f  c rea tin in e  b ased  o n  en zy m e  re ac 

tion s is accep ted  and  is u sed  in m o st clinical labo rato ries, because  
th is  m e th o d  exh ib its  sev era l a d v an tag es  o v er th e  Jaffé-based  as
says, especia lly  reg a rd in g  th e  specificity. To s tu d y  th e  effect o f 
in te rfe rin g  su b stan ces  on c rea tin in e  d e te rm in a tio n , severa l c o m 
m on  in te rfe rin g  su b stan ces  w ere  spiked in to  th e  c rea tin in e  s ta n 
d a rd  to c o rresp o n d  to a final c rea tin in e  c o n c en tra tio n  of 
10 m g  dL- 1 .T h e  re su lts  revealed  th a t  th e  p resen ce  o f  3 0 0  m g dL-1 
g lucose, 150 m g d L -1 h u m a n  se ru m  a lbu m in , 100 m g dL- 1 h ae 
m oglob in , 50 m g d L -1 ascorb ic  acid, 35 m g d L -1 bilirub in , 
20  m g  dL-1 uric  acid and  1 m g dL-1 c rea tin e  d id  n o t sign ifican tly  
in te rfe re  w ith  enz-PADs. W e o b ta in e d  reco v erie s  o f  96.0-101.8%  
from  th e  u n d ilu ted  trip lica te s  sam p les  (Table 1). N evertheless, for 
th e  p ro p o sed  m eth o d , th e  u rin e  sam p le s  m u s t be  d ilu te d  10- to  
20 -fo ld  w ith  100 m M  p h o sp h a te  buffer, pH 7.5, before  analysis. For 
th is  reason , it is a ssu m ed  th a t  th e  p ro p o sed  enz-PADs w ill n o t 
sign ifican tly  in te rfe re  w ith  c o n ta m in a n t c o n c en tra tio n s  10- to  20 - 
fold lo w er th a n  th e  c o n c en tra tio n s  th a t  w e re  tes ted .

To confirm  efficiency o f  the  designed  enz-PADs for a com plete 
elim ination  o f endogenous creatine  in th e  R1 zone, creatine  w as 
spiked into the  stand ard  o r u rine  sam ple, and  th e  assay recoveries 
w ere  studied . As sho w n  in Table S.2 (Supplem entary  data), the  r e - . 
suits sho w  th a t 1 m g dL- 1 creatine  did no t significantly interfere 
w ith  th e  proposed enz-PADs. This im plies th a t enzym es in R1 o f enz-
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Table 1
Effects of the tested substances on the creatinine assay using the proposed enz- 
PADs.

Tested substances % Recovery

None 100.0 ±5.7
300 mgdL-1 of glucose 96 0 ± 8.5
150 mgdL- ' of human serum albumin 101.5 ±3.4
100 mgdL-1 of haemoglobin 97.2 ±  8.8
50 mgdL-1 of ascorbic acid 99 7 ±  3 5
35 mgdL-1 of bilirubin 101.5+10.1
20 mgdL-1 of uric acid 96.3 ±  9.2
1 mg dL- 1 of creatine 101 8 ±  2.3

AVERAGE of Alkaline pricate and enzymatic paper-based devices (mg dL'1)

ช

Fig. 6. Comparison of results obtained using the enz-PAD method and the alkaline 
picrate method for determining urinary creatinine. The results are shown as (a) a 
Bland-Altman bias plot and (b) a Passing-Bablok regression analysis.
PADS can com pletely elim inate  th e  endogenous creatine  up  to 
10 m g dL-1  from  un d ilu ted  urine  sam ples. In general, u rine  creatine  
can be found in th e  range o f 0 -4 0  m g/day and  0 -8 0  m g/day  in m ales 
and  in fem ales, respectively [42 J. If th e  average excreted urine  vo
lum e is 1.5 L/day, th e  creatine  concen tra tion  should be 0 -  
2 .7 m g d L ~ ' and  0 -5 .3  m g  dL-1  in m ales and  in females, respec
tively. Therefore, th e  u rine  creatine  levels do  no t in terfere w ith  the 
enzym atic  reactions utilised in th e  proposed enz-PADs for creatin ine 
de term ination .

3.7. Analysis of real wine samples
T o e v a lu a te  t h e  a c c u ra c y  o f  e n z -P A D s  f o r  a n a ly s in g  r e a l  s a m p le s ,

forty urine sam ples w ere  quantified, and  th e  results w ere  com pared 
w ith  a conventional alkaline picrate m ethod . Urine sam ples (ท= 4 0 ) 
w ere  d ilu ted  10- to 20-fold w ith  100 mM  po tassium  phosphate  
buffer, pH 7.5. A scatter-p lo t o f  th e  results ob tained using both 
m ethod s is sho w n  w ith  a correlation coefficient o f 0.977 ( 11=40), as 
show n in Fig ร.2. The enz-PADs had no bias for detecting  urinary  
creatin ine because th e  differences b e tw een  th e  tw o m ethod s fell 
w ith in  the  m ean  +  1.96 SD, as show n in the  B land-A ltm an plot 
(Fig. 6a). The Passing-Bablok regression w as em ployed to assess the 
correlation o f th e  m ethods, for w hich th e  equation 
y =  1 .01 59X -13.8390 w as ob ta ined, and no significant deviation from 
linearity  (P >  0.10) w as observed, as sho w n  in Fig. 6b. Therefore, the 
proposed  enz-PADs can be used for quantita tive  creatin ine  assays of 
real sam ples and  exhibit good ag reem en t w ith  th e  alkaline picrate 
m ethod  w ith o u t bias. M oreover, using the  96 -w ell m icroplates, the 
enz-PADs can be  used to analyse m ultip le  sam ples sim ultaneously. 
Because the  enz-PAD requires 11 m in per test, approxim ately  480 
sam ples can be assayed p er hour, and m ore  sam ples can be analysed 
w ith  intervals o f 4 min. The th ro u g h p u t of enz-PADs is sim ilar to 
au tom atic  analysers, w hich assay 60 0  sam ples p er hour. The high- 
th ro u g h p u t o f th e  proposed m eth o d  is im p o rtan t for clinical d iag
noses, particularly for in the  field analyses. The sam ple  analysis fre
quency w as b e tte r  than  for th e  electrochem ical sensors and flow 
injection analyses [23,41,43,44].

4. Conclusion
A sen sitiv e  a n d  specific  p a p e r-b ased  d iag n o stic  analy tical d e 

vice for d e te rm in in g  u rin a ry  c rea tin in e  b ased  on  a n  en zy m atic  
assay  w as successfully  d eve lop ed . T he assay  fo rm a t is sim ple , ra 
pid and h igh ly  p ro m ising  for p e rfo rm in g  h ig h - th ro u g h p u t assays 
o f severa l sam p les w ith in  a sh o rt  p erio d  o f  tim e. T he m ajor a d 
van tage  o f an  enz-PAD is th a t  it exp lo its  th e  sm all re m ain in g  
c rea tin in e  a ssay  re a g e n t v o lu m e  in c asse tte s  o f  a u to m a tic  a n a ly 
sers, w h ich  a llow s th e  d e te c tio n  c o st to  be e x tre m ely  low  o r 
negligible. To analyse  u rin e  c rea tin in e  using  o u r  PADS, no ex
pensive  in s tru m e n ts  a re  req u ired . T he PAD is a  novel dev ice  th a t  
exh ib its  good rep rod u c ib ility  an d  allow s fully p o rta b le  analyses. 
The p ro p o sed  PAD prov ide  a n  a lte rn a tiv e  a n d  inex pen siv e  p la t
fo rm  for sc reen in g  u rin a ry  c rea tin in e  a n d  w ill be  h igh ly  beneficial 
for th e  low -inco m e o r  deve lo p in g  coun tries.
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•  Novel, highly selective  and sensitive  
(iPAD for determ ination  o f Cu2* was 
achieved.

•  The lim it o f  d etection  w as found to 
be very low  at l.O ngm L - ' by visual 
detection .

•  This m ethod w as successfu lly  ap
plied for determ ination  of Cu2* in 
real sam ples.
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A novel, highly selective  and sensitive paper-based colorim etric sen sor for trace d eterm ination  o f  copper  
(Cu2*) ions w as developed. The m easurem ent is based on the catalytic etch ing  o f  silver nanoplates 
(AgNPls) by th iosulfate (ร20 32” ). Upon the addition of Cu2* to th e  am m onium  buffer at pH 11, the  
absorption peak in tensity  o f AuNPIs/S2 0 32~ at 522  nm decreased  and the pinkish v io let AuNPls becam e  
clear in color as visible to the naked eye. This assay provides highly sen sitive  and selective  d etection  o f  
Cu2* over other m etal ions (K*, Cr3*, Cd2*, Zn2*, As3*, Mn2\  Co2*, Pb2*, Al3*, Ni2*, Fe3*, Mg2*, Hg2* and Bi3*). 
A paper-based colorim etric sensor w as then developed  for the sim p le  and rapid determ ination  o f Cu2* 
using the catalytic etch ing o f AgNPls. Under optim ized  conditions, the m odified AgNPls coated at the test  
zone of the devices im m ediately  changes in color in the presence o f  Cu2*, The lim it o f  d etection  (LOD) was 
found to be 1.0 ng mL~' by visual detection . For sem i-quantitative m easurem ent w ith  im age processing, 
the m ethod detected  Cu2* in the range o f  0 .5 -2 0 0 n g m L _ l(R2 = 0 .9974) w ith  an LOD o f 0 .3 ngm L -1. The 
proposed m ethod w as successfu lly applied to detect Cu2* in the w id e  range o f  real sam ples including  
water, food, and blood. The results w ere in good agreem ent according to a paired t-test w ith  results from 
inductively coupled  p lasm a-optical em ission  spectrom etry (ICP-OES).
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ไ. Introduction

C opper ions (Cu2*) a re  an  essen tia l trace  e le m e n t for life. Cupric 
ions play an  im p o rta n t ro le  in m an y  body  fun ctio ns as an  en zy m e  co 
factor and  are involved in th e  fo rm a tio n  o f red  b lood cells [1], 
H ow ever, an  excessive u p ta k e  o f Cu2+ can cause  serious h ea lth  
prob lem s, inc lud ing  ischem ic  h e a r t d isease, k idney disease, 
n e u ro d eg en era tiv e  d isease, an em ia  and  bo ne  d iso rd ers [2], B ecause 
o f  th e ir  toxicity, th e  m ax im u m  co n tam in a tio n  value o f  Cu2* in th e  
e n v iro n m e n t and  in food w as se t by severa l o rg an ization s 
th ro u g h o u t th e  w orld  to p ro te c t h u m a n  health . For exam ple , th e  
U nited S tates E nv iron m en tal P ro tection  A gency (USEPA) issued  th e  
m ax im u m  c o n tam in a tio n  level o f  Cu2+ in d rin k in g  w a te r  a t  
1.30 m g  L- ' [3]. เท T hailand , th e  p o llu ta n t con tro l o rg an iza tio n  
p e rm itte d  a Cu2+ c o n c en tra tio n  o f2 .0 0  m g L_ ' i n  surface  w a te r [4]. เท 
add ition , th e  c o n c en tra tio n  lim it o f  Cu2* for exp o su re  from  foods is in 
th e  range o f  1.2-4 .2 m g c o p p er/d ay  as s e t  by T he E uropean Food 
Safety A utho rity  (EFSA) [5]. T herefore, th e  m o n ito rin g  o f Cu2+ 
c o n tam in an ts  in w ater, food and  th e  e n v iro n m e n t is necessary .

C onventional m e th o d s  for th e  m e a su re m e n t o f Cu2+ include  
a to m ic  a b so rp tio n  sp e c tro m e try  (AAS) [6], induc tive ly  co u p led  
p lasm a  a to m ic  e m issio n  sp e c tro m e try  (ICP-AES) [7], induc tive ly  
coup led  p lasm a m ass  sp e c tro m e try  (1CP-MS) [8], v o lta m m e try  [9] 
an d  fluo rescen ce  sp e c tro m e try  [10]. A ltho ugh  th e se  m e th o d s  
p ro v id e  h igh  sen s itiv ity  and  selec tiv ity , th e y  req u ire  expen siv e  
in s tru m e n ta tio n , lab o ra to ry  se tu p , an d  h igh  o p e ra tin g  cost, w h ich  
m ak es th e se  m e th o d s  u n su ita b le  fo r field m on ito rin g . T herefo re, 
th e re  is a n  in c re a sin g  in te re s t  in th e  d e v e lo p m e n t o f  s im p le  and  
lo w -c o s t sen so rs  for th e  h igh ly  sen sitiv e  an d  selec tive  d e te c tio n  o f 
Cu2+ th a t  can  a llo w  re liab le  o n -s ite  rea l tim e  d e tec tio n .

Recently, co lo rim e tric  sen so rs based  on noble  m eta l n a n o 
p a rtic les such  as gold n an o p artic le s  (AuNPs) [11] o r silver n a n o 
p a rtic les (AgNPs) [12] for th e  visual d e te rm in a tio n  o f Cu2+ have 
g a in ed  increased  a tte n tio n . AgNPs is particu la rly  o f  in te re s t because  
it has a h ig h e r ex tin c tio n  coeffic ien t c o m p ared  to  AuNPs o f  th e  sam e  
size and  a low er c o st c o m p ared  to  AuNPs [13]. Zhou e t  al. re p o rted  on  
th e  co lo rim e tric  d e te c tio n  o f  Cu2+ by using  4 -m e rcap to b en zo ic  acid 
(4-MBA) m odified  AgNPs. The m e a su re m e n t w as based  on th e  
agg reg a tio n  o f  4-MBA-AgNPs in  th e  p re sen ce  o f  Cu2+ via ion- 
te m p la te d  c h e la tio n  [12]. M iao e t  al. p ro posed  a  co lo rim etric  
d e te c tio n  m e th o d  o f  Cu2+ w ith  h igh  sen sitiv ity  a n d  se lec tiv ity  by 
u tiliz in g  th e  redox  reac tio n  b e tw e e n  s ta rch -s tab ilized  AgNPs and  
Cu2* [14]. R a tn ara th o rn  e t  al. p re sen te d  th e  co lo rim etric  m ea su re 
m e n t on  P-PAD by using  th e  ho m o cy ste ine  (Hey) and  d ith io th re ito l 
(DTT) m odified  AgNP surface  th a t  is able to induce  th e  agg rega tion  o f  
AgNPs in th e  p resen ce  o f Cu2+ [15]. เท add ition , a  sensitive  and  
selec tive  co lo rim e tric  m e th o d  w as dev e lo p ed  based  on cataly tic  
th io su lfa te  leach ing  o f  n an o p artic le s  inc lud ing  silver coated  gold 
n a n o p artic le s  (Ag/Au NPs) [16] o r AuNPs [17] by Cu2*. Cu2+ can 
accelera te  th e  leach ing  ra te  o f NPs an d  leads to  a d ram atic  d ecrease  
in its su rface  p lasm o n  re so n an ce  (SPR) ab so rp tio n  b ecause  th e  
n a n o p artic le s  size is decreased . A lthough th ese  assays prov ided  h igh  
sensitiv ity , th e y  a re  tim e-c o n su m in g  (2 5 -6 0  m in ) a n d  large vo lum es 
o f  so lu tio n  a re  requ ired .

A p a p e r-b a sed  s e n so r  o r m icroflu id ic  p ap e r-b a sed  analy tical 
dev ices ( iaPADs ) a re  a n e w  a lte rn a tiv e  m eth o d o lo g y  o f  a m icro  
to ta l analy tica l sy s tem  (p-TAS) ap p lied  to  food analysis, e n v iro n 
m en ta l m on ito rin g , an d  clin ical d iagnosis. T hey p ro v ide  severa l 
ad v a n ta g e s  su ch  as ease  o f use, high th ro u g h p u t, d isposab ility , low  
sam p le  a n d  re ag en ts  c o n su m p tio n , low  ex p e n se , an d  p o rta b ility  
[ 18 -20]. The (iPADs w e re  first in tro d u c ed  by M artin ez  e t  al., w h e re  
th e  hy drop hilic  m ic ro c h a n n e ls  on  dev ices w e re  fab rica ted  by 
c rea tin g  a hy drop hob ic  w all u s ing  p h o to lith o g ra p h y  [21 ]. To da te , 
severa l m e th o d s  w e re  p ro p o sed  to  fab rica te  th e se  devices, 
in c lu d in g  in k je t-p r in tin g  [22], p lo ttin g  [2 3 ],’w a x -p rin tin g  [24], 
p lasm a  tre a tm e n t  [25], and  sc reen  p r in tin g  [26]. H erein , th e  w ax

p rin tin g  m e th o d , w h ich  is easy  an d  is a qu ick  fa b rica tio n  process, 
w as a p p lie d  to  c re a te  p a p e r-b a se d  devices. T his p a p e r-b a sed  
c o lo rim e tric  s e n so r  is b a sed  o n  th e  c a ta ly tic  e tc h in g  o f  silver 
n a n o p la te s  (AgNPls) w ith  th io su lfa te  (ร20 32^) an d  is d e v e lo p ed  for 
th e  h igh ly  se lec tiv e  and  sen s itiv e  d e te c tio n  o f trac e  Cu2+.

2. Experimental
2.1. Chemicals and materials

C o pper su lfa te  (C uS04) a n d  a m m o n iu m  hy drox id e  (NH4OH) 
w e re  p u rc h a se d  from  BDH (E ngland). S od iu m  th io su lfa te , hex- 
a d e c y ltr im e th y la m m o n iu m  b ro m id e  (CTAB), m a g n e s iu m  su lfa te  
(M g S 04), m a n g a n e se  c h lo rid e  (M nCl2) a n d  a m m o n iu m  d ich ro m ate  
(NH4)2Cr20 7 w e re  o b ta in e d  fro m  S ig m a-A ld rich  (M issouri). 
A m m o n iu m  c h lo rid e  (NH4C1) w a s  o b ta in e d  fro m  A jax (NSW, 
A ustralia). S tan d ard  so lu tio n s  o f  1000 p -g m L '1 Hg2\  Bi , As3*, Pb2 
+1 Co2+, Cd2+ an d  Zn2* w e re  p u rc h a se d  from  S pectroso l (Poole, UK), 
a n d  s ta n d a rd  so lu tio n s  o f  1000  |x g m L - ' Ni2+ an d  Al3* w e re  
p u rch ase d  fro m  M erck (D a rm sta d t, G erm any). T he fo llow ing  
c h em ica ls  w e re  u se d  as rece iv ed : iro n  c h lo rid e  h e x a h y d ra te  
(FeCl3-6H20 )  (M erck, D a rm sta d t, G erm any ) an d  p o ta ss iu m  ch lo 
ride  (KC1) (Univar, R edm ond, WA). All c h em ica ls  w e re  an a ly tic a l-  
g rad e . All re a g e n ts  w e re  p re p a re d  w ith  1 8 M f lc m _1 re s is ta n c e  in 
d e io n ized  w a te r  (o b ta in ed  from  a M illipore  M illi-Q  p u rifica tio n  
system ).

2.2. Instrumentation
T he a b so rb an c e  m e a s u re m e n t  w as carried  o u t by  a U V -v isib le  

s p e c tro p h o to m e te r  (HP HEWLETT PACKARD 8453 , UK) u s in g  a
I. 0 cm  p a th  le n g th  q u a rtz  cell. T he m o d ified  su rface  m o rp h o lo g y  o f 
th e  p a p e r-b a se d  dev ice  w as c h a ra c te riz e d  by s c a n n in g  e le c tro n  
m icroscopy  (SEM) (JEOL, Ltd-. Jap an ). T ran sm iss io n  e le c tro n  
m icro sco p y  (TEM) w as re co rd ed  by a  H -7650 tra n sm iss io n  e le c tro n  
m ic ro sco p e  (H itach i M odel, Jap an ). T he leve ls  o f  Cu2* in real 
sam p le s  w e re  an a ly zed  by in d u c tiv e ly  co u p led  p lasm a  o p tica l 
e m iss io n  s p e c tro m e try  (ICP-OES) (CAP 6 0 0 0  se r ie s  ICP-OES, 
T h erm o  Scientific, USA).

2.3. Synthesis of the modified AgNPls
AgNPls [27] w e re  o b ta in e d  fro m  th e  S e n so r R esearch  U n it a t  th e  

D e p a r tm e n t o f  C hem istry , Faculty  o f  S cience, C h u ia long korn  
U niversity . Briefly, th e  AgNPls w e re  sy n th e s iz e d  by re d u c tio n  o f 
A gN 03 u s in g  NaBH4 a n d  th e  sh a p e  tra n s fo rm a tio n  u s in g  a 30% 
H20 2 so lu tio n  [27]. First, th e  NaBH4 w as a d d e d  in to  th e  A gN 03 
u n d e r  v igo rously  m ag n e tic  s tirr in g . T he so lu tio n  tu rn e d  lig h t 
yellow , in d ica tin g  th e  fo rm a tio n  o f  NPs. T he sh a p e  tra n s fo rm a tio n  
re ac tio n  w as d o n e  by an  in jec tio n  o f  th e  30% H20 2 so lu tio n  a t  th e  
ra te  o f  13.45 m L m in ^ 1 in to  AgNs. A fter th e  c o m p le te  a d d itio n  o f 
th e  H20 2 so lu tio n , th e  co llo id  w a s  fu r th e r  s tir re d  fo r 10 m in  to 
c o m p le te  th e  sh a p e  c o n v e rsa tio n  p ro cess . T he so lu tio n  tu rn e d  
co lo r fro m  lig h t y e llo w  to  th e  b lu e  o f  AgNPls. For th e  m o d ifica tio n  
o f  AgNPls h e x a d e c y ltr im e th y la m m o n iu m  b ro m id e  (CTAB) c ap p ed  
AgNPls w e re  p re p a re d  by th e  d ilu tio n  o f  AgNPls to  2 0 0  |x g m D  in 
a to ta l final v o lu m e  o f  1000  p.L w ith  a 0.1 M a m m o n ia  b u ffe r a t pH
II . T hen , 10p,L  o f  0.1 M CTAB w a s  a d d e d  to  p ro d u c e  th e  CTAB- 
c ap p ed  AgNPls. S equentia lly , 5 |x L  o f 1.0 M Na2s 20 3 w a s  a d d e d  to  
th e  CTAB-capped AgNPls fo llo w ed  by in cu b a tio n  o f  th e  m ix tu re  for 
5 m in  a t  ro o m  te m p e ra tu re .

2.4. Device design and fabrication
เท o rd e r  to  o b ta in  h ig h ly  re p ro d u c ib le  m e a su re m e n ts , th e  

d e n d r it ic  h y d ro p h ilic  c h a n n e l te rm in a te d  in th e  e ig h t  d e te c tio n
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z o n e  to  e n ab le  re p e a tin g  e ig h t m e a su re m e n ts  a t  th e  s a m e  tim e , 
an d  in th e  fou r c irc u la r a re a  o f  th e  c o n tro l z o n e  th a t  w as 
d e s ig n e d  on th e  p a p e r-b a se d  s e n so r  u sin g  A dobe i llu s tra to r  CS4. 
T he w a x  p r in tin g  m e th o d  w as u se d  to p a t te r n  th e  re su lt in g  
desig n . T he fa b rica tio n  p ro cess in c lu d e s  tw o  s te p s : ( 1 ) p r in t in g  o f 
th e  w a x  p a tte rn  on  th e  su rface  o f  th e  f ilte r p a p e r  (W h a tm a n  no. 
1) by  u s in g  th e  w a x  p r in te r  (X erox Color Q ube 8570 , J a p a n )  and  
(2 ) m e ltin g  th e  w a x -p r in te d  p a p e r  o n  a h o t p la te  a t  175 °c  for 
40  ร. T he w a x  co v ered  a rea  w a s  h y d ro p h o b ic , w h ile  th e  a rea  
w i th o u t  w ax  w as hy drop h ilic . T hese  p ro ce sses  can  be fin ish ed  
w ith in  2 m in.

2.5. Colorimetric assay of Cu2* on paper based devices
T he m odified  AgNPls a t 0.8 P-L w e re  d ro p p e d  o n to  th e  d e te c tio n  

z o n e  an d  co n tro l zone, and  a llow ed  to  dry. For Cu2* m e a su re m e n t, 
20 p,L o f th e  s ta n d a rd /sa m p le  so lu tio n s  w as a d d e d  to  th e  sam p le  
ap p lic a tio n  zone  a n d  th e n  th e  so lu tio n  flow ed  in to  th e  d e te c tio n  
zone. The co lo r chan ge  a t th e  te s t  z o n e  c an  be o b se rv ed  w ith in  
2 m in . For q u a n tita tiv e  analysis, th e  p h o to g ra p h  o f  th e  re su lts  on  
th e  p a p e r-b a sed  s e n so r  w a s  re co rd ed  by a d ig ita l c am era  (C ann on  
EOS 1000 D l, Jap an ) in a lig h t con tro l box. T hen, co lo r in te n s ity  o f 
th e  te s tin g  a re a  on  th e  dev ice  w as m e a su re d  using  Im ageJ 1.45s 
(N ationa l In s titu te s  o f H ealth , USA). Finally, th e  co lo r in te n s ity  
values w e re  u sed  to  o b ta in  a ca lib ra tio n  curve.

2.6. Analysis of Cu2* in real world samples
2.6.1. Mineral water and groundwater

T he m in era l w a te r  sam p le s  w e re  p u rc h a se d  fro m  a local 
su p e rm a rk e t. T he g ro u n d w a te r  sa m p le s  w e re  o b ta in e d  fro m  th e  
p a d d y  field o f  th e  S u p h a n b u ri p ro v ince , T hailan d . All o f  th e  w a te r  
sa m p le s  w e re  filtered  u s in g  0.45 p,m  m e m b e r filters  b e fo re  
tes tin g .

2.6.2. Tomato juices
The to m a to  ju ic es  w e re  p u rch ase d  from  a local su p e rm a rk e t. A 

1.5 mL a liq u o t o f  th e  ju ic es  w as cen trifu g e d  fo r 40  m in  a t  6 0 0 0  rpm
[28 ] , The c en trifu g e d  ju ic e  sam p le s  w e re  th e n  filtered  u sin g  c o tto n  
an d  a 0.45 p,m  m e m b ra n e  filter.

2.6.3. Rice
T he rice  sam p le  w as o b ta in e d  fro m  a Surin  Provincial sou rce , 

T hailand . The sam p le s  w e re  d ig e ste d  by a n  acid d ig e s tio n  m e th o d
[29 ] , A 0.5 g o f  rice sam p le  w as a d d e d  in th e  m ix in g  b e tw e e n  
c o n c e n tra te d  n itric  acid and  c o n c e n tra te d  perch lo ric  acid  in  th e  
ra tio  1 ะ 1 (v /v) an d  h e a te d  to  150 °c  an d  s tir re d  for 4  h. T he so lu tio n  
w a s  ev ap o ra te d  to  less th a n  2 m L  o f  vo lum e. S equentia lly , th e  
c o n c e n tra te d  hy d ro g en  pe ro x id e  w as a d d e d  d ro p w ise  u n d e r  
h e a tin g  u n til  th e  so lu tio n  w as co lo rle ss  a f te r  th e  so lu tio n  w as 
ev ap o ra te d . Finally, th e  sam p le  so lu tio n  w as filtered  th ro u g h  a 
0.45 |i.m  m e m b ra n e  filter.

2.6.4. Blood
T he le fto v e r b lood  sam p le s  w e re  o b ta in e d  fro m  th e  local 

ho sp ita l. T he w h o le  b lood  sam p les  (1 mL) w e re  a d d e d  to  4 m L  o f 
th e  m ix tu re  so lu tio n  o f co n c e n tra te d  n itric  acid  and  c o n c e n tra te d  
p e rch lo ric  acid (3:1 v /v) [30] an d  h e a te d  to  n e a r d ry n e ss. T he 
sam p le  so lu tio n  w as th e n  filtered  using  a 0 .45 p.m  m e m b e r 
filter.

Forall cases, th e  filtered  so lu tion  w a s  d ilu te d  w ith  0.1 M a m m o n ia  
bu ffer a t  pH 11 before  m ea su re m en t. Fortunately , a f te r  p re p a ra tio n  
o f  th e  real sam ples, th e  so lu tion  o b ta in e d  w a s  colorless. T herefo re, 
th e re  w as no in te rfe ren ce  effect from  co lo r o f  sam ple .

3. R e su lts  a n d  d is c u s s io n

3.1. UV-visible absorption spectra and Mechanism of AgNPls the 
presence of Cu2*

To u n d e rs ta n d  th e  m e c h a n ism  o f  th e  c a ta ly tic  e tc h in g  o f AgNPls 
by ร2(ว:)2 - for th e  m e a s u re m e n t  o f  Cu2*, th e  SPR a b so rp tio n  w as 
in v e s tig a ted  as sh o w n  in Fig. 1 .T he CTAB/AgNPls in 0.1 M a m m o n ia  
b u ffe r a t  pH 11 e x h ib ite d  a n  a b so rp tio n  m ax im u m  (A.max) o f  
563 nm  (cu rve  a). A fter th e  a d d itio n  o f  1 M Na2s20 3 a t  1.5 p,L in 
3 mL o f CTAB/AgNPls th e  Amax o f  th e  CTAB/AgNPls w a s  d e c rea se d  
(cu rve  b) and  b lue  sh ifte d  to  522 nm . This is d u e  to  th e  d e c rea se d  
AuNPls size  th ro u g h  o x id a tio n  o f  AgNPls w ith  oxygen  ( 0 2). By th e  
a d d itio n  o f  Cu2*, th e  co lo r o f  th e  so lu tio n s  ch an g ed  fro m  v io le t-red  
to  co lo rless w ith in  5 m in . T he a b so rb an c e  p e ak  a t  522 nm  
d e c re a se d  w ith  an  in c re a se  in c o n c e n tra tio n  o f Cu2+ fro m  50 to  
2 0 0 n g m L -1 (curves c -e ) .T h e  in s e ts o fF ig .l  sh o w  th e  co lo r ch an g e  
o f  CTAB/AgNPls cau se d  by th e  c a ta ly tic  e tc h in g  o f  CTAB/AgNPls by 
ร2(ว32_ in th e  p re sen ce  o f  Cu2*.

U pon th e  a d d itio n  o f  ร20 32- ions to  CTAB/AgNPls th e  AgNPls can 
be  ox id ized  by d isso lved  (ว2 lead in g  to  re d u c tio n  o f  th e  pa rtic le  size  o f 
AgNPls (S chem e SI). H ow ever, it  w as fou nd  th a t  th is  re ac tio n  is very  
slow  b eca u se  th e  Ag(S20 3)23~ com plexes im m e d ia te ly  g e n e ra ted  a 
passive  layer on  th e  su rface  AgNPls. By ad d in g  Cu2*, th e  Cu2* in  th e  
0.1 M a m m o n ia  b u ffer a t  pH 11 fo rm s th e  Cu(NH3)42* com plex  and  
th e  s ta n d a rd  p o te n tia l o f  Cu(NH3)42*/Cu2* in th e  p re sen ce  o f  ร2(ว32_ 
w as in creased  (Eq. (2)). T he Cu2* cou ld  acce le ra te  th e  e tc h in g  ra te  o f 
th e  AgNPls by fo rm in g  Cu(S20 3)35- an d  th e  com plexes cou ld  a lso  be 
ox id ized  to Cu2* by d isso lved  oxygen  (Eq. (3 )). T he e tc h in g  o f  ร20 32“ / 
CTAB/AgNPls in creased  w ith  in c reasin g  c o n c e n tra tio n  o f  Cu2*. As a 
resu lt, th e  co lo r so lu tio n  chan ges from  v io le t-red  to  colorless. 
T herefo re, th e  co lo rim e tric  d e te c tio n  b ased  on  th e  c a ta ly tic  e tc h in g  
o f  m odified  AgNPls p ro v ides a sim p le  and  sen sitiv e  m e th o d  for th e  
m e a su re m e n t o f  trace  Cu2*.

Ag(S20 3)2'" +  e -  —> Ag° +  2S20 3-  r  =  0.01 V (1)

Cu (NH3)4+ +  2 e -  -> Cu° +  4N H 3 E° =  -0 .0 4 V  (2)

Wavelength (nm)
Fig. 1. The absorption spectra of AgNPls (a) CTAB/AgNPls (Amax = 563 nm, A = 0.827); 
(b) S2C>327CrAB/AgNpis (A.max -  522 nm, A = 0.749); (c) S2O327CTAB/AgNPls + 50 
ngmL- ' of Cu2* (A-0.473); (d) S20327CTAB/AgNPls +lOOngmL- ' of Cu2* 
(A = 0.284); (e) SjOj^/CTAB/AgNPls + ioO ngniL-’ of Cu2* (A = 0.174). The experi- 
ment was carried out at room temperature in 0.1 M ammonia buffer pH 11, The 
UV-vis spectra was investigated after 5 min. (Inset: the color productof the catalytic 
etching of modified CTAB/AgNPls with S2O32- for measurement of Cu2+).
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i Cu (NH3)4+ +  3S20 ^  + e -  ^ C u ( S 20 3)3 + 4 N H 3 £°
=  0.22V  (3)

■ Ag° + 5ร20 3:~ + C u2* — > Cu(S?0 3)35“ + Ag(S20 3)2’"

02

3.2. Paper-based sensor for tract determination of Cu2*

To im p ro v e  th e  c o lo rim e tric  d e te rm in a t io n  o f Cu2* fo r ra p id  
o n -s ite  sc ree n in g  a p p lic a tio n s , th e  d e v e lo p ed  a p p ro a c h  u s in g  a 
p a p e r-b a sed  s e n so r  w as app lied . T he ร2(ว32“ /CTAB/AgNPls w as 
p re -p re p a re d  w ith  th e  te s t  z o n e  a n d  c o n tro l z o n e  on  th e  p a p e r-  
b a sed  se n so r as fab rica te d  by w a x  p r in tin g  m e th o d  (Fig. 2a). For 
C u2* m e a su re m e n t, th e  sam p le  so lu tio n  a t  20  p i  w as a p p lie d  a t  
th e  sam p le  z o n e  and  th e n  th e  so lu tio n  flow ed o u tw a rd  via 
c ap illa ry  forces to  th e  e ig h t d e te c tio n  zo n es . เท th e  a b sen ce  o f  Cu2

*1 th e  c o lo r re su lts  a t  th e  d e te c tio n  zone  w e re  n o t ch an g e d  
(Fig. 2b). H ow ever, in  th e  p re sen ce  o f  Cu2*, th e  c o lo r a t  th e  
d e te c t io n  z o n e s  ch an g e d  fro m  v io le t-re d  to co lo rle ss  w ith  
in c re a sin g  Cu2* c o n c e n tra tio n , w h ic h  can be m o n ito re d  by th e  
n a k e d  eye a f te r  120 ร (Fig. 2c  an d  d). T he SEM im ag e  o f  th e  p a p e r 
b a se d -se n so r  a t  th e  d e te c tio n  z o n e  is sh o w n  in Fig. 2 b o th  (e) 
w i th o u t  an d  (f) w ith  AgNPls a n d  (g) AgNPls in th e  p re se n c e  o f  
C u2*. T he re su lts  in d ica te d  th a t  th e  m o d ified  AgNPls w e re  e tc h e d  
by Cu2*. A dd itio nally , th e  TEM im age  (Fig. 2 h )  c learly  sh o w s th a t  
th e  ร2(ว32"7CTAB/AgNPls w as w ell d isp e rse d  in th e  a q u e o u s  
so lu tio n . T he av e rag e  size  o f ร20 32 ~/CTAB/AgNPls w as a p p ro x i
m a te ly  30 nm . A fter th e  a d d itio n  o f  Cu2* (Fig. 2i), th e  ร2(ว32~/ 
CTAB/AgNPls w o u ld  be  c a ta ly tica lly  ox id ized  an d  e tc h e d  in to  th e  
so lu tio n . T he av erag e  size  o f  ร20 3'̂ /C TA B /A gN Pls w e re  d e c re a se d  
a f te r  in c u b a tio n  for 5 m in  a t  ro o m  te m p e ra tu re .

3.3. Optimization of the detection conditions
T he sen s itiv ity  o f  th e  p a p e r-b a sed  c o lo rim e tric  sen so rs  c o n 

ta in in g  th e  m odified  AgNPls for Cu2* d e te c tio n  is re la te d  to  v ario us 
fac to rs includ ing , pH o f  bu ffer so lu tio n s , c o n c e n tra tio n s  o f  AgNPls

Fig. 2. Paper-based colorimetric sensor based on the catalytic etching mechanism of the CTAB/AgNPls with ร20 32~ for measurement of Cu2* at (a) image of paper-based 
deviecs; image of paper-based devices after measurement of Cu2* (b) OngmL*1, (c) 50ngmL_1 and (d) 100 ng mb 1 of Cu2*; the SEM images of paper-based sensor at the 
detection zone (e) without CTAB/AgNPls (f) with CTAB/AgNPls (g) CTAB/AgNPls in the presence of 100 ng mL-1 Cu2*; the TEM images of S20 32~/CTAB/AgNPIs without Cu2* (h) 
and with lOOngmL”1 of Cu2* (i).
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Fig- 3. Effect of experimental conditions for Cu2+ measurement on paper-based sensor; (a) pH of ammonia buffer, (b) concentration of AgNPls (c) concentration of ร2อ32- and 
(d) incubation time. 1

and  ร2O32-  an d  in cu b a tio n  tim e. T herefo re , th e se  p a ra m e te rs  w e re  
o p tim ize d  by  u sin g  too ng  m L- ' o f  Cu2+. T he d iffe ren ce  in th e  co lo r 
in te n s ity  v a lu es o f  th e  AgNPls b e fo re  a n d  a f te r  th e  a d d itio n  o f  Cu2* 
(A / = /sa” pie-/biank) w as d e te rm in e d .

3.3.1 Effect of the pH of the ammonia buffer
T he in flu en ce  o f th e  pH o n  th is  sy s tem  w as in v es tig a ted  in  pH 

ran g e  o f  6 .0 -1 1 .0  (Fig. 3a). A t pH lo w e r th a n  8, th e  A / d e c rea se d

b e ca u se  th e  ร2(ว32~ w a s  n o t s tab le  an d  b ro k e  d o w n  in to  su lfa te , 
su lfide, su lfite  te t ra th io n a te , tr ith io n a te , p o ly th io n a te s  a n d  po ly 
su lfid es [31], H ow ever, in  th e  pH ran g e  o f  9 -1 2 , th e  c o m p le x  Cu 
(N H 3)42+ c o n c e n tra tio n  in c re a se d  w ith  in c re a sin g  NH3 c o n c e n tra 
tion , e n a b lin g  th e  o x id a tio n  o f  AgNPls by  Cu(NH3 )4 . T he in te n s ity  
c o lo r o f  m od ified  AgNPls w as a lm o s t c o n s ta n t  a b o v e  pH 11 in th e  
p re se n c e  Cu2+. T herefo re , pH 11 w as se lec ted  as th e  o p tim a l value  
for all e x p e rim e n t.

Fig. 4. The mean color intensity values of the modified AgNPls on paper-based sensor after addition of different metal ions at concentration of lOOngmL-1 Cu2+and 
lOfjLgmL-1 others metals. Inset: the photographic images results of colorimetric determination of metal ions (a) in solution (b) on paper-based devices.
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3.3.2. Effect of the concentration of AgNPls
T he e ffec t o f  AgNPls co n c e n tra tio n  w a s  in v es tig a ted  in th e  range  

o f  4 0 -3 6 0  (JigmL . As th e  re su lts  sh o w  in Fig. 3b, A / in c re a se d  
w ith  in c re a sin g  AgNPls c o n c e n tra tio n  a n d  te n d s  to  be s ta b le  above 
2 0 0  |xg mL- '. T herefo re , 0.8 p,L o f 2 0 0  p g  mL-1 AgNPls w as u sed  to 
p re p a re  th e  d e te c tio n  an d  co n tro l z o n e  on  th e  p a p e r-b a sed  se n so r 
in fu tu re  e x p e rim e n ts .

3.3.3. Effect of the concentration 0/ ร2อ / -  and the incubation time 
T he c o n c e n tra tio n  o f  ร2(ว32_ a n d  th e  in cu b a tio n  tim e  have

in flu en ces on th e  d e te c tio n  o f  Cu2+. T he e ffec t o f th e  ร2(วร2- 
c o n c e n tra tio n  w a s  e x a m in e d  in ran g e  o f  1 .0 -9 .0  m M  (Fig. 3c). The

A / value  in c reased  w ith  in c reasin g  ร2อ 32_ c o n c e n tra tio n  an d  
s ligh tly  d e c rea se d  above 5.0 mM . T herefo re , th e  c o n c e n tra tio n  o f 
5 .0 m M  ร20 32- w as se lec ted  as th e  o p tim iz e d  c o n c en tra tio n . 
F u rth e rm o re , th e  effect o f  in c u b a tio n  tim e  on  th e  Cu2+ d e te c tio n  
w as s tu d ied . The A I in c reased  w ith  in c re a sin g  in c u b a tio n  t im e  and  
re m a in s  c o n s ta n t above 120 ร (Fig. 3 d ). T his in d ica te d  th a t  th e  
d e v e lo p ed  m e th o d  p ro v ides a ra p id  m e a s u re m e n t  o f  Cu2*.

3.4. Selectivity of the modified AgNPls for the determination of Cu2*
In o rd e r  to  ev a lu a te  th e  se lec tiv ity  o f  th e  c o lo rim e tric  a ssa y  for 

th e  d e te rm in a tio n  o f  Cu2+, th e  o th e r  e n v iro n m e n ta lly  re le v a n t

Fig. 6. (a) Corresponding photographs of the paper-based sensor at detection zone for detection of Cu2*at various concentrations, (b) The plot of the mean intensity of the 
AgNPls color determined by, photograph analysis using NIH ImageJ vs. Cu2* concentration (0-350 ngmL-1). Inset: linear regression analysis and best fit line in the 
concentration range of 0 .5 -20 0 ngmL-1 Cu2*.
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Table 1
Comparison of the performance of different nanoparticles for the detection of Cu2+.

Nanoparticles Method L O D (ngm r') Linearity range (ngmL-1) Incubation time (min) Ref.
Starch-stabilized silver nanoparticles Colorimetric assay 31.75 6.35-63.5 10 (32)
D-Penicillamine/gold nanoparticles Colorimetric assay 1.9 3.17-117.47 12 [331
CTAB/thiosulfate/gold nanoparticles Colorimetric assay 0.32 0.63-5.08 25 |17]
4-Mercaptobenzoic acid/silver nanoparticles Colorimetric assay 1.58 6.35 to 6350 30 [12]
Gold nanorods Colorimetric assay 13.97 5.08-304.8 25 [35]
NaSCN/H20 2/gold nanorods Colorimetric assay 0.65 0.65-19.05 17 [361
ZnO@ZnS core-shell nanoparticles Colorimetric paper assay 952.5 952.5-95.250 20 [34]
Homocysteine/dithiothreitol/silver nanoparticles Colorimetric paper assay 0.5 0.5-3.98 5 [15]
CTAB/thiosulfate/silver nanoplates Colorimetric paper assay 0.3 0.5-200 2 In this work

Table 2
Recovery tests of the proposed method and standard method for the determination of Cu2+ in real samples (ท = 3).

Sample Proposed method Standard method4
Cu(l[)(ngmL-') %Recovery %RSD Cu(ll) (ngmL-1) %Recovery %RSD
Added Found Added Found

Drinking water 10.00 9.89 ± 1.77 98.95 7.91 10.00 9.98 ± 0.43 99.80 4.31
50.00 4995 ± 3.26 99.89 6.52 50.00 50.64 ± 1.03 101.28 2.03

100.0 9806 ± 0 9 6 98.06 0 9 100.0 100.23 ± 0.84 100.23 0.84
Groundwater 10.00 10.20 ± 0.69 101.99 6.78 10.00 10.11 ± 0.20 101.10 1.98

50.00 53.27 ± 1.25 10657 2.35 50.00 50.71 ± 1.19 101.42 2.35
1000 95.23 ± 0.83 95.23 0.87 100.0 98.92 ± 0.39 98.92 039

Tomato 10.00 11.90 ± 0.41 119.01 3.41 10.00 10.78 ± 0.12 107.80 1.11
50.00 48.88 ± 097 97.76 1.99 50.00 50.21 ± 043 100.42 0.86

100.0 10236 ± 0.93 102.36 0.91 100.0 99.21 ± 0.53 99 21 0.53
Rice 10.00 9.90 ± 0.76 99.01 7.71 10.00 10.12 ± 0.22 101.20 2.17

5000 46.30 ± 3.44 92.60 7.44 50.00 46.30 ± 1.24 92.60 2.68
100.0 99.04 ± 2.15 99.04 2.17 100.0 98.21 ± 1.50 98.21 1.53

Blood 10.00 10.40 ± 0.95 103.98 9.16 10.00 11.02 ± 0.53 110.20 4.81
50.00 52.90 ± 3.23 105.80 6.11 50.00 5001 ± 1.66 100.02 3.32

100.0 98.06 ± 1.83 9806 187 1000 100.61 ± 0.98 10061 0.97
a Inductively coupled plasma optical emission spectrometry (ICP-OES).

m eta llic  ions in c lu d in g  K*, Cr3*, Cd2+, Z n2*, As3*, M il2*, Co2*, Pb2*, 
Al3*, Ni2*, Fe3*, M g ,  Hg2* a n d  Bi3* w e re  in v estig a ted  u n d e r  
o p tim ize d  c o n d itio n s . T he m e ta l ions w e re  p re p a re d  in 0.1 M 
a m m o n ia  b u ffer a t  pH 11 a t c o n c e n tra tio n  o f  100 t im e s  h ig h e r th a n  
Cu2*. T he p lo ts  o f  th e  m ea n  co lo r in te n s ity  as d e te rm in e d  by N1H 
Im ageJ analysis  o f  th e  re su lts  im age  v e rsu s  th e  c o n c e n tra tio n  o f 
m e ta l ions a re  sh o w n  in Fig. 4 . As a re su lt, o n ly  Cu2* can  ox idize 
m od ified  AgNPls cau s in g  th e  c o lo r ch an g e  o f  th e  m odified  AgNPls 
fro m  v io le t-re d  to  co lo rless, a n d  th is  ch an g e  can  be  m o n ito red  by 
th e  n ak ed  eye.

In o rd e r  to  s tu d y  th e  in flu en ce  o f  o th e r  ions on  th e  ca ta ly tic  
e tc h in g  o f  AgNPls in d u c ed  by Cu2*, c o m p e titiv e  e x p e rim e n ts  w e re  
c a rried  o u t in th e  p re se n c e  o f  100 n g m L " 1 Cu2* and  10 ix g m L "1 o f  
o th e r  m e ta l ions in c lu d in g  K*, Cr3*, Cd2*, Zn2*, As3*, M n ,  Co2*, Pb2 
*1 Al3*, Ni2*, Fe3*, M g2*, Hg2*, Bi3*, S 0 4 , NO3 an d  c r .  The re su lts  
o b ta in e d  by m e a su re m e n t o f  th e  m ix tu re  so lu tio n  o f  Cu2* and  a

c o m m o n  ion  w e re  n o t  d iffe ren t fro m  Cu2* a lo n e  (Fig. 5). This 
in d ica te s  th a t  th e  p ro p o se d  m e th o d  offers a h igh  se lec tiv ity  fo r th e  
d e te rm in a tio n  o f  C u .

3.5. Analytical performance
T he p e rfo rm a n c e  o f  th e  d e v e lo p ed  m e th o d  w as e v a lu a te d  for 

th e  q u a n tita tiv e  d e te c tio n  o f  Cu2*. U nd er th e  o p tim iz e d  co n d itio n s , 
th e  co lo r in te n s ity  va lues o f  m od ified  AuNPls a t  th e  d e te c tio n  zone  
on  p a p e r-b a sed  dev ices w e re  e x a m in e d  a t  ro o m  te m p e ra tu re  in th e  
p re sen ce  o f  Cu2* in th e  ran g e  o f 0 -3 5 0  n g m L -1. T he p in k e s t o f  th e  
v io le t co lo rs a t  th e  te s t  z o n e  c h an g e d  to  co lo rless a f te r  ad d in g  Cu2* 
to  o v e r 0.1 ng m L "1, an d  th e s e  re su lts  can  easily  be  d is tin g u ish e d  by 
th e  n a k e d  eye  as sh o w n  in  Fig. 6a. T he p lo ts  o f  th e  m e a n  in te n s ity  
an d  c o n c e n tra tio n  o f  Cu2* sh o w  a re aso n ab le  lin e a r ity  in  th e  range 
o f 0 .5 -2 0 0  ng m L "1 (R2 = 0 .9974), w ith  a LOD a n d  LOQ. o f 0.35 and

Table 3
Determination of Cu2* in real samples using paper-based colorimetric sensor based on thiosulfate catalytic etching of AgNPls at room temperature.

Sample Proposed method (ท = 8) (ngmL-1) Standard method3 (ท = 3) (ngmL"1)
Drinking water 14.26 ±  0.92 13.75 ± 0 39
Groundwater 30.93 ±  1.56 29.48 ± 0.18
Blood 34.27 ±  1.72 27.10 ±  0 08
Tomato 2.10 ±  0.47 2 18 ±  0.14
Rice 4.37 ±  1.08 4.13 ±  0.09
a Inductively coupled plasma optical emission spectrometry (ICP-OES)



82 ร. Chaiyo et al./Analytica Chimica Acta 866 (2015) 75-83

1.16 ngmL-1, respectively (Fig. 6 b), which is lower than that 
obtained from the other nanoparticles. (Table 1 ). The obtained LOQ 
values are lower than the maximum allowable levels of 1.30 p,g 
mL-1  in the United States for drinking water [3], and ~2.00p,g 
mL-1 in Thailand for surface water [4].

3.6. Semi-quantitative determination o f Cu2* in real samples

To demonstrate the u tility  of our approach, the developed 
devices were evaluated for detecting Cu2* in real samples, 
including mineral water, groundwater, tomato, rice and blood 
samples. Cu2* was spiked into the samples at concentration levels 
o f 10, 50 and 100 ngmL 1 and was measured using the developed 
devices. The recovery results are shown in Table 2, the recoveries 
and %RSDs o f Cu2* were found in the range of 92.60-119.01% and 
0.87-9.16%, respectively, which suggests that this method is 
reliable. เท addition, the unknown samples were then determined 
by both the developed method and the standard method, i.e., 
inductively coupled plasma optical emission spectrometry 
(ICP-OES) (Table 3). The results from the developed method were 
in good agreement w ith  those from the ICP-OES method (paired 
t-test at the 95% confidence level gave fcaicuiated (1.346) below 
^critical at t - 2.776 w ith  4 degrees of freedom). These results indicate 
that the developed paper-based colorimetric sensor that is based 
on the thiosulfate catalytic etching of AgNPls is applicable for Cu2+ 
detection in real samples.

4. Conclusion

A paper-based device w ith  a highly sensitive and selective 
colorimetric assay that is based on the catalytic etching of modified 
AgNPls by thiosulfate was developed for the rapid detection o f Cu2 

*. The developed sensor was easily fabricated by a wax screen 
printing method. เท the presence of Cu2*, the color of modified 
AgNPls changed from pinkish-violet to colorless at the detection 
zone and the change can be easily detected by the naked eye. The 
approach demonstrated good selectivity for Cu2* against other 
metal ions. For semi-quantitative analysis, the color intensity 
values of the paper-based sensor photograph were digitized by NIH 
ImageJ software to obtain the calibration curve. The color intensity 
values are linear w ith  the concentration of Cu2* ranging from 0.5 to 
200 ngmL-1  w ith  a coefficient of 0.9974, and shows good 
sensitivity w ith  a LOD = 0.35 ngmL-1. Furthermore, this method 
was successfully used for the determination of Cu2* in real samples 
(mineral water, groundwater, tomato, rice and blood). The 
developed paper-based colorimetric sensor that is based on the 
thiosulfate etching of silver nanoplates has great potential for the 
low-cost, rapid, simple, portable, highly sensitive and selective 
determination of Cu2* levels.
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A B STR A C T : T h e  developm ent o f sim ple fluorescent and  col
orim etric assays that enable point-of-care D N A  and RN A 
detection  has been  a topic o f significant research because o f 
the utility  o f  such  assays in  resource lim ited settings. T h e  m ost 
com m on m otifs utilize hybridization to  a com plem entary detec
tion  s trand  coupled  w ith a sensitive reporter m olecule. Here, 
a paper-based colorim etric assay for D N A  detection  based 
on pyrrolidinyl peptide nucleic acid (acpcPN A )-induced nano
particle aggregation is repo rted  as an alternative to  traditional 
colorim etric approaches. PN A  probes are an attractive alterna
tive to  D N A  and RNA probes because they are chemically and 
biologically stable, easily synthesized, and  hybridize efficiently 
w ith the  com plem entary D N A  strands. T he acpcPN A  probe 
contains a single positive charge from  the  lysine at C -term inus 
and causes aggregation o f  citrate anion-stabilized silver nanoparticles (A gN Ps) in the absence o f  com plem entary DN A . In the 
presence o f  target DNA, form ation o f  the anionic D N A -acpcPN A  duplex results in dispersion o f  the A gNPs as a result o f 
electrostatic repulsion, giving rise to a detectable color change. Factors affecting the sensitivity and selectivity o f  this assay 
were investigated, including ionic strength , A gN P concentration, PN A  concentration, and  D N A  strand  m ism atches. T h e  m ethod  
was used  for screening o f  synthetic M iddle East respiratory syndrom e coronavirus (M ERS-CoV ), Mycobacterium tuberculosis 
(M T B ), and hum an papillomavirus (H PV ) D N A  based on a colorim etric paper-based analytical device developed using the 
a forem entioned principle. T he  oligonucleotide targets w ere detected by  m easuring the color change o f  AgNPs, giving detection 
limits o f  1.53 (M ERS-CoV ), 1.27 (M T B ), and 1.03 nM  (H PV ). T he  acpcPN A  probe exhibited high selectivity for the  com 
plem entary  oligonucleotides over single-base-mismatch, tw o-base-m ism atch, and noncom plem entary  D N A  targets. T h e  proposed 
paper-based colorim etric D N A  sensor has potential to  be an alternative approach for simple, rapid, sensitive, and selective D N A  
detection.

I nfectious diseases represent a m ajor th reat to hum an health 
in developed and  developing countries alike. D N A  alterations 

contribute to different types o f diseases; therefore, the detection 
o f  specific D N A  sequences plays a crucial role in the develop
m ent m ethod  for early stage treatm ent and m onitoring o f 
genetic-related diseases. D N A  diagnostics can provide sequence- 
specific detection, especially for single-nucleotide polym orphism s 
(S N P s) ,1 w hich critical for a range o f  applications including the 
diagnosis o f  hu m an diseases and bacterial/viral infections.

M iddle East respiratory syndrom e (M ERS), tuberculosis 
(T B ), and cervical cancers related to  hum an papillom a virus

pr ACS P ub lica tions ©2017 American Chemical Society 5428

(H PV ) are examples o f  infectious diseases caused by bacterial 
and viral infections that benefit greatly from  D N A  detection. 
TB is an infectious disease caused by m ycobacteria, usually 
M. tuberculosis (M T B ) in hum ans.2 H PV  has been  show n to be 
a m ajor cause o f  cervical cancer.3 M iddle East Respiratory 
Syndrom e coronavirus (M ERS-CoV ) has recently em erged as 
an infectious disease w ith a high fatality rate in  hu m ans.1
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DOI: 10.1021 /ac5.analchem.7b00255Anal. Chem. 2017, 89, 5428-5435



Analytical Chemistry Article
D ia g n o s t ic  m e th o d s  d e v e lo p e d  fo r  th e s e  in fe c tio u s  d ise a se s  
in c lu d e  r e v e rse  t r a n s c r ip t io n  p o ly m e r a s e  c h a in  r e a c t io n  ( R T -  
P C R )  fo r  M E R S -C o V ,* 5 * * * * * s p u tu m  s m e a r  m ic ro sc o p y , c u l tu r e  o f  
b ac illi, a n d  m o le c u la r  s p e c ie s  d ia g n o s t ic s  fo r  M T B °  11 a n d  
D ig e n e  H y b r id  C a p tu r e  a ssa y  ( H C 2 )  a n d  P a p  s m e a r  t e s t  fo r  
HPV.12'13 W h ile  th e s e  te c h n iq u e s  h a v e  b e e n  u s e d  f o r  s u c c e ss fu l  
d e te c t io n ,  th e y  a re  d iff ic u lt to  im p le m e n t  in  p o in t-o f - c a re  
c lin ic a l d ia g n o s t ic s  p a r t ic u la r ly  in  d e v e lo p in g  c o u n t r ie s  la c k in g  
s p e c ia liz e d  m e d ic a l  fa c ilitie s  a n d  sk il le d  p e r s o n n e l .  T h e r e f o r e ,  
s im p le , ra p id , lo w -c o s t ,  a n d  h ig h ly  a c c u ra te  o n - s i te  d ia g n o s t ic  
p la t fo rm s  a m e n a b le  to  n u c le ic  a c id  d e te c t io n  r e m a in  a  c h a l
le n g e  fo r  e a r ly  d e te c t io n  o f  in fe c tio u s  d ise a se s  fo r  b e t t e r  p a t i e n t  
m a n a g e m e n t  a n d  in fe c t io n  c o n t r o l .  A l th o u g h  D N A  a m p lif ic a 
t io n  is s t il l  n e e d e d  w ith  th e  c u r r e n t  m e th o d  to  p ro v id e  h ig h  
se n s it iv i ty , w e  s e e k  to  f u r th e r  im p r o v e  s e le c tiv ity  a n d  a ssa y

Table 1. List of Oligonucleotide Used in This Study

oligonucleo tide

M E R S -C oV  

com plem en ta ry D N A  

two-base-m ism atch 

noncom p lem enta ry  D N A  

M T B

com plem en ta ry D N A  

single-base-m ismatch 

noncom p lem enta ry  D N A  1 

noncom p lem enta ry  D N A  2 

H P V

sequence ( ร ,' 3 ')

5 '-C G A T T A T G T G A A G A G -3 ' 

5 '-C G A T T A T £ T G A fiG A G -3 '

S '-T T C G C A C A G T G G T  C A -3 '

5 '-A T A A C G T G T T T C T T G -3 '

ร ,-A T A A C G T C T T T C T T G -3 '

s '-T G G C T A G C C G C T C C T -3  '

S '-C A C T T G C C T A C A C C A -3 '

ร ,-G C T G G A G G T G T A T G -3 'com plem en ta ry D N A  (H P V  type  16) 

noncom p lem enta ry D N A  1 (H P V  type 18) ร ,-G G A T G C T G C A C C G G -3 , 

noncom p lem enta ry D N A  2 (H P V  type  3 1 ) S '-C C A A A A G C C C A A G G -3 ' 

noncom p lem en ta ry  D N A  3 (H P V  type 3 3 ) 5 '-C A C A T C C A C C C G C A -3 '

s im p lic i ty  to  g ive  im m e d ia te  a n d  q u a n t i ta t iv e  r e s p o n s e s  in  
r e s o u rc e  l im ite d  s e tt in g s .

P a p e r -b a s e d  a n a ly tic a l  d e v ic e s  ( P A D s )  a re  a  p o in t - o f - u s e  
t e c h n o lo g y  t h a t  r e c e n t ly  r e c e iv e d  r e n e w e d  in te r e s t  b e c a u s e  
th e y  a re  s im p le , in e x p e n s iv e , p o r ta b le ,  a n d  d is p o s a b le .14-16 T o  
d a te ,  P A D s  h a v e  b e e n  e x te n s iv e ly  u s e d  fo r  a p p l ic a t io n s  r a n | i n |  
f ro m  e n v i r o n m e n ta l  a n a ly s is  to  c lin ic a l d ia g n o s t ic  a s s a y s .15, 7,1 
C o lo r im e t r ic  a ssa y s  a re  p a r t ic u la r ly  a t tr a c t iv e  w h e n  c o u p le d  
w ith  P A D s  d u e  to  th e i r  e a se -o f -u se , la c k  o f  c o m p lic a te d  e x te rn a l  
e q u ip m e n t  a n d  a b ility  to  p ro v id e  s e m iq u a n ti ta t iv e  r e s u l t s .19 - 1 
M o r e o v e r ,  q u a n t i ta t iv e  a n a ly s is  o f  c o lo r im e t r ic  a ssa y s  c a n  b e  
a c c o m p lis h e d  u s in g  s im p le  o p t ic a l  te c h n o lo g ie s  s u c h  as d ig ita l 
c a m e ra s 22-24 a n d  o ffice  s c a n n e r s 20'25 c o m b in e d  w ith  im a g e  
p ro c e s s in g  s o f tw a re  to  c a r r y  o u t  c o lo r ,  h u e ,  a n d  in te n s i ty  m e a 
s u re m e n ts .  In  th e  f ie ld  o f  c lin ic a l d ia g n o s t ic s , t h e  a d v a n ta g e s  o f  
s im p lic i ty , s e n s it iv i ty , a n d  lo w -c o s t  a re  k e y  r e a s o n s  t h a t  m a k e  
P A D s  c o u p l e d  w i t h  c o l o r i m e t r i c  d e t e c t i o n  a n  e ff e c t iv e  
d ia g n o s t ic  to o l  re la t iv e  to  t r a d i t io n a l  m e th o d s .

C o lo r im e tr ic  assays b a s e d  o n  th e  a g g re g a tio n  o f  s ilv e r  (A g N P s )  
a n d  g o ld  n a n o p a r t ic le s  ( A u N P s )  h a v e  a t t r a c te d  in c re a s in g  
a t te n t io n  in  b io m e d ic a l  a p p l ic a t io n s . T h e  o p t ic a l  p ro p e r t ie s  
o f  th e s e  n a n o m a te r ia ls  d e p e n d  o n  th e i r  s iz e  a n d  s h a p e .26-31 
A g N P s  a re  k n o w n  to  h a v e  a  h ig h e r  e x t in c t io n  c o e f f ic ie n t  c o m 
p a r e d  to  A u N P s ,32-34  le a d in g  to  im p r o v e d  o p t ic a l  se n s it iv i ty . 
C h e m ic a l  r e d u c t io n  o f  s ilv e r  sa lts  is f r e q u e n t ly  u s e d  t o  s y n 
th e s iz e  A g N P s ; w h i le  s p e c if ic  c o n t r o l  o f  s h a p e  a n d  s ize  d is 
t r ib u t io n  is a c h ie v e d  b y  v a ry in g  th e  r e d u c in g  a g e n ts  a n d  
s ta b i l iz e rs .35-37 A m o n g  s ta b il iz in g  a g e n ts , n e g a t iv e ly  c h a r g e d  
c i tr a te  h a s  b e e n  w id e ly  u s e d .33,39 R e c e n tly , c o lo r im e t r ic  a ssay s  
b a s e d  o n  A g N P s  a g g re g a t io n  f o r  D N A  d e te c t io n  h a s  b e e n  
r e p o r te d .34 C o lo r im e t r ic  D N A  d e te c t io n  u s in g  A g N P s  u s u a lly  
in v o lv e s  m o d ify in g  th e  p a r t ic le s  w i th  a  D N A  p r o b e  a n d  m ix in g  
th e m  w ith  th e  D N A  ta rg e t  c o n ta in in g  t h e  c o m p le m e n ta r y

Scheme 1. (a ) Design and (b ) Operation o f Multiplex Paper-Based Colorimetric Device

5429 DOI: 10.1021 /acs.ana!chem.7b00255Anal. Chem. 2017, 89, S428-S435
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S c h e m e  2 . P r o c e s s  o f  a c p c P N A - I n d u c e d  A g N P  A g g r e g a t io n  i n  t h e  P r e s e n c e  o f  D N A com a n d  D N A „ C

■>
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—

AgNPs

AgNPs + DNA

AgNPs + PNA

AgNPs + PNA+DNA*.»

F ig u re  1. p h o to g ra p h  o f  visual co lo r changes o b ta ined  from  d e tec tio n  
o f  M ER S-C oV , M T B , and H P V  in th e  p resence  o f  D N A C0m.

s e q u e n c e ,  w h e n  th e  h y b r id iz a tio n  o f  p r o b e  a n d  t a rg e t  D N A  
o c c u rs , t h e  A g N P s  a g g re g a te  a n d  c h a n g e  c o lo r .33,34 T h e  a ssa y  
p r in c ip a l  h a s  b e e n  f u r th e r  a d o p te d  u s in g  c h a r g e - n e u tr a l  p e p t id e  
n u c le ic  a c id s  ( P N A ) 40,41 as th e  h y b r id iz a tio n  a g e n t. P N A  c a u se s  
a g g r e g a t i o n  o f  m e ta l  n a n o p a r t i c l e s  in  s o lu t i o n  w i t h o u t  
im m o b i l iz a t io n , th u s , s im p lify in g  th e  a ssa y .43,43 F in a lly , P N A - 
b a s e d  n a n o p a r t ic le  a g g re g a t io n  a ssa y s  a lso  p ro v id e  a  h ig h  
h y b r id iz a t io n  e ff ic ie n c y  o f  P N A - D N A  d u p le x e s  le a d in g  to  a  
r a p id  c o lo r  c h a n g e .43

R e c e n tly , V ila iv a n ’s  g ro u p  p r o p o s e d  a  n e w  c o n f o rm a t io n -  
a lly  c o n s t r a in e d  p y r ro lid in y l  P N A  s y s te m  w h ic h  p o s s e s s e s  a n  
a ,/1 -p e p tid e  b a c k b o n e  d e r iv e d  f ro m  D -p ro l in e /2 -a m in o c y c lo -  
p e n ta n e c a r b o x y l ic  a c id  ( k n o w n  as  a c p c P N A ) .44,45 C o m p a r e d  to  
N ie l s e n ’s  P N A ,40 a c p c P N A  e x h ib its  a  s t r o n g e r  a ff in ity  a n d  
h ig h e r  s e q u e n c e  s p e c if ic i ty  b in d in g  to  D N A  a c p c P N A  e x h ib its  
th e  c h a ra c te r is t ic  s e le c tiv ity  o f  a n t ip a ra l le l  b in d in g  to  th e  t a r 
g e t  D N A  a n d  lo w  te n d e n c y  to  se lf -h y b r id iz e . M o r e o v e r ,  th e

Â A A  Non-complemcntary DNA

n u c le o b a s e s  a n d  b a c k b o n e  o f  a c p c P N A  c a n  b e  m o d i f ie d  to  
in c re a s e  m o le c u la r  f u n c t io n a li ty .  T h e s e  c o m b in e d  p ro p e r t i e s  
m a k e  a c p c P N A  a n  a t tr a c t iv e  c a n d id a te  a s  a  p r o b e  f o r  b io lo g ic a l  
a p p l ic a t io n s .44' 43

H e r e ,  th e  m u lt ip le x  c o lo r im e t r ic  P A D  f o r  D N A  d e te c t io n  
b a s e d  o n  th e  a g g re g a t io n  o f  A g N P s  in d u c e d  b y  a c p c P N A  is 
r e p o r te d .  a c p c P N A  b e a r in g  a  p o s i t iv e ly  c h a r g e d  ly s in e  m o d if ic a 
t io n  a t  C - te r m in u s  w a s  d e s ig n e d  a s  th e  p r o b e .  T h e  c a t io n ic  
P N A  p r o b e  c a n  in te r a c t  w i th  th e  n e g a t iv e ly  c h a r g e d  A g N P s  
le a d in g  to  n a n o p a r t i d e  a g g r e g a t io n  a n d  a s ig n if ic a n t  c o lo r  
c h a n g e . T h is  p r o p o s e d  s e n s o r  w a s  u s e d  f o r  s im u l ta n e o u s  d e te c 
t io n  o f  M E R S -C o V , M T B , a n d  H P V . T h e  d e v e lo p e d  p a p e r -  
b a s e d  D N A  s e n s o r  h a s  p o t e n t i a l  a s  a n  a l te r n a t iv e  d ia g n o s t ic  
d e v ic e  fo r  s im p le , ra p id , s e n s it iv e , a n d  s e le c tiv e  D N A /R N A  
d e te c tio n .

■  EXPERIMENTAL SECTION

Chemicals and Materials. A n a ly t ic a l  g ra d e  r e a g e n ts ,  
in c lu d in g  A g N 0 3, N a B H 4, a n d  s o d iu m  c i tr a te  f ro m  S ig m a - 
A ld r ic h , K H 2P 0 4 a n d  K C1 f ro m  F is h e r  S c ie n tif ic , N a 2H P 0 4 
f ro m  M a ll in c k ro d t ,  a n d  N a C l  f ro m  M a c r o n ,  w e r e  u s e d  w i th o u t  
f u r th e r  p u r i f ic a t io n . A  to ta l  o f  18  M  Q c m -1 r e s i s ta n c e  w a te r  
w as  o b ta in e d  f ro m  a  M il l ip o re  M il l i - Q .w a te r  s y s te m . S y n th e t ic  
D N A  o l ig o n u c le o t id e s  w e r e  o b ta in e d  f ro m  B io s e a rc h  T e c h 
n o lo g ie s . T h e  s e q u e n c e s  o f  D N A  o l ig o n u c le o t id e s  a re  s h o w n  in  
T a b le  1.

Synthesis of AgNPs. T h e  A g N P s  w e re  s y n th e s iz e d  u s in g  
th e  c i tr a te - s ta b i l iz a t io n  m e t h o d .4 B rie fly , 4  m L  o f  12 .6  m M  
s o d iu m  c i tr a te  a n d  so m L  o f  0.3 m M  A g N 0 3 w e r e  m ix e d  
to g e th e r .  T h e n ,  1 m L  o f  37 m M  N a B H 4 w a s  a d d e d  to  t h e  m ix 
tu re  u n d e r  v ig o ro u s  s t i r r in g  a n d  th e  s o lu t io n  tu r n e d  y e llo w . 
T h e  f o r m a t io n  o f  A g N P s  a n d  th e i r  s iz e  d i s t r ib u t io n  w e re  
v e r if ie d  b y  d y n a m ic  l ig h t  s c a t te r in g  m e a s u r e m e n t ,  a n d  th e  
a v e ra g e  s iz e  o f  A g N P s  w a s  f o u n d  to  b e  19 n m  ( F ig u r e  s i ) .

Synthesis of acpcPNA Probes. T h e  a c p c P N A  p ro b e s  
w e re  d e s ig n e d  to  d e t e c t  th e  s y n th e t ic  o l ig o n u c le o t id e  ta rg e ts
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*  M E R S -C o V

*  MTB

*  UPV type 16

F ig u re  2 . Influence o f  (A ) A g N P s/P B S  ratio  and  (B ) acpcP N A  p ro b e  c o n c en tra tio n  o n  co lo r in te n s ity  fo r  M E R S -C oV , M T B , and  H P V  de tec tio n . 
T h e  e rro r  b ars  rep re se n t o n e  s tan d ard  dev ia tion  (S D ) ob ta ined  from  th ree  in d e p e n d e n t m easu rem en ts  (ท =  3 ).

w ith  sequences corresponding to MERS-CoV, M TB, and H PV  
type 16. T he  sequences o f  acpcPN A  probes are as follows: 

M ERS-CoV: C T C T T C A C A T A A T C G  L ysN H j 
M TB: CA AG A A A CA CG TTA T-LysN H j 
H PV  type 16: C A T A C A C C TC C A G C -L ysN H j 
* (w ritten  in the N  -»  c direction)
T he  acpcPN A  probe was synthesized by solid-phase peptide 

synthesis using Fm oc chemistry, as previously described. 1 At 
the C-term inus, lysinamide was included as a positively charged 
group that could induce nanoparticle aggregation. All PN A  
were purified by reverse-phase H P L C  (C 18  column, 0.1% (v /v ) 
trifluoroacetic acid (T FA ) in H jO —M eO H  gradient). T he 
iden tity  o f  the acpcPN A  was verified by M A LD I-TO F MS 
analysis (Figure S2), and the purity  was confirm ed to be >90% 
by reverse-phase H PLC.

Design and Operation of Paper-Based Multiplex DNA 
Sensor. A  wax-printing technique was used to create PADs.50 
T he  sensor was designed using A dobe Illustrator. T he  wax 
colors were selected to be com plem entary to the colorim etric 
reactions to  enhance visualization. For paper-based device fab
rication, the wax design was p rin ted  on to  W hatm an grade 1 
filter paper (VW R) using a wax p rin ter (Xerox Phaser 8860). 
T h e  wax pattern  was subsequendy m elted at 175 ° c  for 50 ร to 
generate the hydrophobic barriers and hydrophilic channels. 
T h e  sensor was based on  Origami concept consisting o f  two 
layers.51’52 As show n in Schem e 1A, the base layer contains four

wax-defined channels extending ou tw ard from  th e  sam ple 
reservoir (6  m m  i.d.) and  the top layer contains four detection 
and  con tro l zones (4  m m  i.d.). Schem e IB illustrates operation 
o f  the  m ultiplex sensor. First, the sam ple reservoir o f the top 
layer was punched to provide a solution connection  directly 
from  the top to  the  b o tto m  layer, and then  the device 
was assem bled by folding the  top layer over the base layer to 
create the three-dim ension origam i paper-based device. A poly- 
dim ethylsiloxane (PD M S) lid was used for ho lding the two 
layers together. T he  lid consisting o f one 6 m m  diam eter hole 
over the  sample reservoir and  eight 4  m m  d iam eter holes over 
the colorim etric detection  and  contro l zones was aligned over 
the device to  provide consistent pressure across the surface o f 
the device. Next, the acpcPN A  probe and  A gNPs solu tion  were 
added o n to  the detection  and  contro l zones. Finally, the sample 
solution was added o n to  the  sam ple reservoir and flow through  
the channels to w et the  colorim etric  detection  zones.

Colorimetric Detection of MERS-CoV, MTB, and HPV 
DNA Target. According to  the concep t o f  PN A -induced 
A gNPs aggregation,',2’'l î  acpcPN A  was designed as a specific 
probe for quantitative detection  o f  synthetic M ERS-CoV, M TB, 
and H P V  D N A  targets. For colorim etric detection, the detec
tion  zone was prepared by adding 10 nh o f  A gN Ps in 0.1 M  
phosphate  buffer saline (PB S) p H  7.4 in a ratio o f 5:1 (AgNPs: 
PBS), followed by 1 fiL o f specific acpcPNA probe. C ontrol zones 
were prepared using the same conditions as the colorimetric
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F ig u re  3. C o lo r  in te n s ity  o f  (A ) M ER S-C oV , (B ) M T B , a n d  (c) H P V  d e te c tio n  a fte r h yb rid iza tion  o f  D N A n11, D N A ,112, and  D N A ,1C. T h e  e rro r  bars 
rep re se n t o ne  s tan d ard  dev iation  (S D ) o b ta ined  from  th ree  in d e p e n d e n t m easu rem en ts  (ท = 3 ).

detection  zones. Next, 25 /tL  o f  D N A  target was added to the 
open  sam ple reservoir. U pon  sam ple addition, solution m oved 
outw ard through the channels to w et the colorim etric detection 
zone o f  the top  layer. Finally, the AgNPs aggregation occurred 
and the color intensity was measured.

Image Processing. T he detection  images were recorded 
using a scanner (X ERO X  D ocuM ate 3220) and saved in JPE G  
form at at 600 dpi. ImageJ software (N ational Institutes o f 
H ealth ) was used to  analyze the m ean intensity o f  the color for 
each colorim etric reaction zone by applying a color threshold 
w indow  for rem oving the blue background. Images were then  
inverted, and the m ean intensity was m easured.2 ,53

■  RESULTS AND DISCUSSION

acpcPNA-Induced AgNPs Aggregation. T he process o f 
acpcPN A -induced A gNPs aggregation is shown in Schem e 2. 
T he  anionic A gNPs are initially well dispersed due to electro
static repulsion. O n  addition o f the cationic acpcPNA, the elec
trostatic  repulsion is shielded, resulting in nanoparticle aggrega
tion. W hen com plem entary D N A  (DNAç01J  is present, the 
specific P N A -D N A  interaction ou tcom petes the less specific 
PN A —A gNPs interaction, resulting in a negatively charged 
PN A —DNAcom duplex and deaggregation o f  the anionic n ano
particles. U pon  addition o f  noncom plem entary D N A  (D N A „ 1.), 
the acpcPNA should rem ain b o und  to the AgNPs and no color

change occurs. T o  prove the concept, we designed and  syn
thesized acpcPN A  probes to  detect syn thetic  oligonucleotide 
targets w ith sequences corresponding to M ERS-CoV, M TB, 
and H P V  type 16. T he  photographs o f  the results are show n in 
Figure 1. T he  yellow A gN Ps tu rn ed  red  w hen the acpcPN A  was 
added, w h e n  the  solution con tained  o f  the  acpcPN A  and 
D NAj10, the color also changed to red due to aggregation o f  the 
AgNPs. O n  the o ther hand, the color changed from  red 
(aggregated) to  yellow (nonaggregated) in the presence o f  
D N A j0M w ith the intensity  dep en d en t on  the  D N A  concen tra
tion. Next, the sequence o f  adding the  PN A  probe and D N A  
target was investigated. As show n in Figure S3, w hen equim olar 
DNAjon, was added e ither before o r after the  addition o f 
acpcPN A  probe in to  the AgNPs, the same color intensities 
were ob tained indicating that the sequence o f  adding acpcPN A  
and D N A com did n o t im pact the final signal.

Critical Coagulation Concentration (CCC). T he influence 
o f electrolyte solution on the aggregation behavior o f citrate- 
stabilized AgNPs was investigated based on the C C C .VfT he  
C C C  represents the electrolyte concen tra tion  required to cause 
aggregation o f the nanoparticles in the absence o f acpcPNA. 
In Figure S4, the color intensity  o f  citrate-stabilized AgNPs 
in the  absence o f acpcPN A  probe is show n as a function o f 
N aC l concen tration . T h e  intensity  and, therefore, the  degree 
o f  aggregation, increased w ith the  concen tra tion  o f  NaCl,
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Table 2. Summarized Analytical Performance o f the 
Multiplexed 3DPAD for Colorimetric DNA Assay

D N A  target lin e a rity  ( n M )  

M E R S -C oV  2 0 -1 0 0 0

M T B  50—2500

H P V  2 0 -2 5 0 0

L O D  (n M )  %RSD (ท =  3 ) 

1.53 0 .1 7 -0 .5 0

1.27 0 .1 2 -0 .6 7

1.03 0 .4 3 -0 .9 3

indicating that increasing ionic streng th  led to  enhanced 
aggregation.55 W e believe that the ionic streng th  can decrease 
the electrostatic repulsion o f  citrate-stabilized A gNPs as a result 
o f  shielding, accelerating the AgNPs aggregation. T h e  ccc was 
ob tained w hen the degree o f aggregation reached a m aximum 
and becam e independent o f  N aC l concentration. In this experi
m ent, the C C C  o f citrate-stabilized A gNPs was found to be 
30 mM . Above this concentration, PN A -induced aggregation 
was no t observed.

Optimization of Assay Parameters. F or a colorim etric 
assay based on acpcPN A -induced A gNPs aggregation, assay 
param eters including 0.1 M  PBS (p H  7.4) ratio and acpcPN A  
concentration were optim ized using a simple paper-based design. 
T he  degree o f  AgNPs aggregation was determ ined by measuring 
the color intensity  o f  the resulting solution in the presence of 
acpcPN A  w ithout target D N A  First, the im pact o f  the PBS 
concen tration on AgNPs aggregation was m easured. T he  dif
ferential color intensity (A  intensity, À I) ob tained before and

after addition o f  acpcPN A  as a function o f A gN Ps to PBS ratio 
is show n in Figure 2 A  A I increased un til the ratio o f  A gN P s/ 
PBS reached 5:1 and then  decreased until it p lateaued at 5:2. 
Thus, the ratio o f  5:1 A gN P s/PB S  was selected as the optim al 
condition  because it gave the  largest A I. A n o th er im portan t 
aspect for the D N A  assay is p ro be  concen tration . T he  influence 
o f acpcPN A  probe concen tra tion  on absolute intensity  was 
studied. As show n in Figure 2B, the  acpcPN A  concen tration 
was varied w ithin a range o f  0 —2.5 nM , and the highest 
aggregation was ob ta ined at the concen tra tion  o f  1.0 ^M . At 
this concentration, the aggregation becam e independent o f 
acpcPN A  concentration, w hich was desirable for simplifying the 
assay. H igher concen tra tions o f  A gNPs were n o t tested  in order 
to m inim ize reagent consum ption. As a result, the optimal 
conditions consisting o f  A gN P s/PB S  ratio o f  5:1 and acpcPNA 
concen tra tion  o f  1.0 ijM w ere selected for fu rther experim ents.

Selectivity of MERS-CoV, MTB, and HPV Detection. T o 
investigate the selectivity o f  this system , the color intensity  
ob tained from  the D N A CTn1 o f  M ERS-CoV, M TB, and H PV  was 
com pared to that o f single-base m ism atch (DNA™1), two-base 
m ism atch (D N An11), and  D N A ^  sequences. T he  color intensity  
decreased significantly in the presence o f  D N A com; whereas, the 
intensity  d id  n o t change for the m ism atched and noncom - 
p lem entary  targets (Figure 3). W e believe the affinity o f 
PN A —D N A  hybridization was reduced due to the contribution 
o f one- and two-base mismatches, leaving free PN A  to aggregate
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the nanoparticles. PN A —D N A com com plex can retard the ability 
o f PN A  to induce AgNPs aggregation as discussed above 
and result in different color intensities. T hese  results suggest 
that the fully com plem entary D N A  selectively hybridized the 
acpcPN A  probe and yielded m easurable signals. In  addition, 
bovine serum  album in (BSA), w hich is com m only used in cell 
culture protocols, was used to investigate the p ro te in  in ter
ference o f the proposed  system. T he  D N A  target was p repared 
in the presence o f 3% BSA solution. It was observed that the 
color intensities o f the D N A  targets for M ERS-CoV, M TB, and 
H PV  in 3% BSA solution were statistically identical to  the ones 
w ithout BSA (Figure S5). H ence, com m on proteins should no t 
negatively affect the analysis o f  this system.

Analytical Performance. T o assess the sensitivity o f  the 
proposed  m ethod  for D N A  quantification, the intensity  as a 
function o f  the target D N A  concen tration  was determ ined. T he 
color intensity  decreases w ith the target D N A  concentration. 
T he  calibration curves for each species are show n in Figure 4A, 
B, and c  for M ERS-CoV, M TB, and HPV, respectively. T he 
linear range for each D N A  target using a logarithm ic D N A  
concen tration  and color intensity  (Figure 4, inset) was also 
obtained. T he  analytical perform ances for all three D N A  targets 
are sum m arized in Table 2. It can be seen that a sufficiently low  
detection  lim it could be ob tained for M ERS-CoV, M TB, and 
H P V  detection  w ithout the need  for m ultiple P C R  cycles. 
M oreover, this m ultiplex system  can provide sensitive and 
selective detection  for sim ultaneous analysis o f  m ultiple D N A  
targets in a single device, w hich simplifies the analysis com 
pared to  traditional diagnostics.9,56-59

Device Design. Next, a m ultiplex device (Schem e l )  was 
designed for sim ultaneous detection o f  MERS-CoV, M TB, 
and HPV. T he top layer contained four detection  zones and 
four contro l zones. Each zone contained A gNPs w ith a single 
acpcPN A  probe to provide selectivity for DN A . T he base layer 
contained four wax-defined channels extending outw ard from  a 
sam ple inlet. A fter the device was folded and stacked together,

the channels o f the base layer were connected  to four detection 
zones o f  the top  layer. U pon sam ple addition, the solution 
m oved outw ard th rough  the channels o f the base layer to  wet 
the colorim etric detection  zones o f the top  layer and  lead to 
color change. Figure ร illustrates the ability o f  the p roposed 
sensor for detection  o f  100 nM  M ERS-CoV, M TB, and  HPV. 
O nly  the colorim etric detection zones that contained the 
selective probes changed color com pared to their control zones. 
T his result indicated that the m ultiplex paper-based colori
m etric  sensor is prom ising for sim ultaneous determ ination  o f 
M ERS-CoV, M TB, and  HPV.

H CONCLUSIONS

A  m ultiplex colorim etric PAD was developed for sim ultaneous 
detection  o f  D N A  associated w ith viral and bacterial infectious 
diseases, including M iddle East respiratory syndrom e corona- 
virus (M ERS-CoV ), Mycobacterium tuberculosis (M T B ), and 
hu m an papillom avirus (H PV ). AgNPs were used as a color
im etric reagent for D N A  detection  based o n  acpcPN A -induced 
nanoparticle  aggregation. T his colorim etric D N A  sensor exhib
ited high selectivity against single-base m ism atch, two-base 
m ism atch and noncom plem entary  target D N A  U nd er the 
optim ized condition , the lim it o f  detection  for MERS-CoV, 
M TB, and H P V  were found to be 1-53, 1.27, and  1.03 nM , 
respectively. As a result, this developed m ultiplex colorim etric 
PAD could be a low -cost and  disposable alternative tool for 
rapid screening and detecting  in infectious diagnostics.
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A n o v e l th re e -d im e n s io n a l  p a p e r -b a se d  e le c tro c h e m ic a l  im p e d a n c e  d ev ic e  (3D -PEID ) is f irs t  in tro d u c e d  
fo r m e a s u r in g  m u ltip le  d ia b e te s  m a rk e rs . H ere in , a s im p le  3D-PEID c o m p o s e d  o f  a  d u a l  s c re e n -p r in te d  
e le c tro d e  o n  w a x -p a t te rn e d  p a p e r  c o u p le d  w ith  a  m u lti la y e r  o f  m a g n e tic  p a p e r  w as  fa b r ic a te d  for 
la b e l-f re e  e le c tro c h e m ic a l  d e te c tio n . T he  re s u lts  c le a r ly  d e m o n s tr a te d  in a s te p -w is e  m a n n e r  th a t  th e  
h a p to g lo b in  (H p )-m o d ifie d  a n d  3 -a m in o p h e n y lb o ro n ic  acid  (A P B A )-m odified  e g g sh e ll m e m b ra n e s  
(ESM s) w e re  h ig h ly  re sp o n s iv e  to  a c lin ica lly  re le v a n t  ra n g e  o f  to ta l ( 0 .5 - 2 0  g  d i r 1; r2 =  0 .9 8 9 ) and
g ly c a te d  h a e m o g lo b in  (H b A lc )  (2.3% —14%: r2 =  0 .9 9 7 ) leve ls  w ith  d e te c tio n  lim its  (S/N  =  3) o f 
0 .08  g  d i r 1 a n d  0.21%, re sp e c tiv e ly . T h e  o p tim a l b in d in g  f re q u e n c ie s  o f  to ta l  h a e m o g lo b in  a n d  H b A lc  to  
th e ir  sp ec ific  re c o g n it io n  e le m e n ts  w e r e  5.18 H z a n d  9 .99  Hz, re sp e c tiv e ly . T h e  w ith in - r u n  c o e ffic ie n ts  o f 
v a r ia tio n  (CV) w e re  1.84%, 2.18%, 1.72%, a n d  2.01%, w h e re a s  th e  ru n - to - r u n  CVs w e r e  2.11%, 2.41%, 2.08%, 
a n d  2.21%, w h e n  a ssa y in g  tw o  leve ls  o f  h a e m o g lo b in  a n d  H b A lc , re sp e c tiv e ly . T h e  CVs fo r th e  h a e m o 
g lob in  a n d  H b A lc  leve ls  m e a s u re d  o n  te n  in d e p e n d e n t ly  fa b rica te d  p a p e r -b a se d  s h e e ts  w e re  1.96% a n d  
2.10%, re sp e c tiv e ly . T h e se  re s u lts  d e m o n s tr a te d  t h a t  o u r  p ro p o se d  sy s te m  a c h ie v e d  e x c e lle n t  p re c is io n  
fo r th e  s im u lta n e o u s  d e te c tio n  o f  to ta l  h a e m o g lo b in  a n d  H bA lc , w ith  a n  a c c e p ta b le  re p ro d u c ib il i ty  o f 
fab rica tio n . T he  lo n g - te rm  s ta b il i ty  o f  th e  H p -m o d if ie d  e g g sh e ll m e m b ra n e  (ESM ) w a s  98.84%  o v e r  a 
sh e lf- life  o f  4  w ee k s , e n a b lin g  th e  p o ss ib ility  o f  s to ra g e  o r  lo n g -d is ta n c e  t r a n s p o r t  to  re m o te  reg io n s ,

* Corresponding author.
E-mail address: Wanida.L@dใula.ac.th (พ . Laiwattanapaisal).

http://dx.doi.Org/10.1016/j.aca.2016.05.047 
0003-2670/©  2016 Elsevier B.v. All rights reserved.

http://www.elsevier.com/locate/aca
http://dx.doi.Org/10.1016/j.aca.2016.05.047


2 Y Boonyasit et al. / Analytica Chimica Acta 936 (2016) ใ—11

p a r tic u la rly  in  re s o u rc e - l im ite d  s e tt in g s ;  h o w e v e r, fo r th e  A PB A -m odified  ESM, th e  s ta b il i ty  w a s  92.35%  
o v e r  a o n e -w e e k  p e r io d . C o m p a re d  w ith  th e  c o m m e rc ia l  a u to m a te d  m e th o d , th e  re su lts  d e m o n s tr a te d  
e x c e lle n t a g re e m e n t  b e tw e e n  th e  te c h n iq u e s  (p -v a lu e  < 0 .05 ), th u s  p e rm itt in g  th e  p o te n tia l  a p p lic a tio n  
o f  3D-PE1D for th e  m o n i to r in g  o f  th e  g ly c a em ic  s ta tu s  in  d ia b e tic  p a tie n ts .

© 2016  E lsev ie r B.v. All r ig h ts  re se rv e d .

1. Introduction

The implementation of microfluidic paper-based analytical de
vices (pPADs) in clinical off-site diagnoses has recently emerged as 
a distinctive field of simple telemedicine in remote areas [1 ]. The 
multiplexed measurement of a panel of biomarkers has recently 
attracted considerable interest due to its great potential for moni
toring patient compliance, evaluating the effectiveness of therapy, 
and early screening for diseases. During recent years, pPADs 
coupled w ith optical imaging for colourimetric detection have 
provided an affordable point-of-care platform for the multiplexed 
analysis of biomarkers, such as the transaminase assays for liver 
function assessment [2,3], detection of metabolic biomarkers for 
glycaemic control [4,5], urinalysis assays [1,6], and simultaneous 
detection of glucose, uric acid and lactate [7]. Alternatively, other 
detection methods for assaying multiple biomarkers on a single 3D- 
pPAD have been demonstrated, including electrochemical [8—13], 
chemiluminescence [14], and electrochemiluminescence [15] 
techniques, most of which relied heavily on ultrasensitive immu- 
nodevices for multiplexed quantification of cancer biomarkers. To 
date, considering the existing paper-based electrochemical devices 
for measuring metabolic biomarkers, considerable efforts have 
been focused only on establishing a proof-of-concept work on the 
determination of glucose, uric acid, and lactate [16,17], However, 
there has been minimal validation of pPADs using actual clinical 
specimens. Thus far the label-free impedimetric sensing of diabetes 
markers for the long-term assessment of glycaemic control on a 
single 3D-pPAD has yet to be investigated. As an alternative to the 
single-analyte assays, the multiplexed 3D-pPAD allows simulta
neous measurement of multiple analytes on a single device, which 
provides an accurate basis for clinical diagnoses and decreases the 
assay time. To our knowledge, there have been no attempts to use a 
single three-dimensional paper-based electrochemical impedance 
device (3D-PEID) for measuring multiple diabetes markers.

Currently, electrochemical impedance spectroscopy (ElS)-based 
point-of-care diagnostic platforms for determining a panel of bio
markers have attracted great interest in the clinical assessment of 
early disease detection. Known as an informative and nonde
structive technique for biosensing applications, E1S has an enor
mous potential for the label-free and ultrasensitive biomarker 
detection w ith the capability to measure multiple markers simul
taneously as it  can be used to study the interfacial events or 
diffusion effects occurring at the surface of the electrodes. Because 
acquisition of impedance spectra is relatively time consuming, 
many attempts have been made to use a single frequency value for 
analysis [18—22]. More recently, multiplexed sensor array designs, 
most of which depend on antibody-based molecular recognition, 
have been implemented for the determination of various inflam
matory markers using a unique frequency upon binding o f the 
target molecule to the sensor [23,24], The biological reaction be
tween each target and its molecular recognition element results in 
a unique binding frequency that is specific to each reaction. Thus, 
the differences in frequency signals from each reaction can be 
detected on a single platform due to the effective discrimination of 
the target binding frequencies from the others. Using this

underlying principle, by immobilising recognition elements for 
different biomarkers on the sensor interface, each target molecule 
can be measured simultaneously by monitoring their optimal 
binding frequency, thereby making this platform suitable for mul
tiplexed assays of makers in a single device. The specific optimal 
binding frequency depends on several factors such as the sensor 
material, molecular recognition element, and the linkers used for 
immobilisation [25]. For instance, EIS in combination w ith  tech
nology for the management o f patients w ith diabetes mellitus (DM) 
was implemented using a specific frequency for glucose-glucose 
oxidase binding interaction [26]. A few years later, the feasibility 
of EIS in detecting 1,5-anhydroglucitol levels at its optimal binding 
frequency was also demonstrated using the enzyme pyranose ox
idase [27 j. However, there are no relevant data as of yet on the 
label-free affinity biosensing for measuring multiple diabetes 
markers on a single device. Hence, a multiplexed single-sensor 
diabetes marker assay needs to be further developed to meet the 
clinical requirements for a point-of-care testing (POCT) system.

Typically, in clinical practice, the quantitative measurement of 
glycated haemoglobin (HbAlc) is an indispensable index for the 
long-term monitoring of glycaemic control in both the diagnosis 
and routine management of diabetes. The intensive monitoring of 
glycaemic status is needed to avoid diabetic complications. In 
general, the HbAlc level is measured as the percentage of glycated 
haemoglobin in the total haemoglobin (i.e., mmol m o r 1 or %). 
According to the consensus statement of the International Feder
ation of Clinical Chemistry and Laboratory Medicine (IFCC) and the 
National Glycohemoglobin standardization Program (NGSP) on the 
standard interpretation norms of HbAlc values, HbAlc results are 
reported worldwide together w ith  the haemoglobin value as mmol 
of HbAlc or a percentage of HbAlc in the total haemoglobin, 
respectively [28]. HbAlc analysis has been accomplished using a 
wide range of techniques, including mass spectrometry [29-31], 
electrophoresis [32], chromatography [33,34], immunoassays 
[35—39], electrochemistry [40-49], enzyme assays [50—53], 
piezoelectric sensing [54-56], and optical spectroscopy [57-59], 
However, most of the aforementioned approaches require the use 
of highly sophisticated instruments at high operating costs by 
experienced personnel. Moreover, they fail to satisfy the analytical 
requirements of sensitivity, specificity, reproducibility, storage 
stability, simplicity, and portability. For these reasons, further im 
provements of cost-effective diagnostic POCT devices are still 
required for the clinical assessment of glycaemic status in diabetes 
patients. Thus far, there have been no reports in the literature 
regarding simultaneous detection of both total haemoglobin and 
HbAlc based on a single affinity-based sensing device. In our pre
ceding work, the label-free boronate-modified eggshell membrane 
(ESM)-based affin ity sensor for long-term glycaemic monitoring 
was first demonstrated via the cis-diol interaction between HbAlc 
and the boronate recognition element [60]. Using the boronate- 
modified sensing surface, our device could distinguish between 
HbAlc and non-glycated haemoglobin (HbAo). However, acquisi
tion of impedance spectra typically required a scanning time of 
15 min for the entire frequency range. Therefore, in the present 
work, we have further developed the affinity membrane-based
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analytical device for detecting HbAlc in parallel w ith  total hae
moglobin contents using a specific single-frequency value for 
analysis to circumvent the time-intensive procedure of acquiring 
entire impedance spectra.

Herein, to combine a multiplexed biomarker assay w ith a se
lective low-cost platform, we demonstrated a simple 3D-PE1D for 
simultaneous quantitative detection of total haemoglobin and 
HbAlc using an ESM-based affinity sensor. The impedance 
response as a function of analyte concentration was also 
investigated in a single- or limited-frequency range by attaching 
the molecular recognition elements, i.e., haptoglobin (Hp) or 3- 
aminophenylboronic acid (APBA), to the sensor surface. Due to 
the distinctive features of Hp and APBA, which are promising 
recognition elements for total haemoglobin and HbAlc, selective 
binding was obtained via non-covalent protein-protein interactions 
and cis-diol interactions, respectively. Therefore, each target ana
lyte could be detected by monitoring the optimal binding frequency 
specific to that reaction using a single 3D-PEID platform. This af
fin ity device was also validated to suit the clinical requirements and 
applied to the determination of the total haemoglobin and HbAlc 
levels in real clinical blood samples. To our knowledge, no previous 
attempts have been made to assess the clinical applicability of a 
label-free 3D-PEID for assaying both total haemoglobin and HbAlc 
in actual patient-derived specimens. This reliable and inexpensive 
device for assaying total haemoglobin in parallel w ith HbAlc is an 
ideal sensing platform for point-of-care diagnostics. Our proposed 
system demonstrates the considerable future potential for long
term independent bedside monitoring of the glycaemic status of 
diabetes patients, particularly in resource-limited settings.

2. Materials and methods

2.1 Reagents and chemicals

All reagents and chemicals were of analytical grade or the highest 
purity available and used as received w ithout further purification. 
APBA, human haptoglobin phenotype 1-1 (Hp), human haemoglo
bin, 4-ethylmorpholine, sodium chloride (NaCl), potassium chloride 
(KC1), potassium hexacyanoferrate II, potassium hexacyanoferrate 
111, a glutaraldehyde solution (25% พ/พ), ethanolamine, sodium 
acetate trihydrate, potassium cyanide, sodium phosphate mono
basic, sodium phosphate dibasic, potassium phosphate monobasic, 
potassium phosphate dibasic, sodium hydroxide, urea, and 
haemoglobin-Ao were acquired from Sigma (St Louis, MO, USA). 
Hydrochloric acid, ethanol, and absolute acetic acid were purchased 
from Merck (Darmstadt, Germany). A Lyphochek® HbAlc linearity 
set and Lyphochek® diabetes controls were obtained from BioRad 
Laboratories (Hercules, CA, USA). Ultrapure water obtained from a 
Millipore water purification system (18 MQ cm, Milli-Q, Millipore) 
was used throughout the study. The instruments used for measuring 
the haematocrit (Hct) values, including micro-haematocrit tubes, a 
micro-capillary reader, and a micro-haematocrit centrifuge, were 
manufactured by Vitrex Medical A/S (Herlev, Denmark), Interna
tional Equipment Company (Needham Heights, MA, USA), and 
Hawksley and Sons Ltd. (Sussex, England), respectively. For the 
preparation o f the screen-printed electrodes, the carbon ink 
(C2030519P4) and silver chloride ink (C2090225P7) were supplied 
by Gwent group (Torfaen, United Kingdom). An A4 sheet of 180 g per 
square metre (gsm) office paper was available from a local stationery 
store. The custom-ordered blocking stencils and a rubber squeegee 
were readily available from the local service provider. For the ESM 
preparation, the chicken eggs were purchased from a local super
market and stored at 4 °c before use. An in vitro test for the quan
titative measurement of HbAlc in whole blood using a Tina-quant® 
HbAlc Gen.2 clinical chemistry analyser (Roche Diagnostics,

Switzerland) was employed to validate the method based on a 
turbidimetric inhibition immunoassay.

2.2. Design and fabrication o f the 3D-PEID

The simple 3D-PEID was composed of a dual screen-printed 
electrode on a wax-patterned paper coupled w ith  a multilayer of 
magnetic paper. For the preparation of the wax-based pattern on 
the 180 gsm office paper, the designed patterns of hydrophobic 
barriers as a dark blue-colour on a white background were fabri
cated using a slightly modified wax-printing procedure described 
previously [61 j. Briefly, the wax-patterned paper containing a dual 
circular and rectangular zone was designed using Adobe Illustrator 
CS6  software (Adobe Systems Inc., San Jose, CA) and then printed 
onto the A4 sheet o f 180 gsm office paper w ith  a Xerox ColorQube 
8570 solid ink printer. The wax-printed paper was transferred to a 
150 “C hot plate w ith  the wax side up for 180 ร, and the printed wax 
was allowed to melt and penetrate through the paper to form the 
blue-coloured hydrophobic and insulating barriers. After cooling at 
room temperature, the wax-printed paper sheet was then ready for 
the printing of the three-electrode areas and conductive pads on its 
hydrophilic zones. Following our in-house screen printing tech
nique, dual working and counter electrodes comprising the 
conductive pads were screen-printed on the defined hydrophilic 
areas on the wax-printed paper sheet using carbon ink. After that, 
to cure the carbon ink, the screen-printed paper was baked in an 
oven at 65 °c for 30 min before starting the next round of the 
screen-printing process. A reference electrode w ith its conductive 
pad was then screen-printed in the defined hydrophilic zone on the 
same paper sheet using silver/silver chloride ink before baking 
again at 65 °c for 30 min. Finally, after allowing the screen-printed 
paper to cool to room temperature, a dual screen-printed electrode 
on a wax-patterned paper layer was then adhered onto a custom
ised magnetic paper sheet before assembling the whole system. To 
complete the proposed 3D-PEID, a dual screen-printed electrode 
layer adhered to a bottom magnetic paper layer and a top 
magnetic-paper lid containing two circular wells were all aligned 
and assembled w ith  a permanent magnet underneath, as illus
trated in Fig. 1A. The designed wax-patterned paper electro
chemical cell was composed of two paper working zones (4 mm in 
diameter) surrounded by shared reference (geometric area 
approximately 3 mm2) and counter electrodes (geometric area 
approximately 17 mm2). The wax patterns around the three elec
trodes constituted an insulator for the electrochemical cell and 
served as a reservoir w ith  a volume of approximately 60 |iL after 
alignment w ith  the top magnetic-paper layer containing two cir
cular holes. To characterise the surface structure of the screen- 
printed paper, scanning electron microscope (SEM) images of the 
proposed device were recorded on a field emission scanning elec
tron microscope (JSM-7610F, JEOL, Tokyo, Japan).

2.3. ESM preparation

A circular double-layered ESM was prepared according to the 
procedure described previously [62]. Briefly, after soaking the 
chicken eggs in absolute acetic acid at 4 C'C for 18 h, the membrane 
was subsequently peeled off and cleansed w ith  a copious amount of 
ultrapure water before being cut into circular pieces (7 mm in 
diameter). The circular ESMs were then stored in a working buffer 
for assaying total haemoglobin and HbAlc until further use. To 
observe the microstructure of the ESM w ith  and w ithout the 
immobilised haemolysate samples containing the total haemoglo
bin, a dried circular ESM was adhered onto a piece of glass using 
carbon double-sided adhesive tape before placing on a specimen 
stub and coating w ith  a thin layer of gold for the SEM analysis.
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Fig. ใ. Schem atic represen ta tion  o f  the  proposed 3D-PEID illu s tra tin g  (A ) the fab rica tion  process fo r the paper-based e lectrodes and (B) the co n fig u ra tio n  o f  the  labe l-free  elec
trochem ica l im pedance system  set-up. T w o  pieces o f  the a ffin ity -based  ESMs w e re  placed on the  tw o  defined areas ac ting  as the  paper-based w o rk in g  e lectrodes fo r the  selective 

sensing o f  to ta l haem og lob in  and H b A lc .

2.4. Surface modification w ith Hp and APBA

An affinity ESM-based impedance sensor was prepared by 
immobilising Hp or APBA on the surface of the ESM via glutaral- 
dehyde cross-linking. Unless otherwise stated, the membrane was 
activated w ith  the 25% glutaraldehyde solution for 1 min and 
washed w ith  100 mM phosphate buffer solution at pH 7 (PBS), then 
10 pg mIG1 Hp was applied to the membrane surface and reacted at 
room temperature for 10 min. The sensing interface was subse
quently rinsed w ith  10 mM ethanolamine, followed by an addi
tional wash before allowing it to react w ith the various 
concentrations of total haemoglobin for 5 min. The EIS measure
ment was carried out in a step-wise manner w ith the electroactive 
redox probe. The Hp-modified ESMs could be used repeatedly after 
washing w ith  a regeneration buffer, i.e., 5 M urea containing 0.15 M 
sodium chloride at pH 11. For the fabrication of the APBA-modified 
ESM, the selective binding of HbAlc was performed using a pro
cedure described in our previous work [60], w ith  slight modifica
tions. Briefly, after activating the ESM w ith  the 25% glutaraldehyde 
solution for 1 min, a 10 mM 4-ethylmorphoiine buffer solution 
containing 0.25 M KC1 and 0.1 M NaCl at a pH of 8.5 was used as a 
working buffer for rinsing the excess aldehyde functional groups. 
Next, 0.25 mg m ir 1 of APBA was immobilised on the ESM for 5 min 
and washed w ith working buffer. The remaining aldehyde groups 
were then blocked w ith 10 mM ethanolamine buffer and washed 
w ith  working buffer again. Finally, different concentrations of 
HbAlc were added to the selective sensor and allowed to incubate 
for 5 min at room temperature, followed by washing w ith  working 
buffer according to the procedure described above. The APBA- 
modified ESMs could be regenerated using a 10 mM sodium ace
tate buffer at pH 5 due to the unstable cis-diol interactions under 
acidic conditions.

2.5. Apparatus set-up fo r the electrochemical impedance 
measurement

After assembling a multi-layered 3D-PE1D, the impedance 
detection system, i.e., a potentiostat/galvanostat instrument 
(Autolab PGSTAT30, Eco Chemie, The Netherlands) equipped w ith 
the Frequency Response Analyser software, was then connected to 
the 3D-PE1D using alligator clips. The configuration of the proposed 
system is illustrated in Fig. 1B. The whole assembly, including the 
dual screen-printed electrode layer adhered to the magnetic paper 
and the top magnetic-paper layer, was held together by a magnetic

force. Two pieces of the circular thin-layered ESMs (7 mm in 
diameter) were carefully placed on the screen-printed electrodes 
covering the working, counter, and reference electrodes. Each 
membrane was used as an immobilising platform for the specific 
recognition elements, i.e., Hp and APBA, used in the selective 
sensing of total haemoglobin and HbAlc, respectively. The redox 
ions, i.e., a 5 mM Fe(CN)(H4“  solution prepared in a working buffer, 
was used as an electroactive probe throughout the experiment. The 
EIS measurement was conducted over a wide frequency range from 
100 kHz to 10 mHz w ith an alternating-current amplitude o f 10 mV. 
After recording the EIS data over the entire range of frequencies, the 
impedance spectra were fitted to an equivalent-circuit model using 
the NOVA 1.9 software and investigated for the optimal binding 
frequency of the interaction between the analyte o f interest and its 
molecular recognition element.

2.6. Ethical conduct o f research and sample preparation

Healthy and diabetic volunteers were enrolled in our study of 
their own volition. All subjects voluntarily gave written informed 
consent before the start of the study on the development of 
membrane-based biosensors for diabetes makers, which was 
approved by the Ethics Review Committee for Research Involving 
Human Research Subjects, Health Sciences Group, Chulalongkorn 
University (ECCU) under approval number COA No. 057/2557. 
Whole blood samples were drawn into vacuum blood collection 
tubes w ith  tripotassium ethylenediaminetetraacetic acid (K3EDTA) 
as an anticoagulant, and the Hct levels were measured using micro
capillary tubes. The plasma was separated from the whole blood 
and discarded to eliminate other glycated proteins and sugars 
present in the blood plasma. To remove the plasma completely, the 
remaining red blood cells were carefully washed thrice w ith a 0.9% 
sodium chloride solution. A haemolysing buffer solution prepared 
according to the previous study [40| was used to lyse the red blood 
cells prior to the EIS measurement.

2.7. Real sample analysis

Unless otherwise stated, after preparing the Hp-modified and 
APBA-modified ESMs, approximately 40 pL of the haemolysate 
sample was allowed to incubate for 5 min, then washed w ith  the 
working buffers for the total and glycated haemoglobin assays 
before recording the impedance spectra using the electroactive 
redox probes. The impedance signals on each paper-based sensing
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electrode were sequentially measured via a one-channel poten- 
tiostat instrument. In this study, our proposed multi-layered 3D- 
PE1D performed an independent EIS measurement for each specific 
analyte by using each modified-ESM location on the surface of each 
paper-based electrode. By sharing the counter and reference elec
trodes, each adjacent paper based working electrode could be 
operated independently to sense the two glycaemic markers.

3. R e su lts  a n d  d isc u ss io n

3.1. Surface characterisation o f the 3D-PEID

After the curing process, the wax-patterned A4 sheet was pre
pared for the screen-printing of the three-electrode configuration 
onto the hydrophilic zones. Fig. 2 shows scanning electron micro
graphs (Panels A-C) o f the porous structures and microfibres o f the 
pure office paper, the boundary of the wax-patterned paper, and 
the wax-penetrated paper. The melted wax penetrates the pores of 
the pure office paper and decreases its hydrophiiicity remarkably. 
The functional hydrophobic areas prevent the aqueous solution 
from wicking and penetrating unwanted zones and act as an 
insulating region to confine all the reagents and solutions w ith in 
the defined working electrode areas. The unprinted-paper zone 
remained highly hydrophilic and flexible and thus did not affect the 
screen-printing of the electrodes. The surface morphology of the 
screen-printed working electrodes is essential for assessing the 
sensing performance of the electrochemical devices; therefore, we 
investigated the surface structure o f the screen-printed paper- 
based working electrode. As shown in Fig. 2D, a homogeneous 
structure was observed on the bare electrode surface, which was 
particularly helpful in producing paper-based electrodes w ith  a 
reproducible response. For the preparation of the affinity 
membrane-based device, an entire sheet of ESM was used as a 
platform for the selective sensing of either total haemoglobin or 
HbAlc. Fig. 2E presents the inner surface of the ESM, showing a 
network-like structure that contains highly cross-linked protein 
fibres and cavities. The interlacing fibres of the inner layer were 
uniform and smooth, which was beneficial for protein immobili
sation. The surface of the interlacing ESM fibres w ith  immobilised 
Hp was saturated by haemoglobin after exposure to a red blood cell

lysate, as depicted in Fig. 2F. These results indicated that haemo
globin from the red blood cell lysate was successfully immobilised 
on the surface of the ESM.

3.2. EIS characterisation o f the sensing interface

The inner surface o f the ESM was subjected to step-wise mod
ifications w ith the screen-printed working paper electrodes un
derneath. To investigate the specific binding of the total 
haemoglobin and HbAlc to the ESM interfaces, EIS measurements 
were carried out following each step of the surface modification. 
Nyquist plots acquired in the presence of 5 mM Fe(CN)(5̂ 4_ at 
different stages of the modification process are shown in Figs. S1A 
and B (Supplementary material). A semicircular region could be 
observed at the higher frequencies, corresponding to the charge 
transfer resistance (Ret) and double layer capacitance, as well as a 
straight line at the lower frequencies, representing the diffusion- 
limited process. The spectra obtained w ith the bare paper-based 
electrodes showed a semicircle w ith  a relatively small diameter, 
which indicated a low Ret of the redox couple. Comparatively, 2- 
fold increase in the Ret values was observed when the ESMs were 
placed on the paper-based electrodes, which resulted from the 
blocking of the diffusion of the redox species to the electrode sur
face by the interlacing networks of the fibrous ESM. After modifi
cation of the ESM w ith the glutaraldehyde solution, a substantial 
increase in Ret was observed. The glutaraldehyde-activated ESM 
was further modified w ith  Hp and APBA before exposure to the 
various concentrations of total haemoglobin and HbAl c. The results 
showed that the impedance spectra acquired on electrodes having 
the Hp-modified and APBA-modified ESM had significantly lower 
Ret compared to those only having the glutaraldehyde-treated ESM. 
In the case of APBA modification, the decrease in Ret could be at 
least partly explained by electrostatic attraction of the negatively 
charged redox probe due to the presence of amino groups of APBA 
molecules that were actually bound to the glycoproteins o f the ESM 
[60]. On the other hand, the decrease in Ret after immobilisation of 
Hp cannot be fully explained since the protein acquires negative 
charge at pH 7 (pi of Hp < 6 ), which rather causes repulsion of the 
redox probe. To investigate whether the ESM surfaces had suc
cessfully immobilised Hp and APBA, control experiments were also

Fig. 2. SEM im ages o f  (A ) pure o ffice  paper; (B) th e  bou nda ry  o f  the  w a x  pa tte rn , w i th  the  w a x -p r in te d  o ffice  paper on the  le ft  side and the pure  o ffice  paper on the  r ig h t;  (C) fro n t 
face o f  w ax-pe ne tra ted  o ffice  paper; (D ) sc reen-prin ted  w o rk in g  e lectrode ; (E) in n e r surface o f  the  ESM; (F) a fte r exposure to  to ta l haem og lobin.
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performed using an ESM without immobilised Hp and APBA pre
pared in the same manner. The impedance response to various 
concentrations of total haemoglobin and HbAlc remained un
changed compared to the baseline signals of the ESMs, as shown in 
Figs. S2A and B (Supplementary material), respectively. These re
sults confirmed the successful immobilisation of Hp and APBA on 
the ESM surfaces, implying that the changes in impedance were 
due to the specific binding o f the total haemoglobin and HbAlc to 
the modified ESMs via non-covalent protein-protein and cis-diol 
interactions, respectively.

3.3. Analytical performance

Under optimal conditions, a remarkable increase in impedance 
was observed w ith  increasing concentrations of total haemoglobin, 
as depicted in the Nyquist plot of Fig. 3A. The binding interaction 
between the Hp-modified ESM and the total haemoglobin contents 
hindered the diffusion of redox species to the surface of paper- 
based electrode, thus making the redox process more difficult 
and causing the impedance to increase. Due to the specific binding 
between the Hp-modified ESM and haemoglobin via non-covalent 
protein-protein interactions, the Hp-modified ESM was responsive 
to the various concentrations of total haemoglobin. The substantial 
increases in impedance signal were directly proportional to hae
moglobin levels over the concentration range of 0.5 g dL~' to 
20 g dL~l Moreover, dramatic changes in impedance were noticed 
at the lower frequency range, as shown in Fig. 3B, thereby 
demonstrating the sensitive response of the Hp-modified ESM to
wards haemoglobin. The phase shift increased steadily upon the 
immobilisation of haemoglobin and subsequent addition of higher 
haemoglobin concentrations, as shown in Fig. 3C. The experimental

impedance data are approximated using the modified Randles' 
equivalent circuit model shown in Fig. 3D (inset), which includes a 
series of two constant-phase elements (CPEs) in parallel w ith  two 
charge-transfer resistances (Rctl, Rct2) and the Warburg imped
ance (พ ), along w ith the ohmic resistance of the electrolyte solu
tion (Rs).The Rctl and Rct2 correspond to the membrane resistance 
and charge-transfer kinetics at the paper-based electrode, respec
tively. This equivalent circuit appears to be the optimal model that 
matches the experimental impedance spectra w ith good fitting 
results, as shown in Fig. S3A in the Supplementary material. The 
bulk properties and diffusion features of the redox probe solution, 
พ  and Rs, respectively, were not modified by the stepwise modi
fication process, whereas the CPE and Ret, the dielectric and insu
lating features at electrode/electrolyte interface, are controlled by 
the changes occurring at the electrode surface. The capacitance 
changes are not as sensitive as the charge transfer resistance. Ac
cording to the impedance values obtained from the fit to this 
equivalent circuit, an increase in the membrane resistance was 
observed in the presence of increasing haemoglobin concentra
tions. The normalised resistances derived from the fitted resistance 
values were plotted versus the various concentrations of haemo
globin. As illustrated in Fig. 3D, the results showed that the nor
malised response was linear up to 20 g dL_1 of haemoglobin, w ith  a 
regression equation of y =  0.0642X +  0.2281 (r2 =  0.989) and a 
detection lim it (S/N =  3) of 0.08 g dL“ l  For the HbAlc detection, a 
substantial increase in impedance w ith increasing concentrations 
of HbAlc was observed, as shown in Fig. 4A. The changes in 
impedance were observed at the lower frequencies; conversely, at 
higher frequencies, the impedance responses did not depend on 
the presence of HbAlc and were thus not useful for HbAlc detec
tion, as shown in Fig. 4B. A significant phase shift w ith  increasing

(A)

(D)

10 พ I0J 
Frequency (Hz)

1๙ 10J

Fig- 3. Im pedance data ob ta ined  fro m  (A ) the  N yq u is t p lo t; (B) the  Bode-m odu lus p lo t o f  the  H p -m o d ifie d  ESM a fte r i t  w as exposed to  various concen tra tions  o f  to ta l haem og lob in : 
( ■ ) 0 . 5  g d L -1, ( A  ) 1 g d L -1, ( ▼  ) 5  g d L -1, ( ♦  ) 10 g d L -1, and ( • ) 2 0 g d L _1; and (C) the  Bode-phase p lo t and (D ) va ria tio n  o f  the norm alised Ret w ith  respect to  the conce n tra tion  
o f  to ta l haem og lobin. Inset r ig h t: an equ iva len t c irc u it fo r ana lys ing the  im pedance data; Rs, Ret, CPE, and พ  represent the  so lu tio n  resistance, charge-trans fe r resistance, constan t- 
phase e lem ent, and W arbu rg  im pedance, respectively. The EIS spectra w e re  ob ta ined  in  5 m M  Fe(CN)6- /4 -  so lu tio n  prepared in  a w o rk in g  b u ffe r a t an open c irc u it  vo ltage fro m  
100 kHz to 10 m Hz (ac a m p litu de , 10 mV).



Y. Boonyasit et al. / Analytica Chimicc Acta 936 (20ใ6) ใ-น 7
concentrations of HbAlc is clearly demonstrated in Fig. 4C. Good 
fits to normal and diabetic HbAlc concentrations were also ob
tained over the entire measurement frequency range as shown in 
Fig. S3B in the Supplementary material. The APBA-modified ESM 
was responsive to HbAlc concentrations covering the clinically 
required range. The good relationship between the normalised Ret 
and the concentration of HbAlc was observed up to 14% of HbAlc, 
w ith a regression equation of y ะ= 0.0846X + 0.9118 (r2 = 0.997), as 
depicted in Fig. 4D. The resulting lim it of detection was 0.21% (ร/ 
N =  3).

The correlation between the haemoglobin concentration and 
each frequency was investigated to determine the optimal binding 
frequency at a specific binding constant. The relationship between 
the impedance derived from the Hp-modified ESM and haemo
globin concentration was compared at each frequency point in the 
range from 100 kHz to 10 mHz and further analysed by reaching a 
compromise between the R-squared value and the correlation's 
slope, at which the maximised values were selected as the opti
mum binding target. The R-squared value and the slope from a 
duplicate measurement on a single paper-based electrode were 
plotted versus the frequency range, as shown in Fig. 5A. The R- 
squared value increased from the baseline and reached a maximum 
value close to 1 before returning to a lower level, whereas the slope 
gradually decreased until reaching a value close to 0 as the fre
quency increased. Hence, the optimal frequency of the binding 
interaction between the Hp-modified ESM and haemoglobin was 
determined to be 5.18 Hz. The correlation, as shown in Fig. 5B, 
represents an average impedance value of two different paper- 
based electrodes at a frequency of 5.18 Hz over a wide concentra
tion range from 0.5 g dL“ ’ to 20 g d i r 1, w ith a regression equation 
of y =  0.0500X +  1.8250 (r2 =  0.987). We further investigated 
whether the standard curve obtained from an impedance

measurement at a specific single-frequency could be used in lieu of 
that from an impedance measurement recording the entire fre
quency range. W ithin the 95% confidence interval, a paired statis
tical analysis showed no significant differences between the two 
methods (p-value =  0.001 ), indicating the potential benefit of using 
a single frequency value for analysis. The optimal binding frequency 
for the APBA-modified E S M  and HbAlc interaction was also eval
uated using two parallel measurements on a single paper-based 
electrode, as demonstrated in Fig. 5C, and determined to be 
9.99 Hz based on the full E 1 S  sweep, at which the R-squared value 
was close to 1 and the constant slope was approximately zero. 
Fig. 5D shows a good correlation between the average impedance 
response at a specific frequency and its associated HbAlc concen
tration over a clinically relevant range, w ith  a regression equation 
of y =  0.0869X + 1.6527 (r2 =  0.991). Compared w ith the results 
obtained from the impedance measurements recording the whole 
frequency range of the E I S  spectrum, the single-frequency mea
surements showed no significant differences, at the 95% confidence 
interval (p-value =  0.001). These findings support the use of a 
single-frequency as an optimal binding frequency for constructing a 
calibration curve.

As demonstrated here, our proposed 3D-PE1D for measuring 
multiple diabetes markers not only improves the assay time by 
using a single specific-frequency measurement, but also offers a 
great sensitivity to total haemoglobin and HbAlc values w ith in the 
clinically required ranges, where 13.5-17.5 g dL^ 1 (male), 
12.0-16.0 g dL_1 (female) of haemoglobin, and 3.8-6.4% of HbAlc 
are considered the normal reference ranges [63]. Our paper-based 
device is the first report on the simultaneous detection of total 
haemoglobin and HbAlc based on a single affinity sensing device 
covering a broad clinical range [40,47-49|. Table SI in the Sup
plementary material provides a brief summary of the current
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Fig. 4 . Im pedance data ob ta ined  from  (A ) the N yq u is t p lo t; (B) the B ode-m odulus p lo t o f  the A P BA-m odified ESM a fte r i t  was exposed to  various conce n tra tions  o f  H b A l c: ( ■  ) 2.3%, 
( A  ) 4.6% ( ▼  ) 6.3%, ( ♦  ) 10%, and ( •  ) 14% H b A lc ; and (C) the Bode-phase p lo t  and (D ) v a ria tio n  o f  the  norm a lised  Ret w ith  respect to  the co n ce n tra tio n  o f  H b A lc  (%). Inset r ig h t: 
an equ iva len t c irc u it  fo r ana lysing the im pedance data. The EIS spectra w e re  obta ined in  5 m M  Fe(CN)e_/4_ so lu tio n  prepared in  a w o rk in g  b u ffe r a t an open c irc u it  vo ltage  from  
100 kHz to  10 m Hz (ac a m p litu de , 10 mV).
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(C)

(B)

(D)

Fig. 5. O p tim a l b in d in g  frequency fo r  (A ) the H p -m o d ifie d  ESM and to ta l haem og lob in  in te ra c tio n  and (C) the A P B A -m od ified  ESM and H b A lc  in te ra c tio n : ( ■  ) R -squared va lue  o f 
response versus frequency, ( A  ) slope o f  response versus frequency; and (B & D ) co rre la tio n  betw een the  average im pedance response a t a specific  frequency and its  associated to ta l 
haem og lob in  and H b A tc  concentra tion, respectively.

boronate-based electrochemical devices for assaying HbAlc. Thus, 
our proposed paper-based system provides a sensitive and cost- 
effective approach for glycaemic monitoring in individuals w ith  
diabetes, particularly for developing countries.

3.4. Regeneration and reproducibility

The reversibility of the interaction between haemoglobin and 
HbAlc and their specific recognition elements was also investi
gated to assess the method's potential for low-cost applications. To 
evaluate the performance of the regeneration procedure, the 
regeneration efficiency (RE) was calculated according to the 
following equation [64]: RE = [1-(RT-B)/T] X 100%, where the RT 
represents the impedance response obtained after the regeneration 
cycle, B is the impedance response for the blank, and T is the 
impedance response before applying any regeneration step. 
Fig. S4A in the Supplementary material presents Nyquist plots for 
the reversible binding interaction of haemoglobin w ith its interface. 
The impedance o f the Hp-modified ESM in the absence of hae
moglobin (curve a) was smaller than that o f the Hp-modified ESM 
in the presence of 1 g dL~’ haemoglobin (curve b). After applying 
the regeneration buffer (5 M urea containing 0.15 M sodium chlo
ride at a pH of 11), the impedance decreased due to the release of 
the bound haemoglobin from the Hp-modified ESM (curve c). The 
impedance increased again after exposure to 10  g d i r 1 of haemo
globin, indicating the rebinding o f haemoglobin onto the Hp- 
modified ESM (curve d). After the second round of regeneration, 
the regeneration efficiency was 99.14% (curve e). The increase in 
impedance was then observed after re-incubating w ith  1 g dL_1 of 
haemoglobin (curve f). The reversible binding of HbAlc onto the 
APBA interface was also observed, as shown in Fig. S4B in the 
Supplementary material. Compared w ith the baseline signal of the 
APBA-modified ESM (curve a), a significant increase in resistance 
was observed after exposure to 4.6% HbAl c (curve b). After the first

round of regeneration using 10 mM sodium acetate buffer at a pH of 
5, the impedance decreased after the first rinse (curve c) but 
remained greater than the initial curve (curve a). The APBA- 
modified ESM was then re-incubated w ith  10% HbAlc, resulting 
in a dramatic increase in resistance (curve d). After applying the 
subsequent round of regeneration, the impedance significantly 
decreased (curve e), w ith  a regeneration efficiency of 99.07%. The 
increase in impedance was observed again after re-incubating w ith 
4.6% HbAlc (curve f). After repeating the same procedure for 10 
cycles, the regeneration efficiencies of the Hp-modified ESM and 
APBA-modified ESM were found to be 90.11% and 89.97%, respec
tively. These results showed that the proposed 3D-PEID could be 
used as a reusable sensing platform due to the reversible binding of 
haemoglobin and HbAlc to their recognition interfaces.

The reproducibility of the proposed device was examined using 
two levels of haemoglobin and HbAlc, i.e., 10 g d i r 1 and 20 g dL~1of 
haemoglobin; 4.6% and 10% HbAlc, w ith  measurements performed 
on the same day and on three consecutive days using the same ESM 
device. The w ith in-run reproducibility for each concentration 
(ท =  10), expressed as coefficient of variation (CV), was 1.84%, 2.18%, 
1.72%, and 2.01% for 10 g d i r 1 and 20 g d i r 1 of haemoglobin and 
4.6% and 10% HbAlc, respectively. The run-to-run reproducibility 
for each concentration (ท = 30) was 2.11%, 2.41%, 2.08%, and 2.21%, 
assessed on three consecutive days, for 10  g d i r 1 and 20  g d i r 1 of 
haemoglobin and 4.6% and 10% HbAlc, respectively. The CV rep
resenting the variation between ten independently fabricated 
paper-based sheets was 1.96% and 2.10%, for 10 g d i r 1 o f haemo
globin and 4.6% HbAl c, respectively. These results indicate that our 
proposed system provides a great precision for the simultaneous 
detection of total haemoglobin and HbAlc w ith an acceptable 
reproducibility of fabrication.

The storage stability of the Hp-modified ESM and APBA- 
modified ESM was evaluated over a period o f 4 weeks by storing 
the membrane in 100 mM phosphate buffer solution (pH 7) at 4 °c.
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To evaluate the performance of the Hp-modified ESM and APBA- 
modified ESM, the impedance response was measured after incu
bation w ith the same concentration of haemoglobin ( 10 g dL_1 ) and 
HbAlc standard solution (4.6%), respectively The results showed 
the long-term stability of the Hp-modified ESM to be 98.84% over a 
shelf-life of at least 4 weeks, as shown in Fig. S5A in the Supple
mentary material, indicating that the Hp-modified ESM would be 
suitable for long-distance transport to remote regions, particularly 
in resource-limited settings. The remarkable stability of the Hp- 
modified ESM was largely due to the biocompatible microenvi
ronment of the ESM comprising the net-veined structure and the 
gas-permeable hydrophilicity, which may stabilise the activity of 
the protein during the long-term storage. For the stability of APBA- 
modified ESM, as shown in Fig. S5B in the Supplementary material, 
the activity of the APBA sensing interface was 92.35% over a one- 
week period; however, the signal response gradually decreased 
until reaching an activity of 53.75% after a four-week storage 
period. The decrease in signal was probably caused by the loss of 
APBA activity during the prolonged storage period.

3.5. Selectivity study

The evaluation of endogenous and exogenous interfering sub
stances present in clinical specimens is essential before the diag
nostic system can be implemented clinically. Whole blood 
specimens contain not only haemoglobin, but also glucose, glycated 
albumin, and other glycated proteins and sugars found in serum. 
The boronate recognition group is able to bind to the diol group of 
any glycated protein or sugar present in the blood matrix. 
Accordingly, the sample pre-treatment process is crucial to remove 
the interfering species in the whole blood before being subjected to 
the impedance measurement. As stated earlier, in our study, the 
interfering agents present in plasma were negligible due to the 
well-prepared treatment of blood samples. Thus, to assess the

analytical performance o f the proposed system for measuring 
multiple diabetes markers, human serum albumin and non- 
glycated haemoglobin (HbAo) were tested as potential in
terferences in the sensing interfaces. Figs. S6A and B in the Sup
plementary material show the Nyquist plots for examining the 
selectivity of the Hp-modified ESM and APBA-modified ESM for 
varying levels of human serum albumin and HbAo, respectively. 
Compared w ith the signal baseline obtained from the Hp-modified 
ESM and APBA-modified ESM, the impedance responses remain 
virtually unchanged by human serum albumin and HbAo over the 
concentration range of 3—6  g dL-1  and 10—20 g dL_1, respectively. 
These results indicate that the proposed system was highly selec
tive in determining the haemoglobin and HbAlc values in actual 
specimens, enabling the possibility of using the present method to 
assess the glycaemic levels in clinical practice. Most importantly, 
compared w ith other available methods for HbAlc determination, 
the boronate affinity assay was less affected by the presence of 
genetic variants and chemical derivatives of haemoglobin [65, 6 6 ], 
For the interpretation of the HbAlc results, additional relevant 
factors, such as severe iron-deficiency anaemia, haemolytic 
anaemia or any condition that directly affects the erythrocyte life
span, e.g., renal failure, should be taken into account in practical 
considerations.

3.6. Real sample analysis and assay comparison

A demonstration of the ability of the diagnostic system to detect 
the percentage o f HbAlc in real human blood samples is essential 
before it can be implemented clinically. Thus, to further investigate 
its potential in practical applications, the effectiveness of the pro
posed 3D-PE1D for measuring the total haemoglobin and HbAlc 
values was assessed using the real blood samples of healthy and 
diabetic volunteers, for which the haematocrit values were w ith in 
the range of 37^18%. Each red blood cell lysate sample was
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measured individually using our system and w ith  the automated 
clinical chemistry analyser. The results obtained from the proposed 
3D-PE1D were compared w ith  those determined w ith  the turbidi- 
metric inhibition immunoassay on an automated large-scale ana
lyser. The agreement and correlation between the two approaches 
were evaluated by Bland-Altman bias plot and Passing-Bablok 
regression analysis, respectively. As demonstrated in Pig. 6A and 
c, the data showed acceptable agreement between the results 
provided by our proposed device and the commercially available kit 
w ith in an agreement interval of ±1.96 SD. These results also 
showed zero bias and a reliable relationship, which indicates that 
these two approaches could be used interchangeably. Moreover, as 
shown in Fig. 6 B and D, the regression equations according to the 
Passing-Bablok analysis of the total haemoglobin and HbAlc were 
y =  0.9667X + 0.5233 and y =  0.9850X +  0.0640, respectively. These 
results indicated a good correlation between the two methods 
throughout the entire measurement range. W ithin a 95% confi
dence interval, the values of the y-intercept (0.5233 g d i r 1 ) and the 
slope (0.9667) were significantly reliable and covered a range of 
0.1136-0.8916 g dL_1 and 0.9439 to 0.9929, respectively. Addi
tionally, for the determination of HbAlc, the values o f the y-inter- 
cept (0.0640%) and the slope (0.9850) were trustworthy and 
covered a range o f -0.0200-0.4453% and 0.9277 to 1.0000, 
respectively. The data presented in this proof-of-concept work 
demonstrates the validity o f the proposed device for the simulta
neous detection of total haemoglobin and HbAlc in clinical 
diagnostics using actual clinical specimens. Our paper-based device 
offers the great benefit for onsite clinical monitoring of the 
glycaemic status in individuals w ith diabetes.

4. Conclusions

We have demonstrated a selective 3D-PEID for multiplexed 
determination of diabetes markers using a single E1S platform. By 
monitoring at a single frequency value, the proposed device has a 
considerable advantage over the conventional EIS measurements in 
terms of assay time, allowing a decrease in data acquisition time by 
a factor of 15. However, further improvement on the EIS processing 
software would be needed to run EIS at the desired frequency value. 
As demonstrated here, our proposed 3D-PEID not only provides a 
precise measurement w ith  a wide linear concentration range but 
also offers a great sensitivity for the total haemoglobin and HbAlc 
values w ith in the clinically relevant ranges. Such capabilities make 
this cost-effective device useful for monitoring the glycaemic status 
in individuals w ith  diabetes. In addition to being a proof-of-concept 
work, our system performed well compared w ith  the commercial 
automated method using actual clinical samples, even in specimens 
obtained from diabetic patients. Conceivably, the successful 
development of this multiplexed 3D-PE1D would be suitable for 
near-patient monitoring in remote areas. However, POCT systems 
require not only the production of affordable and portable devices 
but also the development of the detection instruments to measure 
the signal using a portable multi-channel device.
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Synthesis of PANI/hematite/PB hybrid 
nanocomposites and fabrication as screen printed 
paper based sensors for cholesterol detection
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R e c e iv e d  3 rd  S e p te m b e r  2 0 1 6  

A c c e p te d  1 3 th  O c to b e r  2 0 1 6

D O I: 1 0 .1 0 3 9 /c 6 a y 0 2 4 7 8 e

w w w .rs c .o rg /m e th o d s

เท th is  w o r k ,  t h e  c o m p o s i te s  o f  p o ly a n i l in e / n a n o - h e m a t i t e  ( a - F e 20 3) /P ru s s ia n  B lu e  (P B ) w e r e  s u c c e s s fu l ly  

s y n th e s iz e d  via a  s o n o c h e m ic a l  m e th o d .  T h is  n a n o c o m p o s i t e  (P B /C P A N I)  h a s  b e e n  u s e d  f o r  t h e  

m o d i f i c a t io n  o f  p a p e r - b a s e d  s e n s o rs  f o r  c h o le s t e r o l  d e t e c t io n .  T h e  e le c t r o c h e m ic a l  s tu d ie s  o f  th is  

n a n o c o m p o s i t e  s h o w e d  a w e l l - d e f in e d  c y c l i c  v o l t a m m o g r a m  f o r  h y d r o g e n  p e r o x id e  ( H 20 2) w i t h  

a  r e m a r k a b le  e l e c t r o c h e m ic a l  s e n s i t iv i t y .  T h is  n a n o c o m p o s i t e  m o d i f ie d  p a p e r - b a s e d  e l e c t r o d e  a ls o  

s h o w e d  e x c e l le n t  e le c t r o c a t a l y t i c  a c t iv i t y  t o w a r d s  H 20 2 in  t h e  in t e r f e r e n c e - f r e e  c a t h o d ic  r e g io n .  เท 

a d d i t io n ,  c h o le s t e r o l  o x id a s e  w a s  im m o b i l iz e d  o n  th e  P B /C P A N I - m o d i f ie d  p a p e r - b a s e d  e l e c t r o d e  f o r  

s e le c t iv e  d e t e c t io n  o f  c h o le s t e r o l .  U n d e r  o p t im u m  c o n d i t io n s ,  a  l in e a r  r a n g e  o f  0 . 6 - 6 . 0  ทาM  w i t h  a v e r y  

lo w  d e t e c t io n  l im i t  o f  0 .5 2  ทาM  f o r  c h o le s t e r o l  a n d  a g o o d  s e n s i t iv i t y  o f  4 1 1 .7  | iA  ทาM _1 c m ~ 2 w e r e  

o b t a in e d  w h ic h  in d ic a t e d  t h a t  t h e  m e t h o d  p r e s e n te d  is  o u t s t a n d in g ly  a p p r o p r ia t e  t o  d e t e r m in e  

c h o le s t e r o l  in  b o v in e  s e r u m  a lb u m in .  T h is  w o r k  m ig h t  b e  a n  a l te r n a t iv e ,  in te r f e r e n c e - f r e e ,  a n d  c o s t -  

e f f e c t iv e  a p p r o a c h  f o r  b i o m o n i t o r in g  o f  c h o le s t e r o l  b o t h  in  m e t h o d o lo g ic a l  s tu d ie s  a n d  in  c l i n ic a l  

la b o r a to r ie s .

Introduction
Awareness on the importance o f m onitoring cholesterol levels 
in blood has increased the interest in  the development of 
cholesterol biosensors.1,2 cholesterol is one o f the most 
im portant biomarkers for cardiovascular disease, high blood 
pressure, coronary arteiy disease, and anemia.3 The National 
Cholesterol Education Program reports that the total choles
terol in  blood should be lower than 0.011 M to be considered as 
normal, while 0.011-0.013 M is borderline-high and above 
0.013 M is considered as high cholesterol levels.4 Thus, 
m onitoring the cholesterol level in  blood is very im portant for 
prevention and therapy. However, low-cost medical diagnoses 
and treatments are s till necessary especially in  developing 
countries. In order to develop a low cost device, p rin ting  of
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functional materials on a paper substrate has drawn great 
attention recently.5 Paper-based biosensors offer several 
advantages such as low cost, requirement o f small volumes of 
reagents and samples, b iocom patib ility  and disposability .6 

Among the detection techniques, methods based on electro
chemical sensors have attracted much attention due to the ir 
small size, portability, low cost, high sensitivity, and high 
selectivity by an appropriate choice o f detection potential and/ 
or electrode materials.7 However, the lim ita tion  o f paper-based 
electrochemical biosensors is the ir lim ited  sensitivity for 
detection o f trace biomarkers .6 Therefore, m odification of 
paper based biosensors w ith  nanomaterials, such as metallic 
nanoparticles, nano-carbon based materials, metal oxide 
nanostructures and conducting polymers, is s till greatly 
required to improve the sensor sensitivity. Nanomaterials have 
been widely applied in  biosensing systems which benefit from  
the unique chemical, physical and size properties o f the 
nanomaterials .8

Metal oxide NPs emerge as remarkable materials for sensing 
purposes w ith several advantages such as wide band gaps, low 
cost synthesis, high resistance to corrosion, facile fabrication, 
controllable sizes, ease o f surface m odification and ab ility  to 
promote the electron-transfer kinetics .9,10 Hematite (a-Fe^Oj) 
NPs have also been used for the detection o f glucose, 11 dopa
m ine , 12 hydrazine,13 etc. On the other hand, electroactive con
ducting polymers (CPs) such as polyaniline (PANI), polypyrrole 
(PPy) and polythiophene are prom ising host materials for
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inorganic semiconductors owing to the high m ob ility  o f charge 
carriers, good conductivity and electrochemical stability . 14'15 

Among the conducting polymers, polyaniline (PANI) is a prom
ising material due to its excellent electrochemical properties, 
high environmental stability and low toxicity.

Nowadays, the development o f polymer/inorganic hybrid 
nanocomposites has been receiving significant attention due to 
the ir wide range o f nanotechnology applications in various 
fields . 16-25 Com bining the properties o f the organic polyaniline 
and inorganic nanoa-Fe20 3 w ill improve the properties o f the 
nanocomposite and this can overcome the drawbacks due to the 
individual counterparts as well as improve the physical and 
chemical properties o f the materials. Bandgar et a/.26 proved 
that PANI-Fe20 3 hybrid nanocomposites showed higher 
oxidation and doping degree than pure PANI.

Cholesterol oxidase (ChOx) is a commonly used enzyme for 
sensor fabrication and has been im m obilized on various 
modified electrodes.27 ChOx contains the flavin adenine d inu
cleotide (FAD) cofactor which can undergo an enzymatic reac
tion by oxidizing the cholesterol to cholest-5-en-3-one. The 
reduced flavin cofactor then undergoes a further enzymatic 
reaction to form  hydrogen peroxide (H20 2).6'28 Therefore, H20 2 

is usually used for indirect quantification o f cholesterol.29,30 The 
main problem in  direct detection o f H20 2 is the presence of 
other compounds [e.g. ascorbic acid, glucose, uric acid, etc.) in 
real samples which m ight be oxidized at the electrode surface 
together w ith  H20 2.31 Thus, in  order to m inim ize or avoid this 
electrochemical interference, the electrocatalytic reduction of 
H20 2 by Prussian blue (PB) has been widely and thoroughly 
investigated.32

Hybrid structures have proven the ir superior characteristics 
in  several applications such as solar cells, sensors and energy 
storage devices. 10 In this contribution, a new nanocomposite 
w ith the combination o f a-Fe20 3, PANI and PB (PB-CPANI) was 
synthesized to possess the properties o f the individual compo
nents w ith  a synergistic effect. This new nanocomposite has 
been used to m odify the working electrode o f a paper-based 
biosensor. The performance o f this sensing system was opti
mized. The developed method was validated according to the 
International Council on Harmonisation (ICH) guidelines and 
was found to be linear, sensitive, specific, precise and accu
rate.33,34 The developed method was applied for determination 
o f cholesterol in  real samples. To the best o f our knowledge, the 
proposed hybrid nanostructure has not been investigated 
before for cholesterol detection by electrochemistry or other 
techniques.

Experimental
Reagent and materials

Potassium ferrocyanide (K3[Fe(CN)6]) and iron(m) chloride 
(FeCl3) were purchased from  R&M Chemicals (Essex, United 
Kingdom). Aniline, hydrochloric acid (HC1) (37%), and uric acid 
(C5H4N40 3) were purchased from  Fisher Scientific (Selangor, 
Malaysia), Friendemann and Schmidt (Parkwood, Australia), 
and Wako (Shanghai, China), respectively, cholesterol, 100 
บ  m L - 1  cholesterol oxidase (ChOx) from  Streptomyces sp.,
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polyoxyethylene octyl phenyl ether (Triton X-100), and acet
aminophen (paracetamol) were obtained from  Sigma-Aldrich 
(St. Louis, Missouri, USA). Potassium dihydrogen phosphate 
(KH 2P04) and D-glucose anhydrous were purchased from  Carlo 
Erba Reagenti-SDS (Valde Reuil, France). l-Butyl-3-methyl- 
im idazolium  bis(trifluorom ethylsulfonyl)im ide ([c 4m im ] 
[NTf2]), N-methyl pyrrolidone (NMP), ascorbic acid, disodium 
hydrogen phosphate (Na2H P 04), potassium chloride (KC1), and 
sodium chloride (N ad) were purchased from Merck (Darm
stadt, Germany). Carbon and silver/silver chloride inks were 
obtained from Gwent group (Torfaen, United Kingdom). Filter 
paper grade no. 1 (size; 46 X  57 cm2) was purchased from  
Whatman (Sigma-Aldrich, St. Louis, M issouri, USA). All chem
icals were used w ithou t further purification, and all solutions 
were prepared using high-purity water (18.2 MQ cm) from  
a M illiQ  Water System (M illipore, Billerica, Massachusetts, 
USA). For the real sample analysis, blank bovine serum album in 
(BSA) was obtained from  Nacalai Tesque Inc. (Kyoto, Japan). 
Phosphate buffer saline (pH 7.4) was prepared by dissolving 
0.8% (w/v) NaCl, 0.02% (พ/v) KC1, 0.144% (w/v) Na2HP03, and 
0.024% (w/v) KH2P04 in  M illiQ  water. Cholesterol solutions 
were prepared by slowly heating 5% w/v o f T riton X-100 in 
a 60 °c  water bath and were diluted in  M illiQ  water. They were 
stored at 4 °C prio r to use.

Instrum entation

FTIR spectra were obtained using a Perkin-Elmer RX1 FT-IR 
spectrometer in  the range o f 4000-400 cm ” 1 w hile powder XRD 
was carried out using a Siemens D5000, w ith  Cu Ka radiation 
(2 =  0.15418 nm) in  the range o f 2d =  10-80° w ith  a step o f 
0.07° per second. The m orphological and elemental compo
nents were analyzed using a FESEM JEOL JAMP-9500F (Pea
body, Massachusetts, USA) and a HR-TEM JEOL JEM-2100F 
(Totyo, Japan). The electrochemical measurements (cyclic 
voltammetry and amperometty) were performed using an 
Autolab Potentiostat & Galvanostat M etrohm  w ith  NOVA soft
ware (Riverview, Florida, USA). A three-electrode system was 
used and PB/CPANI was dropcast directly on the working 
carbon electrode surface.

Synthesis o f the Prussian blue/polyaniline nanocomposite 
(PB/CPANI)

In a separate 50 mL beaker, 20% w/v aniline was dissolved in  an 
ionic liqu id  ([C4m im ][NTf2]) and 1.2 g o f iron(m) chloride, 
FeCl3 -6H20, was dissolved in a 1 :1  (w/v) ratio m ixture o f 37% 
HCl and M illiQ  water respectively. The two solutions were 
combined and a green layer was formed w ith in  the interface 
after several minutes and allowed to rest overnight. The ionic 
liqu id  ([C4m im ][NTf2]) was used as a stabilizer for the form ation 
o f nano-hematite in  the polyaniline matrix. The crude product 
o f CPANI was collected via filtra tion  and washed w ith  ethanol 
and water to remove any unreacted chemicals and aniline 
oligomers. CPANI was dried under vacuum and further dried in 
an oven overnight at 50-60 °C .35 Next, 0.2% w/v o f CPANI was 
dissolved in 37% HCl. This solution was subjected to m ild  
sonication for 30 m in. To the solution, 25 mL o f 0.005 M
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potassium ferrocyanide was added. The mixture was stirred for 
3 hours and then left overnight The aqueous phase was 
removed by using a rotatory evaporator and the product was 
washed w ith  M illiQ  water in  order to remove any unreacted 
chemicals.

Fabrication o f the screen printed paper-based electrode (SPE)

Paper-based electrodes were fabricated by designing the desired 
pattern using Adobe Illustrator. The pattern was printed on 
a filter paper (Whatman no. l )  using a wax printer (Xerox Color 
Qube 8570, Tokyo, Japan) to create a hydrophobic area (covered 
w ith  wax). Three electrodes were screen-printed on the wax- 
patterned paper. Both working (WE) and auxiliary electrodes 
(AE) were printed using carbon ink, while silver/silver chloride 
(Ag/AgCl) ink  was used to form  the reference electrode and act 
as a conductive pad.

Fabrication o f the PB/CPANI nanocomposite paper-based 
biosensor

The PB/CPANI nanocomposite was dispersed in  N-methyl pyr- 
rolidone (NMP) w ith 30 m in  m ild  ultrasonication to achieve 
a homogenous suspension. Then, 2 pL o f the nanocomposite 
suspension was directly cast on the surface area o f the working 
carbon electrode (diameter o f 4 mm) o f the prepared screen 
printed paper based electrode (SPE). After that, the coated 
electrode was heated at 50 °c  in  an oven for 30 minutes. For 
layer optim ization, 2 pL o f the nanocomposite suspension was 
cast for each layer. The study was done from  0 up to 5 layers of 
PB/CPANI.

Preparation o f bovine serum album in (BSA)

The stock solution o f 20 mg o f bovine serum album in (BSA) was 
diluted in  10 mL o f M illiQ  water prio r to analysis. 40 mL BSA 
was further diluted in  PBS w ith  the addition o f 10 mL o f 
cholesterol at different concentrations (0.5, 1.0, 2.0, 4.0, and
6.0 mM).

Electrochemical measurements

For cyclic voltammetry measurements, the potential value was 
scanned from  -0 .8  V to +0.8 V at 10 mV ร- 1  for the first 
analytical performance study o f 1 mM H20 2 and for the layer
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optim ization study. For the scan rate studies, the potential was 
scanned from  —1.0 V to +1.0 V (between 100 mV ร- 1  and 
900 mV ร-1). The optim um  potential for the reduction o f H 20 2 

by cyclic voltammetry was in  the range o f 0.0 V to -0 .8  V. 
Furthermore, amperometric measurements at the optim um  
detection potential were employed for cholesterol detection. 
The amperometric steady-state current at 90 ร was recorded and 
used for the cholesterol measurement.

Results and discussion
Synthesis and physicochemical characterization o f PB/CPANI

In  this research, a composite o f PANI/hematite, CPANI, was 
synthesized via  interfacial polymerization. The synthesized 
CPANI was reacted w ith  37% HCl and was subjected to soni- 
cation for 30 minutes. During this time, hematite (a-Fe20 3) 
from  CPANI leached out Fe3+ ions which then reacted w ith 
[Fe(CN)6]4'  from  potassium ferrocyanide, resulting in 
a greenish-blue solution indicating the complete form ation o f 
the composite nano-hybrid o f PB/CPANI. Fig. 1 displays the 
summarized pathway o f PB/CPANI nanocomposite synthesis.

Structural characterization. The FTIR spectra o f the CPANI 
and PB/CPANI are shown in  Fig. 2(a). In  Fig. 2(a), the FTIR 
spectra o f PB/CPANI (ii) show strong peaks at 2070 cm - 1  and 
530 cm - 1  which were attributed to the CN stretching in  the 
[Fen-CN-Fenl] un its .36 These peaks can be obviously seen in  the 
spectra o f Fig. 2(a)(i), which proved the existence o f PB in  the 
composite. The absorption bands at 1447 cm ' 1 and 1556 cm ' 1 

corresponding to the c = c  stretching o f qu ino id  rings and the 
c = c  stretching o f benzenoid rings, respectively, were observed, 
matching the peaks in the CPANI composite (Fig. 2(a)(iii)). The 
bands at 500 cm ' 1 were attributed to the characteristic o f Fe-O 
which is related to hematite, a-Fe20 3.37

The polycrystalline structure o f PB/CPANI was also 
confirmed by the X-ray scattering pattern. As shown in  
Fig. 2(b)(i), strong and sharp peaks were found at 26 values o f 
17.72° (2 0 0), 28.72° (2 2 2), 40.84° (4 2 0), 50.04° (4 4 0), and 
58.83° (6 2 2), which are related to the characteristics o f the face- 
centered-cubic phase o f Fe4[Fe(CN)6]3 crystal particles. These 
patterns are almost identical to the standard patterns o f the PB 
crystal (Fig. 2(b)(ii)) and have been confirmed through the XRD 
library; JCPDS file no. 73-0689. The peaks at 29 values o f 24.26° 
(0 1 2), 35.61° (1 1 0), 39.36° (0 0 6), 54.09° (1 1 6), and 57.59°
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Fig. 2  (a) F T IR  o f  (i) P B . (ii) P B /C P A N I,  a n d  ( iii)  C P A N I;  (b ) X R D  s p e c t r a  o f  (i) P B /C P A N I,  (ii) P B , ( iii)  C P A N I a n d  (iv ) P A N I.

F ig . 3  F E S E M  (a) im a g e s  o f  (i) C P A N I,  (ii) P B /C P A N I;  (b ) H R - T E M  im a g e s  o f  (i) C P A N I,  (ii) P B /C P A N I.
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(0 1 8) belong to hematite peaks (Fig. 2(b)(iii)) and are related to 
the rhombohedral shape of hematite which utterly match the 
ref. code 00-033-0664 (ICDD Database). Therefore, the XRD 
results revealed that the crystalline PB phase was embedded 
w ith  hematite and amorphous forms o f PANI.

Morphological analysis. The presence o f PB in  PB/CPANI was 
further investigated using FESEM and TEM as shown in  Fig. 3(a) 
and (b) respectively. Fig. 3(a)(i) and (b)(i) show the PANI being 
well-coated w ith  fibrils  of nano-hematite. This hematite then 
leached out Fe3+ ions and they reacted w ith [Fe(CN)6]4”  to form 
PB/CPANI. Fig. 3(a)(ii) and (b)(ii) show that both images of PB/ 
CPANI are in  the nano-cubic structure which is in good agree
ment w ith  the PB crystal structure reported in  the Open 
Chemistry Database (compound summary code; ID 27242510).

Analytical application

Electrochemical study o f the PB/CPANI/SPE. The study o f 
electrochemical performance of the PB/CPANI/SPE was done by 
cyclic voltammetry. In Fig. 4(a)(i), no electrochemical response 
o f H 20 2 was observed at the bare SPE. The PB/SPE (Fig. 4(a)(ii)) 
shows a quasi-reversible redox couple at around 0.22 V and 
-0.13 V vs. Ag/AgCl, corresponding to the oxidation and 
reduction o f H 20 2, respectively.38 It is well known that Prussian 
blue has certain in trins ic  peroxidase-like activity due to its close
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sim ilarity to peroxidase, and thus it can be used to catalyze the 
reduction of hydrogen peroxide.39"41 The CPANI/SPE produces 
the same response towards H 20 2 w ith  better current signals, 
which is due to the ab ility  o f PANI to enhance the electroactive 
area (Fig. 4(a)(iii)). A remarkably high current signal can be seen 
for the PB/CPANI/SPE (Fig. 4(a)(iv)). Both anodic and cathodic 
peak currents o f H 20 2 enhanced approximately seven-fold 
compared to the PB/SPE (Fig. 4(a)(ii)). These results confirmed 
that the presence o f PANI considerably promotes the electron 
transfer rate and further enhances the electrocatalytic behavior 
o f redox PB towards H20 2.

Further layer optim ization studies were done for PB/CPANI 
ranging from zero to five layers using cyclic voltammetiy as 
shown in Fig. 4(b). The measurements o f anodic (/pa) and 
cathodic currents (/pc) against the number o f deposited layers 
were plotted as shown in Fig. 4(c) in  which four layers of 
PB/CPANI had shown the highest current signal and was chosen 
for further study. The measurement of peak current was per
formed by using NOVA software and based on “baseline” from 
which to define the magnitude of a peak.

The electrochemical behavior o f H 20 2 using optim ized layer 
deposition o f the PB/CPANI/SPE was further investigated. Cyclic 
voltammograms o f different scan rates were obtained ranging 
from 100 mV ร- 1  to 900 mV ร- 1  (Fig. 5(a)). The plots o f peak

2.00 
1 .5 0  

1.00 

1 °'50 
I  0.00
1 - 0 . 5 0  

-1.00 
- 1 .5 0  

-2.00
- 0 .8  - 0 .6  - 0 .4  - 0 .2  0  0 .2  0 .4  0 .6  0 . 8  - 0 .8  - 0 .6  - 0 .4  - 0 .2  0  0 .2  0 .4  0 .6  0 .8

Potential (V) Potential (V)
1 .5 0

1.00

l _ . . 1 . . . ...........................................................................

F ig. 4  (a) C y c l ic  v o l t a m m e t r ic  b e h a v io r s  o f  (i) t h e  b a r e  SP E, (ii) P B /S P E , ( iii)  C P A N I/S P E , a n d  (iv ) P B /C P A N I/S P E  in  t h e  p r e s e n c e  o f  1 ท าM  H 20 2 in  

p h o s p h a t e  b u f f e r  s a l in e  a t  p H  7 .4  a n d  a  s c a n  r a te  o f  1 0 0  m V  ร - 1 ; (b ) c y c l i c  v o l t a m m o g r a m  o f  d i f f e r e n t  la y e rs  (0  la y e r  t o  5  la y e rs )  o f  d e p o s i t e d  

P B /C P A N I  o n  t h e  SP E in  t h e  p r e s e n c e  o f  1 ทาM  H 20 2 in  p h o s p h a t e  b u f f e r  s a l in e  a t  p H  7 .4  a n d  a  s c a n  r a te  o f  1 0 0  m V  ร ” 1; (c) p l o t  c u r r e n t  vs. la y e r  

o p t im iz a t io n  o f  P B /C P A N I  r a n g in g  f r o m  0  t o  5  la y e rs  in  t h e  p r e s e n c e  o f  1 r r M  H 20 2 in  p h o s p h a t e  b u f fe r  s a l in e  a t  p H  7 .4  a n d  a s c a n  r a te  o f  

1 0 0  m V  ร ” 1.
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Potentia l (V)

F ig. 5 (a) C y c l ic  v o l t a m m o g r a m  o f  1 m M  H 20 2 in  p h o s p h a t e  b u f fe r  Si 
th e  r e la t io n s h ip  b e t w e e n  t h e  s q u a re  r o o t  o f  t h e  s c a n  r a te  w112) a n d

(scan rate, m V/s)1/2

a t  p H  7 .4  a n d  a t  d i f f e r e n t  s c a n  ra te s  r a n g in g  f r o m  1 0 0  t o  9 0 0  m V  ร - 1 ; (b) 

k c u r r e n t .

current vs. square root o f the scan rate produced linear plots for 
both oxidative and reductive processes as shown in  Fig. 5(b), 
showing the diffusion-controlled process.

Amperometry is another great technique w ith  several 
advantages includ ing high sensitivity, wide applicability, easy 
interpretation, and reproducib ility .42 This technique was 
chosen to study the cathodic signal current, corresponding to 
the H20 2 reduction. The cathodic region can be regarded as an 
interference-free region as mentioned in the Introduction part. 
The optim ization study o f the potential has been conducted to 
find the best potential for H20 2 reduction and cholesterol 
detection. The voltammogram o f H20 2 showed the increase of 
current for both the electrolyte background (PBS, pH 7.4) and 
analyte signal (1 mM o f H 20 2) as shown in Fig. 6 (a). The signal- 
to-background (S/B) current ratio was plotted against the 
potential (Fig. 6 (b)). From the graph plotted, the S/B current

ratio at —0.2 V vs. Ag/AgCl showed the highest signal current 
and sensitivity towards H 20 2. Therefore, this potential was 
chosen for further amperometric detection o f cholesterol.

Cholesterol detection. For cholesterol detection, cholesterol 
oxidase (ChOx) was directly dropped on the surface o f the PB/ 
CPANI/SPE. This enzyme im m obilization method involves van 
der Waals forces, ionic bonding or hydrophobic forces.43 The 
enzymatic reaction between cholesterol and the ChOx PB/ 
CPANI/SPE is explained in  Fig. 7. The flavin factor o f ChOx 
catalyzes the oxidation and isomerization o f cholesterol, 
yie lding H20 2.43,44 The H20 2 then underwent further electro- 
catalytic reduction at the PB/CPANI surface m atrix to O H ~ \

The im m obilization o f enzymes plays an im portant role in 
the success o f the biosensor as it  depends on how well the 
enzymes bind to the surface m atrix .45 Thus, the optim ization of 
the ChOx volume was done to get the optim um  volume o f ChOx

<E

Potential (V) Potential (V)

F ig . 6  (a) H y d r o d y n a m ic  v o l t a m m o g r a m  o f  1 m M  H 20 2 ( s ig n a l)  a n d  b a c k g r o u n d  (b g )  in  0 .1  M  p h o s p h a t e  b u f f e r  s a l in e  a t  p H  7 .4  a t  a  9 0  ร s a m p l in g  

t im e ;  (b ) h y d r o d y n a m ic  v o l t a m m o g r a m  o f  s ig n a l - t o - b a c k g r o u n d  c u r r e n t  r a t io s  (S /B ).
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1 W E  (c a rb o n )  I P B  ( nx)  O H

P B /C P A N I

F ig . 7  T h e  e n z y m a t ic  r e a c t io n  p a t h w a y  b e t w e e n  th e  c h o le s t e r o l / e n z y m e / e le c t r o d e  p a p e r - b a s e d  b io s e n s o r  a n d  c h o le s t e r o l .

on the PB/CPANI/SPE. Different volumes o f ChOx were directly 
dropped on the PB/CPANI/SPE (Fig. 8). By using the optimum 
potential, the optim um  volume obtained was 1.2 pL.

Further quantification o f cholesterol was studied by 
applying the optim um  volume o f ChOx (1.2 |J.L) and the 
optim um  electrocatalytic reduction potential (-0 .2  V vs. 
Ag/AgCl) using the amperometric method. The steady-state 
current response at 90 ร was recorded and used for the cali
bration curve p lo tting  (Fig. 9). The calibration curve plotted 
shows a linearity between electrocatalytic current and 
concentration ranging from  0.6 mM to 6.0 mM w ith  a correla
tion  coefficient o f 0.9983.

C u rre n t (m A ) =  0.0583 (cho lestero l cone. (m M )) +  0.0299 ( l )

From the calibration curve obtained, the lim it o f detection 
(LOD) and lim it o f quantification (LOQ) as well as the sensitivity 
o f our proposed electrode can be calculated based on the 
equations given below:

V olum e o f  ChOx (|J.L)

Fig. 8  T h e  e f f e c t  o f  t h e  C h O x  e n z y m e  v o lu m e  (1 0 0  บ  ท า ! - 1 ).

This journal is © The Royal Society of Chemistry 201.6

L O D  =  (S D  X 3)/slope (2)

L O Q  =  (S D  X 10)/slope (3)

Sensitiv ity  =  s lo p e /a rea (4)

where SD is the standard deviation o f the blank sample (PBS). 
The sensitivity calculated by using a projection area o f the SPE 
was 411.7 |±A cm - 2  m M -1. The LOD and LOQ calculated were 
0.52 mM and 0.53 mM, respectively.

The comparisons o f electrochemical performance 
between our PB/CPANI/SPE and previous selected w ork for 
cholesterol detection based on ChOx are listed in  Table 1. As 
listed, our PB/CPANI/SPE showed com petitive performance 
w ith  high sensitiv ity in  electrocatalytic cathodic current 
(interference free region) w ith  a low potentia l value. The LOD 
value o f th is  developed m ethod revealed the su ita b ility  o f th is 
method as an effic ient cholesterol detector since the norm al 
cholesterol level in  blood should be lower than 0.011 X 
103 m M .4

Interference study. The co-electrooxidation o f common 
in te rfe ring  molecules in  the detection o f cholesterol may 
cause overestim ation o f the current signal. Therefore, the 
am perometric detection o f cholesterol in  the presence of 
glucose, ascorbic acid, u ric  acid, and paracetamol using the 
PB/CPANI/SPE was investigated. The current signal was 
recorded in the presence o f in terferents at norm al levels in 
human serum (5 m M  glucose (Glu), 1 m M  ascorbic acid (AA), 
1 mM uric acid (UA) and 0.1 m M  paracetamol (Para)) du ring  
the detection o f cholesterol at a w ork ing  po tentia l o f -0 .2  V 
vs. Ag/AgCl (Fig. 10). The am perom etric current signal 
showed an alm ost neglig ib le effect fo r a ll in te rfe rin g  agents. 
Therefore, these results ind ica ted tha t the proposed choles
terol biosensor showed an excellent performance where the 
influence o f in te rfe rin g  agents can be greatly m in im ized. 
I t  could be said tha t the developed m ethod is h igh ly 
selective.

Reproducibility study. The rep roduc ib ility  for five 
PB/CPANI/SPEs was evaluated by com paring the cathodic

Anal. Methods. 2016, 8, 8049-8058 I 8055
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Tim e (sec)

.1

y = 0.0583X - 0 .0299
R2 = 0.9972

y " " (b )

0 .0  1.0 2.0 3.0 4.0 5.0 6.0

cho leste ro l con cen tra tion  (ทาM)

F ig. 9  (a) C h r o n o a m p e r o m e t r y  d e t e c t io n  u s in g  th e  P B /C P A N I/S P E  a t  d i f f e r e n t  c h o le s t e r o l  c o n c e n t r a t io n s  r a n g in g  f r o m  0 . 6  ทาM  t o  6 .0  m M ;  (b) 

c a l ib r a t io n  g r a p h  o f  th e  P B /C P A N I/S P E  in  t h e  d e t e c t io n  o f  c h o le s t e r o l  a t  d i f f e r e n t  c h o le s t e r o l  c o n c e n t r a t io n s  a t  a  9 0  ร s a m p l in g  t im e .

T a b le  1 T h e  c o m p a r is o n  o f  t h e  p e r f o r m a n c e  o f  v a r io u s  c h o le s t e r o l  b io s e n s o r s  b a s e d  o n  c h o le s t e r o l  o x id a s e '1

E le c t ro d e M o d i f i c a t io n  p r o c e d u re

A p p l ie d  p o t e n t ia l  

(V  VS. A g /A g C I)

S e n s i t iv i t y  

( f iA  m M -1  c m - 2 ) L O D  ( m M )

L in e a r  

r a n g e  ( m M ) R e fe re n c e

P B (N P s ) /C P A N I D r o p  c a s t in g  o n  th e  SPE - 0 . 2 4 1 1 .7 0 .5 2 0 .6 - 6 .0 T h is  w o r k

(9 0 - 1 0 0  n m )  

A u P t / c h i to s a n / IL s E le c t r o d e p o s i t io n - 1 . 0 9 0 .7 0 .0 1 0 .0 5 - 6 .2 , S a fa v i et al. (2 0 1 1 )46

P A N I /M W C N T I n d iu m  t i n  o x id e 0 .3 6 .8

6 .2 - 1 1 .1 2

1 .2 6 - 1 .2 9 D h a n d  et al. ( 2 0 0 8 )47

C N T /c h i to s a n

( IT O ) -c o a te d  g la s s  p la te  

D e p o s ite d  o n  P t 0 .4 4 4 .0 0 .0 0 5 _ T s a i et al. ( 2 0 0 8 )48

G ra p h e n e /P V P /P A N I E le c t ro - s p r a y in g  o n  th e  SP E 0 .6 3 4 .8 0 .0 0 1 0 .0 5 - 1 0 .0 R u e c h a  et al. ( 2 0 1 3 )6

“  A b b r e v ia t io n s :  S P E , s c re e n  p r in t e d  e le c tr o d e ;  G C E , g la s s y  c a r b o n  e le c t r o d e ;  P V P , p o ly v in y lp y r r o l id o n e ;  C N T ,  c a r b o n  n a n o tu b e ;  M W C N T ,  m u l t iw a l l  
c a r b o n  n a n o tu b e ;  a n d  P t, p l a t i n u m  e le c tr o d e .

current o f cholesterol. I t  was investigated by using the 
am perometric detection o f cholesterol under op tim al 
conditions. A t 1, 3, and 6 m M  o f cholesterol, the relative 
standard deviation (RSD) was found to be 3.91%, 4.78%, 
and 5.47% [ท =  5), respectively. Consequently, these 
results demonstrate good rep roducib ility  o f th is paper-based 
device.

Demonstration o f cholesterol detection. To investigate the 
applicability to analytical samples, the PB/CPANI/SPE was 
further tested in bovine serum album in (BSA) solution. Blank 
BSA was spiked w ith  different concentrations o f cholesterol (0.5, 
1.0, 2.0, 4.0, and 6.0 mM). As seen in  Table 2, the cholesterol 
concentration found for all concentrations showed good

-220
T a b le  2  D e t e r m in a t io n  o f  c h o le s t e r o l  in  b o v in e  s e r u m  a lb u m in  (ก  =  3)

C h o le s te r o l  c o n c e n t r a t io n

A d d e d  a m o u n t  F o u n d  a m o u n t

( m M ) ( m M ) A c c u ra c y ° % R e c o v e ry  % R S D  %

0 .5 0 .5 0  ±  0 .0 1 5 0 1 0 0 .3  ±  8 .6 3 .0

1.0 1 .0 4  ±  0 .0 3 2 4 1 0 3 .8  ±  9 .9 3 .0

2 .0 2 .0 1  ±  0 .0 4 7 0 .5 1 0 1 .0  ±  4 .1 2 .3

4 .0 4 .0 1  ±  0 .1 2 0 0 .2 5 1 0 0 .3  ±  4 .2 3 .0

6 .0 6 .2 7  ±  0 .2 0 0 4 .5 1 0 4 .4  ±  4 .3 3 .2

F ig . 10 S tu d y  o f  c o m m o n  in te r f e r in g  m o le c u le s  in  t h e  d e t e c t io n  o f  “  B ia s % : [ ( f o u n d  -  a d d e d ) /a d d e d ]  X 1 0 0 % . 

c h o le s t e r o l .
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accuracy, recovery and acceptable precision results.33 Thus, 
these results indicate that our fabricated PB/CPANI/SPE has 
demonstrated great potential for application in determ ining 
cholesterol levels.

Conclusion
The PB/CPANI/SPE exhibited excellent electrocatalytic activity 
towards the oxidation and reduction o f H20 2. Furthermore, 
cholesterol oxidase (ChOx) was im mobilized on the PB/CPANI/ 
SPE to develop a highly sensitive amperometric cholesterol 
biosensor. The electrocatalytically reduced H20 2 generated 
during the enzymatic reaction o f ChOx and cholesterol showed 
a linear curve w ith good sensitivity and a low detection lim it. 
The proposed electrode was stable, and interference-free w ith 
good sensitivity and a low detection lim it which make it 
a prom ising candidate to be applied for a wide range of appli
cations o f biosensors related to the detection o f hydrogen 
peroxide as the product o f the enzymatic reaction.
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D e v e lo p m e n t o f  E le c tro c h e m ic a l P a p e r-b a se d  G lu c o s e  
S e n so r U s in g  C e llu lo s e -4 -a m in o p h e n y lb o ro n ic  
A c id -m o d if ie d  S c re e n -p r in te d  C a rb o n  E le c tro d e

Tipawan Rungsawang,[a-[a] b] [c] [d] Eakkasit Punrat,[hl Jaclyn Adkins,1' 1 Charles Henry,*1'1 and 
Orawon Chailapakul*lb dl

Abstract: The present work describes the fabrication of 
paper-based analytical devices (pPADs) by immobiliza
tion of glucose oxidase onto the screen printed carbon 
electrodes (SPCEs) for the electrochemical glucose detec
tion. The sensitivity towards glucose was improved by 
using a SPCE prepared from homemade carbon ink 
mixed with cellulose acetate. In addition, 4-aminophenyl-

boronic acid (4-APBA) was used as a redox mediator 
giving a lower detection potential for improvement selec
tivity. Under optimized condition, the detection limit was
0.86 mM. The proposed device was applied in real sam
ples. This pPAD has many advantages including low 
sample consumption, rapid analysis method, and low 
device cost.

Keywords: Paper-based analytical device ■ 4-aminophenylboronic acid (4-APBA) ■ Glucose • Biosensor

1 Introduction
Determination of glucose is very important, especially in 
the fields of healthcare, clinical, food and beverage indus
tries [ใ—2]. In food and beverage industries, the determi
nation of glucose is required for quality control and fer
mentation processes. [3], In the clinical field, glucose de
termination is important because high glucose levels can 
indicate diabetes mellitus, insulin deficiency and hyper
glycemia [4-5]. Normal concentrations of glucose are 3.5-
5.5 mM in whole blood, 2.5-5.3 mM in serum, and 0.1-
5.3 mM in urine [6], Although conventional method of 
high performance liquid chromatography (HPLC) cou
pled with enzyme assays have been reported for the glu
cose determination, they require many steps while con
suming of time, reagents and samples. Therefore, 
a simple, fast and low cost method is still needed to de
velop for the determination of glucose.

Here, several paper-based analytical devices were de
veloped and used as a diagnostic devices. Since 2007 
when Whitesides and co-workers demonstrated microflui
dic devices made from photoresist-patterned paper or 
pPADs, extensive efforts have been placed on developing 
low-cost sensors with using naked eyes colorimetric de
tection [7-9]. Moreover, other detection techniques such 
as absorption spectroscopy [10], chemiluminescence [11— 
12], and electrochemistry [13-18] have been proposed to 
provide better sensitivity and selectivity. Electrochemical 
detection is of particular interest when combined with 
a pPAD due to its low cost, portability, high accuracy at 
low analyte concentrations, low sample consumption, and 
the ability for miniaturization.

Screen-printed carbon electrodes (SPCEs) have many 
advantages for pPADs due to their low cost, ease of prep
aration, flexible design, and ease of modification by vari

ous chemicals for sensing applications [19-22]. On the 
other hand, a bare SPCE lacks its sensitivity in trace anal
ysis when it is compared with a modified electrode. Elec
trode modification can also reduce the effect of interfer
ences at high over-potentials [23-24], Hence, the type of 
modifying chemicals is important to investigate for each 
analysis. In this work, cellulose was chosen as a modifying 
chemical mixed with carbon ink, which was used for fab
rication of SPCEs. Due to a network structure and 
a large number of porous, cellulose has a large surface 
area that is suitable for improvement of sensitivity of 
electrochemical detection.

Redox mediators are interesting for electrode modifica
tion in glucose biosensors because they can enhance the
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efficiency 'of electron transfer between glucose and the 
electrode surface as part of the enzymatic detection of 
glucose [25]. An oxidized redox mediator can be reduced 
instead of oxygen during the enzymatic assay, and then 
re-oxidized at the electrode surface while amperometric 
signal is obtained. Thus, mediators can improve the sensi
tivity and selectivity of the glucose determination at low 
levels in samples such as whole blood, blood serum, and 
urine [26]. Recently, there are several publications target
ed at improving sensor performance using redox media
tors [27-29]. In several examples, aminophenol and its 
derivatives are used as the redox mediator because they 
can react with several enzymes, and are also non-toxic 
and inexpensive [23,30].

Hence, a novel SPCE fabricated from cellulose-mixed 
carbon ink and modified by 4-aminophenylboronic acid 
(4-APBA) [31] was first developed on a pPAD for elec
trochemical determination of glucose. Moreover, this glu
cose sensor was cheap (<0.07 USD per device), low con
sumption of reagents (2.5 pL) and sample (25 pL), and 
easy to fabricate. The pPADs were modified with glucose 
oxidase to provide glucose selectivity. Under the opti
mized conditions, the detection limit of the developed 
pPADs was found to be 0.86 mM and the pPADs were 
used to analyze artificial blood serum, soft drink, sweet 
tea and apple juice with good accuracy that were accepta
ble with the traditional clinical diagnostic assays (using 
student t-test; p<0.05). This proposed pPADs would be 
an alternative biomarker for diagnostic of diabetes melli- 
tus and for quality control in food and beverage indus
tries.

2 Experimental
2.1 Chemicals and Reagents

D-(+)-glucose oxidase (from Aspergillus niger), treha
lose, potassium ferricyanide, and potassium ferrocyanide 
were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Sodium chloride and monobasic/dibasic sodium 
phosphate were obtained from Fisher Scientific (Pitts
burgh, PA, USA). The chemicals were in analytical grade 
and were used without further purification. All working 
standard solutions and sample solutions were prepared 
daily by dissolving in 0.1 M phosphate buffer solution 
(PBS) at pH 7.
2.2 Preparation o f the Paper-based A na ly tica l Devices

2.2.1 Wax-printing Technique
Filter paper (Whatman No 1, Cole-Parmer, IL, USA) was 
used for the preparation of the paper-based analytical de
vices. The filter paper was cut into A4 size (210 mm X 
297 mm), and then it was brought into a wax-printer 
(model of ColorQube 8870 DN, Xerox) at which a pattern 
of wax wells were simply printed via common computer 
software; the pattern was designed by Adobe® Illustra
tor® CS6 with radius of each well to be 3 mm (Figure la).

F u l l  P a p e r
After that, the wax-printed paper was heated on a hot 
plate at 150°c for 2 min. The wax melted and flowed 
along the thickness of the paper by capillary force. Next, 
the paper was allowed to cool down at room temperature 
(22 ±2°). The wax provides a hydrophobic barrier to con
trol the spreading out of sample and reagent flow while 
the inner circle of wax pattern is hydrophilic (Figure lb). 
Next, a three-electrode system of electrochemical detec
tion was prepared on the paper by screen-printing tech
nique (see in Section 2.2.3)

2.2.2 Cellulose-mixed. Carbon Ink
A cellulose-mixed carbon ink was in-lab prepared for fab
rication of SPCE by the following steps. First, a cellulose 
acetate (Sigma-Aldrich, MO, USA) solution was pre
pared at a concentration of 7.5 % พ/พ in ink solvent of 
1:1 v/v cyclohexanone and acetone (Mallinckrodt Chemi
cals, NJ, USA). The mixture was mixed under magnetic 
stirrer for 2 h until cellulose acetate was dissolved. Next, 
0.5 g of graphite powder (<20 nm) (Sigma-Aldrich, MO, 
USA) was added to 1.25 g of the mixture, and then mixed 
for 3 min to yield a homogeneous cellulose-mixed carbon 
ink.

2.2.3 Screen-printed Carbon Electrodes
Electrochemical detection was performed with a three- 
electrode system consisting of a working electrode (WE), 
a reference electrode (RE) and a counter electrode (CE). 
The three electrodes were prepared by screen printing 
with the cellulose-mixed carbon ink (Figure lc). The 
screen template was designed via CorelDraw computer 
software and fabricated on a transparent sheet using 
a laser cutter (Zing 24 Laser, Epilog Laser, CO, USA). 
To reduce effects of uncompensated resistance, the WE 
(with geometric area of 3.14 mm2) was placed within 
0.5 mm of the RE. The pPADs were heated in an oven at 
65 °c  for 20 min to dry and remove the organic solvent in 
the ink. After that, a tape ring was placed on the pPAD 
to definite the electrochemical detection area.

2.3 M od ifica tion  o f the p P A D  w ith  the Redox M ed ia to r 
and Glucose Oxidase Enzyme

Three microliters of 20 mM 4-APBA (Sigma-Aldrich, 
MO, USA) in 0.1 M PBS (pH 7) were dropped onto the 
wax well of the pPAD and then allowed to dry at room 
temperature for 30 min. Next, the pPAD was modified 
with 2.5 pL of a solution containing 800 บ mL~‘ glucose 
oxidase in 0.1 M PBS (pH 7) and 0.3 M trehalose. The 
pPAD was dried again at room temperature for at least 
20 min before use.
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Fig. 1. T he pPA D  in each  p re p a ra tio n  s tep  of wax prin ting  (a), 
wax m elting  (b ), e lec tro d e  screen-prin ting  (c), and  ring tape  p u t
ting  (d). W E  is a w orking e lec tro d e ; R E  IS  a  re ference  e lec tro d e ; 
and  C E  is a c o u n te r electrode.

2.4 E lectrochem ical M ethod fo r the D e te rm ina tion  o f 
Glucose

The potentiostat used in this work was a CHI 1207A (CH 
Intruments, TX, USA). Cyclic voltammetry with a solu
tion containing 1 mM each of ferricyanide and ferrocya- 
nide in 0.1 M KC1 was used to characterize bare and 
modified SPCEs. For the determination of glucose, 25 pL 
of glucose standard solution or sample solution was intro
duced onto the |iPAD and then incubated for 3 min to 
dissolve the reagents, incubate and equilibrate the 
enzyme reaction. After that, chronoamperometry was 
used. Optimal parameters were investigated resulting in 
the use of an applied potential of 0.2 V. All experiments 
were performed at room temperature (22± 2 ° ) .  Under 
optimal conditions, the developed pPAD was applied to 
real samples including control samples of blood serum, 
soft drink, tea, juice, and energy drinks. Control samples 
of human serum (levels I and II, from Pointe Scientific, 
Ml, USA) were mixed with 5.0 mL deionized water 
before analysis, according to supplier instructions.

3 Results and Discussion
Microfluidic devices made ordinary filter paper as the 
substrate material have been developed for various appli
cations due to the low cost, ease of design and modifica
tion, and suitability for many detection techniques includ
ing spectroscopy, colorimetry, and electrochemistry [32- 
36]. Although such techniques have linearity ranges 
which are suitable for clinical test, detection limits are

still insufficients and the analysis times are more than 
5 min. To improve limits of detection and reduce analysis 
time, this work reports the use of pPAD with electro
chemical detection using 4-APBA-cellulose-modified 
SPCE. The final cost of the pPAD was very cheap about 
0.1 USD per each as shown in Table SI.

3.1 E lectrochem ical Characterization o f Cellulose- 
m odified SPCE on p P A D

To investigate the electrochemical performance of a cellu
lose-modified SPCE on pPAD, ferri/ferrocyanate solution 
was used as a representative of electrochemically active 
specie because is a well-known reversible reaction with 
one electron transfer and widely used as a model analyte 
for characterization the modified electrode. Therefore, 
cellulose-modified SPCE was investigated electrochemi
cal response compared with a bare SPCE by cyclic vol
tammetry in a solution containing 1 mM ferri/ferrocya
nate in 0.1 M KC1. Typical cyclic voltammograms are 
shown in Figure 2. As seen, the cellulose-modified SPCE 
gave a higher oxidation current (45.88 ± 0.22 pA) at peak 
potential of 0.3 V compared to a SPCE without cellulose 
acetate (34.04 ±  0.33 pA). Based on the network structure 
and large number of porous of cellulose acetate, thus, the 
use of mixture between carbon ink and cellulose acetate 
provided the large surface area compared to those carbon 
ink leading to the improvement in the electrochemical 
sensitivity.

3.2 E ffect o f 4 -A P B A

4-APBA, a redox mediator, was chosen to modify the 
SPCE to improve the sensitivity and selectivity for the 
glucose determination. Various concentrations in the 
range of 20 to 35 mM of 4-APBA in PBS pH 7.0 were 
added in 2.5 pL increments to the working electrode of 
each pPAD. After drying at room temperature, the 
pPADs were modified with 2.5 pL of 200 บ mL ' glucose 
oxidase in 0.1 M PBS (pH 7) and 0.3 M trehalose. The 
effect of 4-APBA concentration on the determination of 
glucose was investigated at concentrations between 0 and 
30 mM (Figure 3).

For all glucose concentrations, increasing 4-APBA con
centrations increased the detection signal. At higher 4- 
APBA concentrations (30 and 35 mM), however, the 
linear range was narrow between 7 and 20 mM glucose 
concentration. Hence the optimal concentration of 4- 
APBA that provided the best combination of sensitivity 
and linear range was found to be 20 mM.

3.3 E ffect o f the Concentration o f Glucose Oxidase

Enzymes are widely used to improve selectivity and sensi
tivity in sensors as well as providing lower limit of detec
tion, thus, the investigation of enzyme concentration is 
next studied. For glucose oxidase, glucose reacts with 
oxygen to generate hydrogen peroxide and gluconic acid.
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Fig. 2. Typical cyclic vo ltam m ogram s with a  po ten tia l scan ra te  o f  0.5 V ร 1 in a so lu tion  con tain ing  1 m M  ferri/fe rrocyanate  in 0.1 M 
KC1 on a cellu lose-m odified  SPC E  (solid line) and  a b a re  SPC.E (dash line).

^  <ç>
<$>■

Glucose concentration (mM)

■  15 mM
■  20 mM
■  25 mM
■  30 mM 
» 35 mM

Fig. 3. E ffect o f th e  co n cen tra tion  of 4-A PB A  on anodic  cur
re n t o f stan d ard  glucose solutions a t various concen tra tions be
tw een 0 and  30 m M  by ch ron oam p ero m etry  using |i.PADs with 
follow ing conditions: sam pling tim e o f 25 ร, applied  po ten tia l of 
0.2 V, concen tra tio n  o f glucose oxidase o f 200 U m L  ', reaction  
tim e o f 3 m in, and  bu ffer solution of 0.1 m M  PBS, p H  7.

Here, hydrogen peroxide is released as a product of this 
reaction and p-aminophenylboronic acid was reduced 
[37]. The reaction generates 4-aminophenol (4-AP) and 
tetrahydroxyborate ions with the 4-AP detected at the 
working electrode. Figure 4 shows linear electrochemical 
response as a function of the amount of glucose oxidase 
deposited on the electrode. In this example, glucose con
centrations ranging from 0 and 100 mM were tested using

the various concentrations of glucose oxidase (200-  
1200 บ mlA1). The anodic current response was directly 
proportional to the glucose oxidase concentration up to 
1200 บ mL”1. The response current obtained from 
1200 บ mlA1 glucose oxidase was higher than that ob
tained from 800 บ mL-1 glucose oxidase. However, the 
concentration of 800 บ mL 1 glucose oxidase was selected 
to use for the subsequent work because this concentration 
provided a wider linear range. In addition, to compromise 
between signal and cost of enzyme, an enzyme concentra
tion of 800 บ mL 1 was chosen as optimal.

3.4 E ffect o f the Reaction Tim e

In this work, the response signal was obtained within 
25 sec. However, the enzymatic process was required the 
waiting time or reaction time to dissolve, incubate, and 
equilibrate the enzyme reaction before the signal was de
tected by chronoamperometry. Using the reaction times 
in the range of 0 and 30 min, it can be observed that the 
current response increases up to 15 min and than remains 
constant (data not shown). Given the ultimate goal of fast 
response times, 15 min was selected to compare with 
3 min to determine the effect of time on linear range. 
Figure 5 shows the linear range was not improved as the 
time increased because of a limitation of substrate (glu-
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G lucose concentra tion (mM)

Fig. 4. E ffect o f the  concen tra tion  o f  glucose oxidase on anodic  
cu rren t o f s tand ard  glucose solutions at various co n cen tra tions 
betw een 0 and 100 m M  by ch ron oam p ero m etry  using gPA D s 
with following conditions: sam pling tim e o f 25 ร, applied  p o te n 
tial of 0.2 V, concen tra tion  o f 4 -A PB A  of 20 m M , reac tion  tim e 
o f 3 m in, and  bu ffer so lu tion  o f 0.1 m M  PBS, p H  7.

45 .00  ๅ

Fig. 6. E ffect o f app lied  po ten tia ls  betw een  50 and  350 m V  on 
co rrected  cu rren ts (su b tracted  sam ple signal w ith a b lank  signal) 
o f 1.0 M  glucose by ch ron o am p ero m etry  using pPA D s w ith fol
low ing conditions: co n cen tra tion  o f 4-A P B A  of 20 m M , concen
tra tio n  of glucose oxidase o f 800 U ra L " 1, reaction  tim e of 3 min 
and  bu ffer so lu tion  o f 0.1 m M  PBS, p H  7.
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current, the background current also increased signifi
cantly. Figure 6 shows a comparison of signal to noise 
ratio as a function of detection potential. The signal to 
noise ratio reached a maximum at 250 mV versus the 
carbon reference electrode. However, the standard devia
tion of this point was higher than 200 mV and the higher 
potential can generate more matrix interference. As 
a result, a detection potential of 200 mV V 5 cellulose- 
modified pseudo-reference electrode was selected for the 
further studies.

Fig. 5. R e la tion sh ip  be tw een  glucose co n cen tra tion  and  anodic  
cu rren t ob ta in ed  from  ch ron oam p ero m etry  using pPA D s with 
d iffe ren t reac tion  tim es o f 3 m in and  15 min. O th e r experim en ta l 
conditions a re  app lied  p o ten tia l o f 0.2 V, concen tra tio n  o f 4- 
A P B A  of 20 m M , concen tra tion  o f glucose ox idase of 
800 U m L -1, and  bu ffer so lu tion  o f 0.1 m M  PBS, pH  7.

cose). As a result, the reaction time of 3 min was selected 
to use in the chronoamperometric experiments.

3.6 Repeatab ility

The paper-based analytical devices with modified elec
trode were shown a good repeatability of the determina
tion of glucose. The relative standard deviation (RSD) 
for 10 times of 5.0 mM and 30.0 mM were not over 
6.52%.

3.5 E ffect o f Potential

Due to the pseudo-reference electrode, the electrode 
cannot maintain an accurately constant potential, howev
er this reference electrode can be used for a specific con
dition. To obtain the correct potential for 4-AP, the inves
tigation of the reasonable potential for the detection 
using the proposed SPCE was studied by hydrodynamic 
voltammetry and found that the use of applied potential 
of 200 mV is reasonable for detection 4-AP as shown in 
Figure 6 . Chronoamperometry was used to determine the 
optimal detection potential in the range of 50 to 350 mV 
v s  cellulose-modified pseudo-reference electrode. While 
increasing the detection potential increased the analyte

3.7 A na ly tica l Performance

At 25 sec, the anodic current was recorded while obtained 
the steady state under the optimal condition to generate 
a calibration curve and linearity (Figure 7). To establish 
the suitable concentration range for glucose determina
tion, the analyte concentration and response current was 
demonstrated in a wide range (0.05-100 mM). Linear cali
bration of the anodic current against the glucose concen
trations within a range of 0 and 100 mM, and the coeffi
cient of determination (R2) was 0.992. LOD of 0.86 mM 
and LOQ of 2.85 mM for glucose were calculated from 
the 3 and 10 times of signal that produced from the stan
dard deviation of blank (ท = 10).

www.electroanalysis.wiley-vch.de © 2๓6 Wiiey-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 2016, 28, 462-468 466

http://www.electroanalysis.wiley-vch.de


ELECTROANALYSISF u l l  P a p e r
30 00

25.00 

a. 2 0 .0 0

15.00

10.00 y = 0.422x+4.0406 
R2 = 0.9915

5.00 *

0.00
0.00 10.00 20.00 30.00 40.00 50.00

G l u c o s e  c o n c e n t r a t i o n  (m M )
Fig. 7. Relationship between glucose concentration and anodic 
peak currents obtained from chronoamperometry using pPADs 
with following conditions: applied potential of 0.2 V, concentra
tion of 4-APBA of 20 mM, concentration of glucose oxidase of 
800 บ  mL l, reaction time of 3 min and buffer solution of 
0.1 mM PBS, pH ๆ.

3.8 A na ly tica l A pp lica tion

In order to evaluate the electrochemical paper-based ana
lytical devices with the artificial blood serum samples 
were prepared with glucose in two levels, 5.0 and 
30.0 mM. The samples were analyzed without any pre
treatment and the results obtained using the proposed 
method was to be satisfied. The recovery values were ob
tained in the range of 92.58-102.64%. Furthermore, soft 
drink (diet), apple juice, and sweet tea were successfully 
analyzed using this proposed pPAD with acceptable re
sults compared with the labelled values by student’s t-test 
at 95 % confident level. This proposed glucose sensor was 
used at low over-potential, which common interferences 
such as uric acid, ascorbic acid and acetaminophen did 
not affect the glucose determination. This results ob
tained are agreed with the previous research. [31]. The 
important mention of this work that the analysis time is 
short. The paper-based analytical devices can be analyzed 
in less than 4 min, including enzymatic reaction and the 
steps of electrochemical detection.

4 Conclusions
The work presented here has clearly demonstrated that 
glucose sensor using screen-printed carbon electrodes 
(modified with cellulose acetate) with 4-APBA as a medi
ator using with paper-based analytical devices to improve 
the performance for the glucose determination.

Enzymatic reaction and electrochemical detection can 
be performed within 3 min in the detection zone that was 
the hydrophilic circular area created on paper. The 
enzyme and redox mediator was added into the detection 
zone without any step of modification electrode. Also, 
the proposed devices have a long linearity, high sensitivity 
and good stability.

Thus, the new biosensor has been successfully applied 
to the glucose determination in human blood scrum, soft

drink (diet), apple juice, and sweet tea. We believe this 
low-cost devices can be extended to use in plant materi
als, and food products.
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A B STR A CT: Boron doped diam ond (B D D ) electrodes have 
exemplary electrochem ical properties; however, w idespread 
use o f high-quality BDD has previously been  lim ited by 
m aterial cost and availability. In the p resen t article, we report 
the use o f  a BDD paste electrode (B D D PE ) coupled with 
microfluidic paper-based analytical devices (//PA D s) to create 
a low-cost, high-perform ance electrochem ical sensor. T he 
BD DPEs are easy to prepare from  a m ixture o f  BD D  pow der 
and m ineral oil and can be easily stencil-printed into a variety 
o f  electrode geometries. W e dem onstrate  the utility and 
applicability o f  BDDPEs through  m easurem ents o f  biological 
species (norep inephrine and  serotonin) and heavy m etals (pb  
and c d )  using /rPADs. C om pared to traditional carbon paste

Inexpensive BDD paste electrodes

Neurotransmittor
detection

X

Heavy metals 
detection

C d Pb

electrodes (C P E ), BD DPEs exhibit a w ider po tential window, lower capacitive current, and are able to  circum vent the fouling o f 
serotonin. T hese results dem onstrate  the capability o f BD D PEs as point-of-care sensors w hen coupled w ith /rPADs.

S ince microfluidic paper-based analytical devices (/rPADs) 
were first reported in 2007 for m ultiplexed diagnostic 

detection ,1 they have em erged as a prom ising technology to 
address the growing need for simple, quantitative, and point-of- 
need assay platform s. ^PA D s provide the advantages o f  low 
cost, low  sample consum ption, ease o f use, portability, and ease 
o f disposability, m aking them  ideal sensors for resource-lim ited 
settings.2 M oreover, flow can be generated via capillary forces, 
precluding the need for mechanical o r electrical p u m p s.’ T he  
hydrophobic barriers which constrain the flow can be easily 
m anufactured by a variety o f  m ethods, such as wax p rin tin g ,1 
photolithography,5 or printing o f  hydrophobic polym ers.6,7 
Furtherm ore , /(PADS are com patible w ith m any classical 
detection motifs such as colorim etry,4'8 electrochem istry,5’9 
e lectrochem ilum inescence,10,11 chem ilum inescence,12,1'' and 
fluorescence.14,15

Electrochemical detection is a particularly attractive partner 
for /iPADs, due to its instrum ental simplicity, fast analysis 
times, high sensitivity, high accuracy, simple instrum entation, 
and low  pow er requirem ents. E lectrochem ical paper-based 
analytical devices (ePA D s), first reported  in 2009 by D ungchai 
et al.,5 have used various electrode materials (e.g., carbon, 
m etals, m icrow ires, and  n a n o p artic le s )  a n d  fab rica tion  
techniques (e.g., screen/stencil-prin ting, penc il/p en  drawing,

ACS Publications ©2017 American Chemical Society 4100

inkjet-printing, and wire p lacem en t).16-23 C arbon electrodes, 
especially screen-printed carbon paste electrodes (C P E ), have 
been  extensively em ployed in ePADs due to  their easy 
fabrication, low  cost, and potential for large-scale p ro duc
tion .24’25 D espite these advantages, CPEs are p ro ne  to surface 
fouling, w hich negatively im pacts on  analyte adsorp tion , 
electron-transfer kinetics, and electrocatalysis, resulting in 
p o o r limits o f detection and a reduced device lifetime.26-28 
T he  electrochem ical response o f  the CPEs is also heavily 
dependent on  the m anufacturing process, w here key small 
technical details are difficult to  include in publications or 
reports . F u rthe rm ore , com m ercial CPE are o ften  m ore  
expensive than their hom em ade counterparts, and  are lim ited 
by the available geom etries and functionalities o f  the electrodes. 
Finally, though o ther electrode m aterials have been  em ployed 
as disposable electrodes, such as spu ttered  Au o r Pt, these are 
often m ore difficult in term s o f  tim e and cost to  make, and are 
significantly m ore p rone to surface fouling than CPEs, lim iting 
their applicability.
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B oron doped diam ond (B D D ) is a carbon-based p-type 

sem iconductor, which exhibits quasi-metallic conductivity at 
b o ron  doping concentrations o f around 1 b o ro n  atom  per 1700 
carbon atom s.29 T he  attractive features o f BD D electrodes 
include remarkably low background currents, high mechanical 
robustness, stability in strong alkaline and acidic media, very 
wide potential window, and a high resistance to  fouling.’0 32 As 
w ith the vast m ajority o f carbon-based electrode materials, the 
particular properties o f the BD D depend on the synthesis and 
processing. For example, freestanding BD D electrodes exhibit 
very low background currents and a particularly wide potential 
w indow, due to the m inim al spz carbon content, bu t are often 
difficult and costly to  m anufacture and process, requiring highly 
specialized m achinery  and  techn iques for po lishing and 
sealing.33 In contrast, thin-film BDD electrodes are easier to 
m anufacture; they are typically grow n b^  chemical vapor 
deposition on a silicon wafer substrate .3 ,53 However, the 
electrochem ical cell is typically clam ped to the thin-film 
e lectrode,36 which limits the available electrode and cell 
geom etries and applications. Freestanding and  thin-film BDD 
electrodes have been previously coupled w ith microfluidic 
devices to  com bine the electrochem ical advantages o f  BDD 
w ith the higher sensitivities and low er detection limits afforded 
th rou gh  convective flow,37'38 and  this remains an active 
research area in the field.39’40 However, currently available 
com mercial and academic BD D electrodes are incompatible 
w ith point-of-care sensors, in term s o f lim ited geometry, 
m anufacturing tim e, and cost.

C onductive BD D pow der was first dem onstrated  by Fischer 
and Swain in 2005.41 T he  BD D pow der is easily prepared from 
an insulating d iam ond pow der substrate (8 —12 nm  diam eter) 
through  microwave plasma-assisted chemical vapor deposition 
(M P C V D ). C o m b in a tio n  o f  th e  BD D  p o w der w ith  a 
conducting ink, followed by screen printing, yields a BDD 
paste electrode (B D D PE), w hich can potentially overcom e the 
a forem entioned lim itations o f  conventional BDD electro
des.42-44 Specifically, these BD D PE are an attractive alternative 
to  conventional BD D  electrodes in term s o f  lower cost, sim pler 
and faster electrode fabrication, and are ideal as a disposable 
and portable platform . Additionally, previous investigations 
w ith a simple BD D PE have dem onstrated  reduced electrode 
fouling for dopam ine electrooxidation com pared to CPEs, 
suggesting that the  BD D PE will outperform  conventional 
CPEs.43

In this work, we dem onstrate  the use o f  BD D pow der for the 
fabrication o f disposable BD D PEs in a ^PA D  platform . 
E lectrode perform ance is contrasted with conventional CPEs 
and traditional BD D electrodes. T o  dem onstrate  the scope of 
this device, the B D D PE  ePADs are em ployed for two 
applications; the quantitative detection  o f  no rep inephrine 
(N E ) and serotonin (5-hydroxytryptam ine, 5-H T ) and the 
anodic stripping voltam m etry o f heavy metals. T he sim ulta
neous determ ination o f N E  and 5-H T  is o f great im portance, as 
low  levels o f  N E  and 5-H T  have been related to several 
d isorders, including depression, m igraine, and anxiety.43 
H ow ever, previous investigations w ith CPEs have found 
significant electrode fouling w ith 5-H T .46’47 BD D is expected 
to alleviate this problem  due to the chemical inertness o f the 
surface, as has been  previously show n on conventional 
freestanding and thin-film electrodes.48’49 Additionally, NE 
and 5-H T  have similar electrooxidation potentials on carbon 
electrodes, making codetection challenging.30 Therefore, an 
electrochemically reduced graphem e oxide (E R G O )-m odified

BD D PE is used herein for sim ultaneous N E  and 5-H T  
detection due to its high electroactive surface area, rapid 
electron transfer, and small charge-transfer resistance. In 
addition, we further dem onstrate  the application o f BD DPEs 
in a flow -through /zPAD, for the sim ultaneous determ ination  of 
two heavy metals, c d ( l l )  and P b ( ll) . T he  presence o f  these 
toxic elem ents in the environm ent is o f particular concern due 
to their adverse effects on  ecosystems and hum an health.51,52 
Using a flow -through design, coupled w ith square-wave anodic 
stripping voltam m etry (SW ASV), preaccum ulation can be 
carried ou t online, enhancing the efficiency for the metal 
d e p o s itio n  and, consequen tly , im p rov ing  th e  d e te c tio n  
sensitivity. Aside from  their individual im portance as analytical 
targets, NE, S-H T, c d ( l l ) ,  and  P b (I l)  are im p ortan t analytes as 
they allow direct com parison to o ther studies w hich have 
previously investigated these species using CPEs, freestanding 
BD D electrodes, and thin-film BDD electrodes, in o rder to 
dem onstrate  the significant po tential o f  B D D PE  as point-of- 
care sensors.

B  EXPERIMENTAL SECTION

M ateria ls, E qu ipm ent, and Chem icals. BD D  pow der was 
prepared through  a previously repo rted  p rocedure.43 In short, 
natural d iam ond pow der (M icron+SN D , E lem ent Six, particle 
diam eter <500 nm ) was w ashed in aqua regia and 30% 
hydrogen peroxide at 60 ° c  for 30 m in to rem ove possible 
metallic contam inants, followed by rinsing w ith Milli-Q_ w ater 
and drying. T o  grow  BD D on the substrate pow der surface, the 
p re trea ted  d iam ond pow der was spread on  a m olybdenum  
susceptor and subjected to  M PC V D  for 8 h, using previously 
described conditions.43 Finally, the BD D pow der was ground 
using a m ortar and pestle and oxidized in air using a muffle 
furnace at 425 ° c  for 5 h to rem ove graphitic  impurities, 
resulting in an oxygen-term inated surface.3"

G raphene oxide (G O ) was acquired from  XF N ano, Inc. 
(Nanjing, C hina). 5 -H T  was acquired from  Alfa Aesar (W ard 
Hill, M A). N E, potassium  ph osph ate  m onobasic, sodium  
phosphate dibasic, and standard solutions o f  all m etals c d ( l l ) ,  
P b (u ) , and B i(m ) were acquired from  Sigma-Aldrich (St. 
Louis, M O ). Acetic acid, sodium  acetate, and  light m ineral oil 
were acquired from  Fischer Scientific (N ew  Jersey). Potassium  
ferrocyanide (F e (C N )64-) was acquired from  M allinckrodt (St. 
Louis, M O ). All chemicals were analytical grade and  used as 
received, and all solutions were prepared by using purified 
w ater (18 .2  M O  cm ) from  a Milli-Q_ M illipore  w ater 
purification system.

W hatm an 1 chrom atography paper was acquired from  Fisher 
Scientific (P ittsburgh, PA). A XERO X  Phaser 8860 p rin ter was 
used to p rin t wax patterns on /zPADs following established 
protocols. An Isotem p ho t plate from  Fischer Scientific, set at 
150 ° c ,  was used to m elt the wax on the paper. A g/A gC l ink 
from  G w ent G roup (Torfaen, U.K.) was used to construct the 
conducting pads and reference electrode (R E). C arbon ink 
from Ercon Incorporated  (W areham , M A) was used for the 
construction  o f  the counter electrode (C E ).

D evice F ab rica tio n . W ax p rin tin g  and W ha tm an  1 
chrom atography paper were selected for the construction  o f 
the devices following previously repo rted  m ethods.54 T h e  CE, 
RE, and conducting pads on  w ax-printed paper were stencil- 
p rin ted  in-house. For fabrication o f the BD D  paste working 
electrode (W E ), stencil-printed A g/A gC l on  a transparency 
sheet substrate was prepared as a conducting pad. T o  m inim ize 
BDD' paste consum ption, a second stencil containing three

4101 DOI: 10.1021 /acs.analchem.6bQ5042Anal. Chem. 2017, 89, 4100-4107
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smaller openings (0.1 m m  X 2 m m  rectangles) was fabricated 
using a laser engraving system (Epilog, G olden, C O ). T he  BDD 
paste W E was prepared by mixing BD D pow der and  m ineral oil 
(70:30, พ /พ ) and stencil-printed on to  the mask. A photograph 
o f the BDDPEs is shown in Figure la. D ouble-sided tape was

Sample
Zone

Electrochemical Hydrophilic
Detection Zone Zone

(c) Hydrophobic

Figure t. Device design for BDDPE: (a) photograph of the BDDPE, 
(b) ePAD design for NE and 5-HT analysis, (c) /rPAD design for the 
measurement of Pb and Cd, and (d) SEM image of the BDDPE.

used to attach the CE (stencil-printed carbon) and  RE (stencil- 
p rin ted  A g/A gC l) section to the W E section. Figure lb  shows 
the device design for N E  and 5-H T  detection, w hich was 
carried ou t by pipetting a 50 fjL aliquot atop the BD D PE. For 
heavy m etal analysis, a flow -through p a tte rn  pPA D  was 
designed, consisting o f a sample zone (w here a 50 แL sample

aliquot was added), an electrochem ical detection  zone, and a 
hydrophilic area at the ou tlet o f the p aper channel, as show n in 
Figure lc . F urther details o f  the  fabrication procedures are 
provided in the Supporting Inform ation, Figure SI.

Electrochem ical D e tection . All electrochem ical experi
m ents were perform ed w ith a m odel 660B po ten tiostat (C H  
Instrum ents, Austin, T x )  at room  tem perature  (22 ±  1 °c ) .  
F or N E  and  5 -H T  detection, an E R G O -m odified B D D PE was 
used as the W E. Details o f  the ER G O -m odified electrode 
preparation is described in Supporting Inform ation, section  2. 
S tandard solutions o f  N E  and 5-H T  were prepared  in 0.1 M  
phosphate  buffer (PB S) p H  8.0, and  a 50 /rL aliquot was used 
for the experim ents. F or differential pulse voltam m etry (D PV ), 
an am plitude o f  60 mV, potential increm ent o f  4 Hz, and a 
pulse w idth o f  0.05 ร were used.

For Pb and c d  detection, SWASV was em ployed w ith the 
flow -through device for the  sim ultaneous determ ination  o f 
C d (Il)  and  P b ( ll) . All s tandard  m etals were prepared  in 0.1 M  
acetate buffer p H  4.5. Bism uth-m odified BD D PE were used as 
W E, prepared by chronoam perom etry  in a 4 ppm  B i(m ) 
solution at —1.2 V for 20 min. A  50 p L  a liquot was added to the 
sam ple zone, and SWASV was perform ed after the solution 
flowed to electrochem ical detection  zone (ca. 1 m in ). SWASV 
used a frequency o f 25 Hz, po tential increm en t o f  15 mV, and 
an am plitude o f  50 mV, w ith  an electrochem ical deposition  step 
at —1.2 V for 5 m in, an equilibration period  o f 5 ร, and a square- 
wave voltam m etric  stripping range o f —1.1 to —0.5 V.

■  RESULTS A N D  DISCUSSION

C haracte riza tion o f  BDD Paste E lectrodes. T h e  B D D PE 
m orphology was characterized by scanning e lectron m icroscopy 
(S E M ) as sh o w n  in  F igure  Id . T h e  B D D P E  has a 
hom ogeneous d istribu tion o f  ~ 1  pirn sized particles, w ith  a 
surface roughness o f  tens o f m icrom eters, w hich is in 
agreem ent w ith previous studies on  B D D PEs.4'1 Furtherm ore, 
the b o ron  concen tration  can be estim ated from  the carrier 
concen tra tion  o f  the thin-film  grow th material, through  a Hall 
effect m easurem ent,55 yielding a b o ro n  concen tra tion  o f  
~ 1 0 2°—1021 b o ron  a to m s/cm 3, suggesting the BD D PEs should  
have m etallic conductivity.56 T h e  B D D PE  quality was then  
characterized and contrasted  w ith a C PE  via double layer 
capacitance (C jj) and solvent w indow  m easurem ents, as show n 
in Figure 2, parts a and  b, respectively. Cyclic voltam m ogram s 
(C V s) were run  betw een —0.1 and 0.1 at 0.2 V  ร” 1 in 0.1 M

Figure 2. (a) CVs in aerated 0.1 M KNO3, recorded at 0.2 V ร- ,  over the potential range o f —0.1 to 0.1 V, for the BDDPE (red line) and CPE (blue 
line), (b) CVs in 0.1 M KNO3, recorded at 0.2 V ร- 1  over the potential range o f —2 to 2 V, for the BDDPE (red line) and —1.8 to 1.8 V for the CPE 
(blue line), (c) CVs performed with a BDDPE (blue line), CPE (black line), ERGO-modified BDDPE (red line), and ERGO-modified CPE (green 
line), at 0.05 V ร-1, using 4 mM Fe(CN)64“ in 0.1 M ÎCC1.

4102 DOI: 10.1021 /acs.analchem.6b05042Anal. Chem. 2017, 89, 4100-4107
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Figure 3. Three successive CVs of 10 I4M S-HT with a (a) BDDPEs and (b) CPEs in 0.1 M PBS (pH 8.0) at o.os V ร-1. (c) Three consecutive 
DPVs of 10 jM  5-HT in 0.1 M PBS (pH 8.0) at a BDDPE before (solid lines) and after (red dashed line) anodic polarization.

K N O j, and Cji o f each electrode was determ ined at 0 V versus 
screen-printed A g/A gC l using33

^  ^average

^̂ geometric ( l)

where l'average is the current average from  the forward and 
reverse sweep in amperes, V  is the scan rate in volts per second, 
and Ageometric is the geom etric  electrode area in square 
centim eters. T he  capacitive currents at CPEs and BD D PEs 
were 61.74 ±  0.36 and 42.29 ±  0.24 A F cm -2, respectively (ท = 
3 electrodes, Figure 2a). T he  BD D PE capacitance com pares 
favorably w ith  conventional BD D electrodes reported  in the 
literature,33 considering the sim ple electrode fabrication and 
application. F or example, thin-film BDD electrodes are typically 
3*9—381 a F cm -2 and freestanding BD D electrodes are 
typically 2 .9—11 a F cm -2.33

T he  potential w indow  was recorded for each electrode 
m aterial using c v  in 0.1 M  K N 0 3 at 0.1 V ร-1  (Figure 2b). 
U sing the definition o f BD D solvent w indow  as the anodic and 
cathodic potential limits to  generate a current o f ±0.4 raA cm -2 
from  w ater electrolysis,33 the  solvent w indow  o f  the BD D PE 
was found to  be 2.25 V. For the CPE, the po tential w indow  is 
m uch narrow er as shown in Figure 2b. T h e  solvent w indow  o f 
o u r BDD electrodes com pare well w ith  thin-film  BD D  
electrodes (2.30—1.38 V) and freestanding BDD electrodes 
(4.11-3.53 V ).33 In  addition, a peak was observed at ~+1.5 V 
in the BD D PE c v , characteristic o f  non-diam ond carbon 
species (sp2 carbon) or im purities situated  in the  grain 
boundaries o f the diam ond surface, as is expected for paste 
o r thin-film electrodes.33 T he  capacitance and solvent w indow  
data confirm  that BDDPEs have smaller background currents 
and w ider potential windows than the CPEs typically em ployed 
w ith ePADs, w hich should translate to  im proved limits o f 
detection  (L O D ).

T he  electrochem ical characteristics o f the electrodes were 
investigated through  m easurem ent of the peak currents and 
peak-to-peak separation (AEp) o f  the inner-sphere redox 
couple, F e (C N )64_, via c v . As show n in Figure 2c, symmetrical 
voltam m ogram s are observed for Fe(C N )(j4- electrooxidation 
w ith BDDPEs and CPEs (A £ p = 410 ±  10 and 400 ±  20 mV, 
respectively, ท = 3 electrodes). After m odification w ith ERGO, 
the ERG O -B D D PEs exhibited symmetrical cathodic and anodic 
peaks and g reater electrochem ical reversibility  th an  the  
E R G O -C P E s, as illustrated through sm aller AEp (2 0 0  ±  30 
and 280 ±  30 mV, respectively). T h e  large AEp, for the 
BD D PEs are indicative o f  ohm ic resistive effects, likely 
originating from  the nonohm ic contact betw een the BDD

pow der and the m ineral oil o r A g/A gC l screen-prin ted  contact 
pad. This hypothesis is supported  by AEp o f  75 and 89 m V  for 
the outer-sphere couples FcTM A 4 and Ru (N H 3)63+ ( 1  m M  in 
0.1 M  K N O j, no t show n).

S e ro to n in  a n d  N o r e p in e p h r in e  D e te c t io n . T he  two- 
electron irreversible electooxidation o f sero ton in  (5 -H T ) is 
know n to produce hydroxylated products, dim ers, and  o ther 
species that can irreversibly adsorb to the electrode, fouling the 
surface.37 E lectrode fouling decreases sensitivity, m aking 5-H T  
determ ination  on  carbon electrodes challenging. Previous 
studies have show n BDD is n o t as p ro ne  to 5 -H T  fouling 
due to the relative surface inertness.57 Parts a and  b  o f  Figure 3 
show  CVs for 10 a M  5 -H T  at a B D D PE  and CPE, respectively. 
W ell-defined oxidation peaks were observed for b o th  electrodes 
for the initial c v . T he decrease o f oxidation peak curren t and 
peak po tential shift after the first cycle are indicative o f 
electrode fouling, although the fouling is less severe for 
BD DPEs com pared to CPEs. W e attribu te  this p h eno m ena  to 
the  low er adsorp tion  o f  the organic species on  B D D PEs w hen 
com pared w ith  CPEs.43

In  order to  im prove resistance to  electrode fouling, electrode 
p re trea tm ent was tested  to reactivate the  electrode surface. 
Several m ethods have been described for the p re trea tm en t o f  
BD D  thin-film  electrodes. D uran e t al. investigated the effect o f 
anodic, cathod ic , o r  a c o m b in ed  an o d ic  a n d  cath o d ic  
galvanostatic polarization on the response o f  a d iam ond 
m icroelectrode for two inner-sphere redox couples, F e (C N )64_ 
and 5-H T. C athodic p re trea tm en t and com bined p re trea tm en t 
perform ed by the anodic step followed by the cathodic step 
were found to  be effective for activating a fouled m icro
electrode.27 Similarly, Sarada et al. show ed the CV o f 5 -H T  at a 
BD D  electrode before and after p re trea ting  the electrode by 
oxidizing the surface in PBS. Relative to a fresh d iam ond 
electrode, the 5 -H T  oxidation peak po tential and curren t for a 
d iam o n d  e le c tro d e  after anod ic  p re tre a tm e n t rem ain ed  
unchanged.48 T herefore, the effect o f anodic p re trea tm en t on 
the electrochem ical response o f  BD DPEs was investigated for 
5 -H T  as show n in Figure 3. Figure 3c shows the effect o f anodic 
cleaning on the  response o f fouled BD D PEs by com paring the 
D PV  o f 10 a M  5 -H T  on B D D PE  before and after trea tm ent. 
T hree  DPVs were perform ed on the  same electrode w itho ut a 
cleaning step, resulting in an oxidation current decrease and 
positive peak po ten tia l shift, likely due to the adsorp tion  o f  a 
qu inone as the  oxidation p roduct o f 5-H T.47 Subsequently, 
anodic p re trea tm en t was carried o u t by  oxidizing the fouled 
electrode w ith at +1.2 V for 5 m in in PBS solution, leading to a 
peak current and peak  po tential sim ilar to  those o f  the fresh
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BD DPEs (red  dashed line). T hese results indicate that the 
BD D PE was re tu rned  to its native activity state after anodic 
treatm ent, and subsequently anodic trea tm ent was used for all 
5-H T  and N E m easurem ents.

Next, the electrochem ical behavior o f  N E and S-H T  on 
BD DPEs was investigated by c v  (Figure 4a). D ue to their

-0.2 0.0 0.2 0.4
Potential I'S Ag/AgCl /  V

Figure 4. CVs performed with bare BDDPEs (a) and ERGO-BDDPEs 
(b) for the oxidation of 25 f*M NE (red line) and 10 fjM 5-HT (black 
line) in 0.1 M PBS (pH 8.0).

similar oxidation potentials, N E  and  5 -H T  could n o t be 
discrim inated using bare BDDPEs. T herefore, ER G O  was 
chosen to m odify the BD DPEs in an a ttem pt to enable 
sim ultaneous detection o f bo th  analytes. CVs o f B D D PEs and 
ERG O -B D D PEs at varying scan rates from  0.01 to 0.1 V ร- 1  

using F e (C N )64- are show n in Figure S2, parts a and b, 
respectively. A £ p at the unm odified BD D PEs increases from  
190 ±  4  m V  at 0.01 V ร- 1  to 387 ±  7 mV at 0.1 V  ร-1, whereas 
A £ p at the E R G O -B D D PEs increases from  120 ±  5 m V  at 0.01 
V ร- 1  to  280 ±  7 m V  at 0.1 V ร-1 . T h e  lower A £ p for the 
E R G O -B D D PEs implies faster electron-transfer kinetics from  
the ER G O  m odification .53 Figure S2c shows a linear d ep en d 
ence o f the peak current versus square roo t o f the V for b o th  
unm odified  and m odified electrodes, indicating  that the 
electrochem ical processes at bo th  electrodes are diffusion- 
contro lled .59

T he surface area o f  the electrodes was determ ined  by using 
R and les-Sevcik  equation60

. ipa =  (2.69 X i0sy /3ADoinvin c *  (2)

w here ipa is the peak current in amperes, A is the area o f  the 
electrode in square centim eters, C0* is the concen tra tion  o f 
electroactive species in millimoles p er liter, and  D is the 
diffusion coefficient in square centim eters p er second. Given D 
=  126  X 10~6 cm 2 ร- 1  for F e (C N ) 64 - ,61 A for each electrode 
can be calculated from  the slope o f the ip versus vl/1 plot. T he 
surface areas (A) o f  the electrodes were found to be 8.66 X 
10-2 and 16.7 X 1er2 cm 2 for the BD DPEs and  ERG O - 
BD D PEs, respectively. T he  results dem onstrated  the ERG O  
layer is effective at increasing the electroactive surface area.

CVs o f  N E  and 5 -H T  at the ER G O -B D D PE  are show n in 
Figure 4b. Following modification, the £ pa o f  N E  decreased 
from  0.13 ±  0.0047 to —0.006 ±  0.0052 V, while the Epa o f 5- 
H T  decreased from  0.14 ±  0.0061 to 0.12 ±  0.0035 V, showing 
a clear separation in N E  and 5 -H T  oxidation peaks. T o  evaluate 
the mass transfer o f  the analytes tow ard the electrode, c v  was 
perform ed at different scan rates. As seen in Figure S3, parts a 
and b, the anodic peak currents o f N E  and 5 -H T  oxidation 
increase w ith increasing V as predicted . M oreover, the  peak 
currents o f  bo th  com pounds are linearly p ro portiona l to  the 
square roo t o f  V in the range o f  0 .0 1 -0 .1  V ร-1, suggesting that 
the electrochem ical processes are diffusion-controlled.

A n a ly tica l P e r fo rm a n c e . Next, D P V  was em ployed for the 
sim ultaneous de term ination  o f  N E and 5-H T. T he  linear range 
o f  N E  and  5-H T  was studied  at ER G O -B D D PEs, w ith  a fixed 
concen tration  o f  the o ther species. As show n in Figure S4, parts 
a and b, the  peak currents o f  N E  or 5 -H T  increased linearly 
w ith the concen tration . For N E  detection, a linear calibration 
p lo t was found over a range o f  2.5—100 /rM  w ith a sensitivity o f  
0.030 ftA /rM - 1  and  correlation coefficient (R2) o f  0.9991. For 
5-H T, a linear calibration p lo t was ob ta ined over a range o f 
0 .5—7.5 w ith a sensitivity o f  0.069 /rA and R2 o f
0.9938. T he  experim ental L O D s were 2.5 and 0.5 piM for N E  
and 5-H T, respectively. A lthough this device exhibits higher 
L O D  values than  o ther BD D electrode m aterials, 48’57 it has 
o ther advantages in term s o f  ease o f  use, low  cost, and 
disposability.

Next, the  device repeatability was evaluated th rou gh  repeated  
m easurem ents o f  10 /rM  N E  and  5 [2M  5-H T  (ท = 10, no t 
show n). T he  relative standard  deviations (R SD s) w ere 6.93% 
and  8.43%, for N E  and 5-H T , respectively. T he  intradevice 
reproducibility was evaluated using D P V  detection  o f  10 /rM  
NE and  5 /rM  5-H T. T he  RSDs o f  six different devices under 
the same conditions were found to be 6.02% and 7.68%, for N E 
and 5-H T, respectively. All o f  these values are in line w ith o ther 
ePAD systems.

D e te c t io n  o f  H e av y  M e ta ls . T he  contam ination  o f  the 
environm ent by heavy m etals [e.g., C d(H ) and P b ( I l) ]  remains 
a serious p roblem  because o f their environm ental persistence 
and high toxicity .62 In o rder to show  the scope o f  the developed 
sensor, BD D PEs w ere em ployed for heavy m etal determ ination . 
ร พ ASV is a particularly attractive electrochem ical technique for 
trace heavy m etal determ ination , as it greatly reduces the 
background noise arising from  capacitive charging currents 
during the po tential scan .63 C onventional ASV m easurem ents 
consist o f  two steps: first, in the preconcen tra tion  step, m etal 
ions are electrochem ically deposited  o n to  the electrode surface, 
typically un der controlled stirring conditions. T hen , the stirring 
is ceased and  the deposited  m etal is oxidized or stripped  from 
the electrode, back into the solution. T he  resulting anodic 
diffusion current is then  used to determ ine the concen tra tion  of 
the metal. H owever, this approach is n o t ideal for in-field
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m easurem en ts due to the  practica lity  and  difficulty o f 
synchronizing stirring and ASV procedures.

T o  overcom e this lim itation, BD D PEs on static and flow
through PADs were applied for the sim ultaneous determ ination  
o f  C d (ll)  and P b ( ll) , using ร พ ASV. For simplicity, the 
p reconcen tration  step was perform ed w ithout stirring, w hich 
will affect the device sensitivity as preaccum ulation o f analytes 
in stripping is lim ited by diffusion. T herefore, to increase 
electrode sensitivity, Bi was used to m odify BD DPEs, form ing a 
m etal—bism uth alloy on the electrode surface, w hich facilitates 
the nucléation process during m etal ion deposition .64 T he 
PADs were designed as a flow -through pattern  by adding a 
hydrophilic area in the ou tlet o f  a paper channel (Figure lc). 
T his design allows the continuous wicking o f solution across 
the electrodes in the  preconcen tra tion  step, facilitating the 
accum ulation o f  m etals o n to  the electrode surface .65 D uring the 
p reconcen tration  step, —1.2 V was applied for 5 m in, providing 
enough tim e to stop the flow before the stripping step.

F ig u re  ร. SW A SV  for a 50  pp b  so lu tion  o f  C d ( l l )  and  P b ( l l )  in  0.1 M  
ace ta te  buffer (p H  4 .5 ), a t a B I-m od ified  B D D P E , using  the  sta tic  
ePA D  system  (b lack  line) an d  th e  flow th ro u g h  //P A D  system  (re d  
line).

Figure 5 shows the SWASV for static and  flow -through 
devices for the sim ultaneous detection  o f  50 ppb c d ( l l )  and 
P b (Il) . T he  voltam m ogram  obtained from  the flow -through 
PADs, in w hich the sam ple solution continuously flowed in the 
paper m icrochannel, show ed w ell-defined separated peaks for 
c d ( l l )  and P b ( ll) , at -0 .9 3  and -0 .6 7  V versus the A g/A gC l 
reference electrode, respectively. In contrast, the vo ltam m o
gram obtained from  the static PAD, in w hich the sample 
solution was directly d ro pped  on to  the electrodes, show ed a 
m uch lower current signal. T hese results dem onstrate  that the 
flow -through PADs exhibit a m uch higher sensitivity than the 
static system [4.3 and 3.1 tim es higher for C d ( ll )  and P b (n ) , 
respectively]. T his is likely due to the increased mass transp ort 
as a result o f  convection through  PAD, enhancing the efficiency 
o f the m etal accum ulation.

T he  analytical perform ance o f the flow -through PADs for 
c d ( l l )  and P b ( ll)  de term ination  was evaluated using SWASV 
under the optim ized experim ental conditions. SWASV of 
different concentrations o f  P b ( ll )  and C d ( ll)  are show n in 
Figure 6 a. T he  resulting calibration plots w ere linear over the 
concen tration range from  1 to 200 pp b  for P b ( ll)  and 25 —200 
ppb for C d (ll)  (F igure 6 b) w ith sensitivities o f  0.305 and  0.218 
//A  //M -1, respectively. T he  experim ental LO D s were 1 and 25

Potential พ Ag/AgCl /  V

F ig u re  6. (a )  SW ASV o f  C d ( u )  an d  P b ( l l )  from  1 to 200 p p b  in 0.1 
M  ace ta te  buffer (p H  4 .5 ), a t a B i-m odified B D D P E , us ing  th e  flow  
th r o u g h  //P A D , w ith  lo w  c o n c e n tr a t io n s  in  th e  in s e t ,  ( b )  
C o rresp o n d in g  calib ra tion  curves fo r increasing  co n ce n tra tio n s  o f  
P b ( l l )  ( l  to  200  ppb, sensitiv ity  =  0 .0305 //A /p p b , R2 = 0 .9 910 ) and  
C d (I I )  (25  to  200 pp b , sensitiv ity  =  0 .0218 / /A /p p b , R 2 = 0 .9938).

ppb for P b ( ll)  and c d ( l l ) ,  respectively. T hese results indicate 
that the devices are n o t only sim ple and inexpensive, b u t also 
provide the good linearity and  L O D s com pared to  alternate 
m eth o d s w hich  are o ften  m o re  expensive an d  requ ire  
com plicated fabrication procedures .66-68 w h ile  these detection 
limits are higher than  o ther optim ized m aterials using Bi 
codeposition, the L O D  value o f  Pb is below  the EPA action 
limit o f contam inants in drinking w ater69 and also dem onstrate  
applicability o f the system to inorganic as well as organic 
analytes.

T he  effects o f  som e possible interferences [M n (ll) , C r (m ) , 
F e (IIl) , Z n ( l l) ,  C u (u ) ,  C a ( l l) ,  N a (l) ,  and K (l) ]  were 
investigated by adding them  into a solution containing 50 
ppb o f  C d (Il)  and P b ( ll)  in 0.1 M  acetate bu tter p H  4.5. T he 
tolerance ratio is defined as the mass ratio o f interfering species 
relative to the target m etal that m akes a change in peak current 
o f ±5% . By lim iting the scanning potential in  the system  from  
— 1.1 to  —0.5 V, the m axim um  tolerable concentrations o f 
foreign species are show n in Table SI. T hese findings indicate 
that the aforem entioned com m on m etal ions do no t interfere 
w ith the determ ination  o f c d ( l l )  and P b (n ) .

T o  dem onstrate  the m eth o d  applicability, flow -through 
//PA D  devices were used to  detect c d ( l l )  and P b (n )  in spiked 
drinking w ater samples. T he  drinking w ater sam ples were 
bought from  a local superm arket (Bangkok, T hailand). For
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analysis, the drinking w ater was dilu ted (1 :5) w ith acetate 
buffer (p H  4.5) and recovery studies were carried ou t by 
spiking c d ( l l )  and P b ( ll )  to  the drinking w ater samples at 
th ree  different concen trations (ร, 25, and  59 ppb). T he 
percentages o f  recoveries were found in a range from  93.01% to 
103.10% and  the acceptable %RSD (ท = 3) was below  4.77% 
(T able S2). In addition, the unknow n sam ples were determ ined 
by bo th  the p ro p o sed  m eth o d  and a standard  m ethod  
(inductively coupled plasm a optical em ission spectroscopy, 
IC P-O E S) (T able S3). T he  results from the developed m ethod 
were in good agreem ent w ith those from  the ICP-OES m ethod. 
T hese results clearly indicate the ability to  m easure c d ( n )  and 
P b (n )  levels in drinking w ater samples.

■  C O N C LU SIO N S
In this work, we repo rt for the first tim e the fabrication and 
electrochem ical characterization o f  B D D PE for /zPADs. T he  
BD D PE exhibits very useful electrochem ical properties such as 
wide solvent w indow, low  background currents, and  resistance 
to  surface fouling, w hich play an im portan t role in the analytical 
pe rfo rm a n c e  o f  e lec tro ch em ica l sen so rs . T h e  B D D P E s 
dem onstrated  here can be easily fabricated and integrated 
w ith ePADs. In addition, the BD D PEs are cheaper and m ore 
am enable to  disposable and  portable platform s com pared with 
conventional BDD electrodes (the  prices are ~ $ 0 .1 /e ac h  and 
$ 3 10 /each  for BD D PEs and polycrystalline BDD electrodes, 
respectively). T o  dem onstrate  the scope o f  the BD DPEs, the 
m aterial is applied in  ePAD and piFAD form ats for the 
quantitative detection o f biological species and heavy metals. In 
case o f  biological species, the ePAD device was capable o f 
sim ultaneously detecting  N E  and 5-H T  in wide concen tration  
ranges and  with low  lim it o f  detections. In  addition, electrode 
fouling from  5 -H T  electrooxidation is easily overcom e through 
anodic electrode trea tm ent, opening this sensor for use w ith 
m ultiple m easurem ents (e.g., testing o f 2 0  different sam ples in 
situ w ith one electrode). F o r heavy m etal quantitation, a flow
through  ^P A D  design w ith  SWASV enhances the  efficiency o f 
m etal deposition, thereby  im proving the  detection  sensitivity 
com pared to a static ePAD system . T h e  developed sensor is 
applicable to  a range o f  analytes and, through  overcom ing 
analytical challenges such as electrode fouling and peak 
shielding, should  open  up ePADs and /zPAD to wide adoption 
across a range o f  fields.

■  A SSO C IA TED  CO N TEN T 
Q  S u p p o r tin g  In fo rm atio n
T he  Supporting Inform ation is available free o f  charge on the 
A C S P u b lic a tio n s  w e b s ite  a t D O I: 1 0 .1 0 2 1 /a c s .a n a l-  
chem .6b05042.

Details o f  the B D D PE fabrication, preparation o f  the 
E R G O -m odified BD DPE, a scan rate  study o f  Fe- 
(C N )d4-, n e , and 5-H T, calibration curves for N E  and ร- 
H T  oxidation on the ePAD, an interference study for 
heavy m etals analysis, and analysis o f  spiked real drinking 
w ater samples for heavy m etal analysis (P D F )

■  A U TH O R INFORM ATION 
C o rre sp o n d in g  A u th o rs
*E-mail: cbuck.henry(3>coIostate.edu.
*E-mail: Orawon.C(2>chuIa.ac.th.
ORCID©
R o b e rt B. c h a n n o n :  0000-0001-5416-7736

Charles ร. Henry: 0000-0002-867.1-7728

N otes
T he  authors declare no com peting financial interest.

■  ACKNOW LEDGMENTS

W e gratefully acknowledge funding for this p ro ject from  the 
T hailand Research F und  (T R F ) H a the Research T eam  
Prom otion G rant (R TA S780005). Partial sup port was provided 
through the N ational Institute  o f O ccupational Safety and 
H ealth  (R 010 H 010 662 ) for C.S.H. and R.B.C. S.N. thanks the 
Royal G olden Jubilee Ph.D . P rogram  (G ran t N o. P H D /0 1 2 3 /  
2554).

■  REFERENCES

( 1 ) M artinez, A .  พ . ;  Phillips, ร. T .; B u tte, M . J.; W h ites ides, G. M . 
A n g e w . C h e m ., l n t .  E d . 1 0 0 7 , 4 6 ,  1 3 1 8 -1 3 2 0 .

(2 )  M artinez , A  พ . ;  Phillips, ร. T .; W hitesides, G . M .; C arrilho , E.

(3 )  C ate , D . M .;’ N o’blitt, ร. D .; V oickens, J.; H enry , c. ร. L a b  C h i p  
2015 , 1 5 , 2 8 0 8 -2 8 1 8 .

(4 )  Jo ke rs t, J . C.J A dkins, J . A ;  Bisha, B.; M en te le , M . M .; G oo dridge , 
L. D .; H enry , c .  ร. A n a l  C h e m .  20 12 , 84, 2 9 0 0 -2 9 0 7 .

(5 )  D ungchai, พ . ;  Chailapakul, o . ;  H enry , c .  ร. A n a l .  C h e m .  20 09 , 
8 1 ,  5 8 2 1 -5 8 2 6 .

(6 )  Sam eenoi, Y.; N ongkai, P. N .; N ou an th av o n g , ร.; H enry , c .  ร.; 
N acapricha, D . A n a l y s t  20 14 , 1 3 9 , 6 5 8 0 —6588.

(7 )  C ate , D . M .; A dkins, J . A.; M ettak o o n p itak , J.; H en ry , c .  ร. A n a l .  
C h e m .  2015 , 8 7 ,  1 9 -4 1 .

(8 )  C haiyo, ร.; S iangproh, พ . ;  A pilux, A ;  C hailapakul, o. A n a l .  C h i m .  
A c t a  2015 , 8 6 6 ,  7 5 -8 3 .

(9 )  Santhiago, M .; พ ydallis, J . B.; K ubota , L. T .; H en ry , c .  ร. A n a l .  
C h e m  2013 , 85, 5 2 3 3 -5 2 3 9 .

(1 0 )  G ao, c . ;  รน, M .; W ang , Y.; G e, ร.; Yu, J .  R S C  A d v .  2 0 1 5 , 5, 
2 8 3 2 4 -2 8 3 3 1 .

(1 1 )  พ น , L.; M a, C .; Ge, L.; K ong, Q .; Yan, M .; Ge, ร.; Y u, J . B io se n s . 
B io e le c tr o n . 20 15 , 6 3 ,  4 5 0 —457.

( 1 2 ) W ang, ร.; G e, L.; S ong, X.J Yu, J .; G e, ร.; H u a n g , J.; Z eng , F. 
B io se n s . B io e le c tr o n . 20 12 , 31, 21 2 —218.

(1 3 )  Liu, พ . ;  G uo , Y.; Li, H .; Z hao , M .; Lai, Z.J Li, B. s p e c t r o c h im .  
A c ta ,  P a r t  A  2015 , 137, 1 2 9 8 -1 3 0 3 .

(1 4 )  H e, M .; Liu, z. A n a l .  C h e m .  2 0 1 3 , 85, 1 1 6 9 1 -1 1 6 9 4 .
(1 5 )  T h o m , N. IC; Lewis, G. G.; Y eung, K.; Phillips, ร. T  R S C  A d v .  

2014 , 4 , 1 3 3 4 -1 3 4 0 .
(1 6 )  N urak , T .; P raphairaksit, N.J C hailapakul, o. T a l a n t a  2 0 1 3 , 1 1 4 ,  

2 9 1 -2 9 6 .
(1 7 )  Ruecha, N .; R angkupan, R.; R o d tho ng ku m , N .; C hailapakul, o .  

B io se n s . B io e le c tro n . 20 14 , 52, 13—19.
(1 8 )  S anthiago, M .; K ubota , L. T . S e n s . A c tu a to r s ,  B  2 0 1 3 , 177, 2 2 4 — 

230.
(1 9 )  D ossi, N .; T on io lo , R.; T erzi, F.; Im pellizzieri, F.; B ontem pelli,

G. E le c tr o c h im . A c t a  2014 , 146, 5 1 8 —524.
(2 0 )  A dkins, J . A ;  H enry , c. ร. A n a l .  C h i m . A c t a  20 15 , 8 9 1 ,  2 4 7 — 

254.
(2 1 )  Fosdick, ร. E.; A nderson , M . J.; R enau lt, c . ;  D eG regory , P. R.; 

L oussaert, J. A ;  C rooks, R. M . A n a l .  C h e m .  20 14 , 86, 3 6 5 9 —3666.
(2 2 )  M ààttânen , A ;  Ihalainen, P.; P u lkkinen , p.; W ang , ร.; T en h u ,

H . ; P e lton en , J . A C S  A p p l .  M a te r .  In te r fa c e s  2 0 1 2 , 4, 9 5 5 —964.
(2 3 )  K it-A nan, พ . ;  O larnw anich , A ;  S rip rachuabw ong , c.; K aruw an, 

c . ;  T u a n tran o n t, A ;  W isitsoraat, A ;  S rituravan ich , พ . ;  P im p in , A  J. 
E l e c t r o a n a l  C h e m .  20 12 , 685, 7 2 - 7 8 .

(2 4 )  Pereira, ร. V.; B erto lino , F. A ;  F em and ez-B aldo , M . A ;  M essina , 
G. A ;  Salinas, E.; Sanz, M . L; Raba, J . A n a l y s t  20 11 , 1 3 6 ,  4 7 4 5 —4751.

(2 5 ) M ettak oon p itak , J.; B oehle, K.; N an tapho l, ร.; T een g am , p.; 
A dkins, J. A ;  Srisa-Art, M .j H enry , c .  ร. E le c tr o a n a ly s is  20 16 , 28, 
1 4 2 0 -1 4 3 6 .

(2 6 ) Swamy, B. E. K.; V en ton , B. J . A n a l y s t  20 07 , 132, 8 7 6 —884.

4106 DOI: 10.1021 /acs.analchem.6b05042Anal. Chem. 2017, 89, 4100-4107



Analytical Chemistry Article
( 2 7 ) D uran , B.; B rocenschi, R. F.j F rance, M .; Galligan, J . J.; Swain, 

G. M . A n a l y s t  2014 , 139, 3 1 6 0 -3 1 6 6 .
(2 8 ) C h an dra , ร.; M iller, A. D .; Bendavid, A ;  M artin , P. J.; W ong, D. 

K  Y. A n a l .  C h e m .  20 14 , 86, 2 4 4 3 -2 4 5 0 .
( 29) H u tto n , L.; N e w to n , M . E.; U nw in, P. R.; M acpherson , J. V. 

A n a l  C h e m .  20 09 , 8 1 ,  1 0 2 3 -1 0 3 2 .
( 30) L uong, J. H . T .; M ale, K. B.; G lenno n , J . D . A n a l y s t  2009 , 1 3 4 ,  

1 9 6 5 -1 9 7 9 .
(3 1 ) Balm er, K  ร.; B randon , J . R-; C lew es, ร. L.; D hillon, H . IC; 

D od son , J. M .; Friel, L; Inglis, P. N .; M adgw ick, T . D .; M arkham , M . 
L.; M ollart, T . p.; Perk ins, N .; S carsbrook , G. A.; T w itchen , D . J.; 
W h iteh ead , A. J.j W ilm an , J . J.; W oollard , ร. M . / . P h y s .:  C o n d e n s .  
M a t t e r  2009 , 2 1 ,  364221.

( 3 2 ) C o m p to n , R. G .; F oord , J. ร.; M arken, F. E le c tr o a n a ly s is  2003 , 
15, 1 3 4 9 -1 3 6 3 .

(33 ) H u tto n , L. A ;  Iacobini, J . G.; B itziou, E.; C h an n o n , R. B.; 
N ew to n , M . E.; M acp herso n , J. V. A n a l  C h e m .  2 0 13 , 85, 7 2 30—7240.

( 34) K ondo , T .; T am u ra , Y.; H osh ino , M .; W atanabe, T .; Aikawa, T .; 
Yuasa, M .; E inaga, Y. A n a l  c h e m .  20 14 , 8 6 ,  8 0 6 6 —8072.

( 35 ) W atanabe , T .; Ivand ini, T . A ;  M akide, Y.; Fujishim a, A ;  E inaga, 
Y. A n a l .  C h e m .  2006 , 78, 7 8 5 7 -7 8 6 0 .

(3 6 ) G ranger, M . c . ;  W itek , M .; Xu, J.; W ang , J.j H u p ert, M .; H anks, 
A ;  K oppang , M . D .; B utler, J. E.; L ucazeau, G .; M erm oux , M .; S trojek, 
J . พ . ;  Swain, G. M . A n a l .  c h e m .  20 00 , 72, 3 7 9 3 —3804.

( 3 7 ) G ranger, M . C.J Xu, J.; S trojek, J . พ . ;  Sw ain, G . M . A n a l .  c h i m .  
A c t a  1 9 9 9 ,  3 9 7 ,  1 4 5 -1 6 1 .

(3 8 )  Jolley, ร.; K oppang , M .; Jackson , T .; Swain, G. M . A n a l .  C h e m .  
1 9 9 7 ,  6 9 ,  4 0 9 9 -4 1 0 7 .

( 39) van  den  Brink, F. T . G .; Z hang , T .; M a, L.; Borner, J .; O dijk , M .; 
O lthu is, พ . ;  P erm en tie r, H . P .; B ischoff, R.; van den  Berg, A  A n a l  
C h e m .  2016 , 88, 9 1 9 0 -9 1 9 8 .

(40) S tankovic, D. M .; K alcher, K. S e n s . A c tu a to r s ,  B  20 16 , 2 3 3 ,  144— 
147.

(4 1 ) F ischer, A  E.; Swain, G . M . ) .  E le c tr o c h e m . S o c . 20 05 , 1 5 2 ,  
B 3 6 9 -B 3 7 5 .

(4 2 ) K ondo , T .; ud ag aw a , I.; A ikawa, T .; Sakam oto, H .; S h itanda, I.; 
H osh i, Y.; Itagaki, M .; Yuasa, M . A n a l .  C h e m . 20 16 , 88, 1753—1759.

(43) K on do , T .; S akam oto, H .; K ato, T .; H oritan i, M .; Shitanda, I.; 
Itagaki, M .; Y uasa, M . E le c tr o c h e m . C o m m u n .  20 11 , 1 3 , 1546—1549.

(44) K on do , T .; H oritan i, M .; S akam oto, H .; Sh itanda, L; H osh i, Y.; 
Itagaki, M .; Y uasa, M . C h e m . L e t t .  20 13 , 4 2 ,  35 2 —354.

(45) Graeff, F. G.; G uim arâes, F. ร.; D e  A nd rade , T . G. c. ร.; D eak in , 
J .  F. พ .  P h a r m a c o l ,  B io c h e m . B e h a v .  1996 , 54 , 129—141.

(4 6 ) W ang , Y.; W ang , ร.; T ao , L.; M in, Q .; X iang, J.; W ang, Q .; Xie, 
J.; Yue, Y.; พ น , ร.; Li, X.; D ing, H . B io se n s . B io e le c tr o n . 2015 , 65, 31— 
38.

( 47) Patel, A  N .; U nw in , P. R.; M acp herso n , J. V. P h y s . C h e m . c h e m .  
piiys. 20 13 , 15, 1 8 0 8 5 -1 8 0 9 2 .

(4 8 ) Sarada, B. V.; R ao, T . N .; T ryk, D . A ;  Fujishim a, A  A n a l .  C h e m .  
20 00 , 72, 1 6 3 2 -1 6 3 8 .

( 49) W ang, J.; C h en , G .; C h atra th i, M . p.; Fujishim a, A ;  T ryk , D . A.; 
Shin, D . A n a l  C h e m . 2 0 0 3 , 75, 9 3 5 -9 3 9 .

( 50) P o n c h o n ,J .  L.; C espuglio , R-; G o n o n , F.; Jo uve t, M .; Pujol, J . F. 
A n a l  C h e m . 1 9 7 9 ,  S I ,  1 4 8 3 -1 4 8 6 .

(5 1 ) K em per, T .; S o m m er, ร. E n v ir o n . ร ci. T e c h n o l .  20 02 , 36, 27 42— 
2747.

( 5 2 ) C haiyo, ร.; M eh m eti, E.; Zagar, KL; S iangproh, พ . ;  Chailapakul, 
O .; K alcher, K. A n a l  C h i m . A c t a  2016 , 9 1 8 ,  2 6 —34.

( 5 3 ) O ssw ald, ร.; Y ushin, G .; M ochalin , V.; K ucheyev, ร. o . ;  G ogotsi, 
Y . J . A m .  C h e m . S o c . 20 06 , 128, 1 1 6 3 5 -1 1 6 4 2 .

( 54) N an tapho l, ร.; C hailapakul, o . ;  S iangproh, พ .  A n a l  C h i m .  A c t a  
20 15 , 891, 1 3 6 -1 4 3 .

( 55 ) H uang , J . T .; G uo , พ .  H .; H w ang, J .; C h an g , H . A p p l .  P h y s . L e t t .  
1 9 9 6 ,  6 8 , 3 7 8 4 -3 7 8 6 .

(5 6 )  Lagrange, J. p .; D eneuville, A ;  G heeraert, E. D i a m o n d  R e la t .  
M a t e r  1998, 7, 1 3 9 0 -1 3 9 3 .

( 57) G uell, A  G .; M eadow s, K. E.; U nw in, p . R.; M acp herso n , J . V. 
P h y s . C h e m . C h e m . P h y s . 2010 , 1 2 , 10108—10114.

(5 8 ) Vidya, H .; Sw am y, B. E. K  /. M o l  L iq .  20 15 , 2 1 1 ,  70 5 —711.

( 59) N an tapho l, ร.; C hailapakul, o . ;  S iangproh , พ .  E le c tr o  a n a ly s is  
20 14 , 26, 1 0 2 4 -1 0 3 0 .

(60 ) Bai, L.; Y uan, R-; Chai, Y.; Y uan, Y.; W ang , Y.; Xie, ร. C h e m .  
C o m m u n .  20 12 , 48, 1 0 9 7 2 -1 0 9 7 4 .

(6 1 )  K onopka, ร. J.; M cD uffie, B. A n a l .  c h e m .  1970, 42 , 1 7 4 1 -1 7 4 6 .
(6 2 ) Chaiyo, ร.; A piluk, A ;  S iangproh, พ . ;  C hailapakul, o .  S e n s . 

A c tu a to r s ,  B  20 16 , 233, 5 4 0 —549.
(6 3 ) Ram aley, L.; K rause, M . ร. A n a l .  C h e m . 1 9 6 9 ,  4 1 ,  13 62—1365.
(6 4 ) W ang, J.j Lu, J.; H ocevar, ร. B.; Fanas, p . A. M .; O gorevc, B. 

A n a l  C h e m .  20 00 , 72, 3 2 1 8 -3 2 2 2 .
(6 5 ) N ie, Z.; N ijhuis, c .  A ;  G ong, J.; C h en , X.; K um achev, A ; 

M artinez , A  พ . ;  N arovlyansky, M .; W hitesides, G. M . L a b  C h i p  2010 ,

(6 6 ) Xiao, L.; Xu, H .; Z h o u , ร.; S ong, T .; W ang , H .; Li, ร.; G an, พ .;  
Y uan, Q . E le c tr o c h im . A c t a  20 14 , 1 4 3 ,  143—151.

(67) Z hao, D .; G uo , XL; W ang , T .; A lvarez, N .; S hanov, V. N .; 
H einem an , พ .  R. E le c tr o a n a ly s is  20 14 , 26, 4 8 8 —496.

(6 8 ) พ น , Y.; Li, N . B.; L uo, H . Q . S e n s . A c t u a t o r s ,  B  20 08 , 1 3 3 ,  6 7 7 — 
681

(6 9 ) บ . ร. E nv iro n m en ta l P ro te c tio n  A gency. T ab le  o f  R egu la ted  
D rin k in g  W a te r  C o n tam in an ts . 2003.

4107 DOI: 10. ใ 021/acs.analchem.6b05042Anal. Chem. 2017, 89, 4100-4107



Sensors and Actuators R 233 (2016) 540-549

Æ Æ
HI .SEVIER

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

jo u rn a l hom epage: w w w .e ls e v ie r.c o m /lo c a te /s n b

High sensitivity and specificity simultaneous determination of lead, 00ssMark
cadmium and copper using |jiPAD with dual electrochemical and 
colorimetric detection
Sudkate ChaiyoH Amara Apilukb1 Weena Siangprohc'**1 Orawon ChailapakuH’d-* **
a E le c tr o c h e m is tr y  a n d  O p tic a l S p e c tr o s c o p y  R esea rch  U n it (EO SRU ), D e p a r tm e n t  o f  C h e m is tr y , F a c u lty  o f  S c ien ce , C h u la lo n g k o rn  U n iv e rs i ty , 2 5 4  P h a y a th a i  
R o a d , P a tu m w a n , B a n g k o k  ไ0 3 3 0 , T h a ila n d
b C e n te r  f o r  In n o v a t io n  D e v e lo p m e n t  a n d  T e c h n o lo g y  T ra ns fe r, F a c u lty  o f  M e d ic a l T e c h n o lo g y , M a h id o l U n iv e rs i ty , 9 9 9  P h u t ta m o n th o n  4  R o a d , S a la y a ,
N a k h o n  P a th o m  7 3 1 7 0 , T h a ila n d
c D e p a r tm e n t  o f  C h e m is tr y , F a c u lty  o f  S c ien ce , S r in a k h a r in w ir o t  U n iv e rs i ty , S u k h u m v i t  2 3 , W a tta n a , B a n g k o k  1 0 1 1 0 , T h a ila n d
d N a tio n a l  C e n te r  o f  E x c e lle n c e  f o r  P e tr o le u m , P e tr o c h e m ic a ls  a n d  A d v a n c e d  M a te r ia ls , C h u la lo n g k o rn  U n iv e rs i ty , P a tu m w a n , B a n g k o k  1 0 3 3 0 , T h a ila n d

A R T I C L E  I N F O  A B S T R A C T

A r tic le  h is to r y :  A b is m u th -m o d if ie d  e le c tro d e  can  in c re a s e  th e  s e n s it iv i ty  o f  le ad  a n d  c a d m iu m  d e te c t io n .  H o w e v e r,
Received 1 March 2016 u se  o f  a  b is m u th -m o d if ie d  e le c tro d e  in  th e  d e te c t io n  o f  c o p p e r  r e m a in s  l im ite d  b e c a u s e  th e  b is m u th
Received in revised form 11 April 2016 s ig n a l o v e r la p s  w ith  th e  s ig n a l fo r c o p p e r .  In th is  s tu d y , w e  d e v e lo p e d  a  n e w  m ic ro f lu id ic  p a p e r -b a s e d
^ cce1ptle1̂  1 „ anal yt i cal  d e v ic e  ( 11PAD) c o u p le d  w ith  d u a l e le c tro c h e m ic a l  a n d  c o lo r im e tr ic  d e te c t io n  to  o b ta in  h ig h

s e n s it iv i ty  a n d  sp e c if ic ity  fo r  th e  s im u lta n e o u s  d e te rm in a t io n  o f  le ad , c a d m iu m  a n d  c o p p e r .  T he  |i,PAD 
■  is d iv id e d  in to  tw o  p a r ts .  T he  f irs t p a r t  is e le c tro c h e m ic a l  d e te c t io n  fo r  th e  d e te r m in a t io n  o f  le a d  a n d

j  ' c a d m iu m  u s in g  a b is m u th -m o d if ie d , b o ro n -d o p e d  d ia m o n d  e le c tro d e  (Bi-BDDE). T h e  l im it  o f  d e te c t io n
Cadm ium  w a s  ° - ใ ng  mL_1 ( fo r botl1 m e ta ls )- T h e  s e c o n d  p a r t  is c o lo r im e tr ic  d e te c t io n  fo r  th e  d e te r m in a t io n  o f
Copper c o p p e r  b a se d  o n  th e  c a ta ly tic  e tc h in g  o f  s ilv e r  n a n o p la te s  (A gN Pls) by  th io s u lf a te  (S2O 32" ) .  T he  c o lo r  o f
M icrofluidic paper-based analytical device A gN Pls o n  P-PAD c h a n g e d  f ro m  p in k ish  v io le t  to  c o lo rle ss  a f te r  th e  a d d i t io n  o f  c o p p e r ;  th is  c h a n g e  c an  be
Dual de tection  m o n ito re d  b y  n a k e d  e y e s  a n d  its  d e te c t io n  l im it  w a s5 .0  ng  m l r 1 b y  th e  Im a g e  J a n a ly s is . T h e  p ro p o se d

m e th o d  w a s  a p p lie d  fo r th e  s im u lta n e o u s  d e te rm in a t io n  o f  th e s e  th r e e  m e ta ls  in  r e a l  s a m p le s  a n d  no 
s ig n if ic a n t d if fe re n c e s  in  a c c u ra c y  a n d  p re c is io n  w e re  o b se rv e d  c o m p a re d  to  th e  s t a n d a r d  m e th o d .

©  2 0 1 6  E ise v ie r  B .v. All r ig h ts  re s e rv e d .

T. In troduction

Heavy metal ions are hazardous pollutants to living organisms 
that can accumulate in the human body via the food chain and cause 
adverse effects on the immune, central nervous and reproductive 
systems [ 1 ]. Metal ions such as lead (Pb(II)), cadmium (Cd(Il)), cop
per (Cu(II)), mercury (Hg(II)), and zinc (Zn(II)) are serious hazards 
that cannot be degraded in the environment. Therefore, a rapid, 
sensitive, and simple method for the determination of these trace 
heavy metal ions is critically important.

* Corresponding author.
** C orresponding au th o r at: D epartm ent o f  Chemistry, Faculty of Science, Sri
nakharinw irot University. Sukhum vit 23, W attana, Bangkok 10110, Thailand.

E -m a il a d d r es ses :  weena@ gswu.ac.th, weenasi@ liotniaiI.com (พ . Siangproh), 
corawon@ chuia.ac.th (0 . Chailapakul).

Several techniques for the determination o f trace heavy 
metal ions, including atomic absorption spectroscopy (AAS) 12], 
inductively coupled plasma-mass spectrometry (ICP-MS) [3] and 
inductively coupled plasma optical emission spectrometry (ICP- 
OES) [4], are available. However, these techniques have some 
drawbacks; they are time-consuming, costly and require complex 
and expensive instrumentation. Therefore, they are unsuitable for 
field analysis. Currently, electrochemical detection has attracted 
extensive attention due to their intrinsic advantages of simplicity, 
portability, low cost, high sensitivity, and excellent selectivity [5], 
Early electroanalytical methods were frequently conducted w ith 
hanging mercury drop electrodes [6 ] and mercury-film working 
electrodes [71. However, the toxicity of mercury and mercury salt 
for humans and the environment has significantly hindered the use 
of this electrode. Currently, the bismuth-modified electrode has 
attracted considerable interest because its behavior is sim ilar to 
the behavior of a mercury-film electrode and presents significantly 
low toxicity [8 ], Bismuth film  electrodes, formed by electrochemi-

http://dx .doi.org/10.1016/j.snb .2016.04.109 
0925-4005/©  2016 Elsevier B.v. All rights reserved.
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cal deposition on substrates, including glassy carbon electrodes [9], 
screen-printëd carbon electrodes (SPCEs) [10|, carbon paste elec
trode (CPEs) [11] and boron doped diamond electrodes (BDDEs) 
[ 12 [. Among these electrode substrates, the BDDEs offers the most 
favorable electroanaiytical properties. These beneficial properties 
include a wide potential window, a low background current, chem
ical inertness, and the readily renewable surface of the BDDEs [13]. 
Therefore, the BDDEs is a potentially ideal substrate electrode for 
the application o f a bismuth- modified electrode.

Cu(ll) is commonly detected in environmental samples, which 
poses a problem for the environmental analysis of a trace heavy 
metal. The use o f a bismuth-modified electrode for the detection 
of Cu(ll) remains lim ited because the signal of stripping bismuth 
overlaps w ith  the signal of Cu(II) [14,15], Therefore, the simulta
neous determination o f Cu(Il) in samples w ith  other trace heavy 
metals is important and challenging. Based on this problem, the 
development of a simple colorimetric detection to the simulta
neous determination o f Cu(II) w ith trace heavy metals (Pb(ll) and 
the detection of Cd(II)) using a bismuth-modified boron doped dia
mond electrode (Bi-BDDE) is our primary objective.

In 2007, the concept of a microfluidic paper-based analytical 
device (pPAD) was developed by the Whitesides group [16]. The 
pPAD is a new alternative device that can be applied to food anal
ysis, environmental monitoring, and clinical diagnosis due to their 
advantages of simplicity, high throughput, disposability, low sam
ple and reagent consumption, low cost, and portability [17-20], 
Several detectors o f pPADs are proposed: for example, colorimetry 
[17], electrochemical [18], chemiluminescence [19], electrochemi
luminescence [20] and electrical [21] methods. These techniques 
have advantages and disadvantages in terms of sensitivity, sim
plicity and cost-effectiveness. Recently, an interesting sensing 
approach for pPADs involved the realization of a dual-detection 
device. The first hybrid paper-based device, which consisted of 
colorimetric and electrochemical detection, was proposed for the 
simultaneous detection of Au(lll) and Fe(IlI) in industrial waste 
solutions [22]. Although hybrid detection instruments are a feasi
ble alternative to single-type sensing assays, they require multiple 
readout mechanisms.

The objective of this study is to develop pPADs combined 
w ith  dual electrochemical and colorimetric detection for high 
sensitivity, specificity, rapidity, simplicity, portability, and the 
simultaneous determination of Pb(II), Cd(ll) and Cu(II). Electro
chemical detection w ith  bismuth-modified boron doped diamond 
electrodes (Bi-BDDEs) was employed to measure Pb(II) and Cd(Il), 
whereas colorimetric detection for the determination of Cu(II) 
based on the catalytic etching o f silver nanoplates (AgNPls) by thio
sulfate (S20 32^ ) [23] was proposed. เท the presence of Cu(II), the 
catalytic etching system induced a distinct decrease in the size of 
the AgNPls and concomitantly produced a red-shift w ith  a pinkish 
violet to colorless change. The proposed devices were success
fully applied to the simultaneous determination o f Pb(ll), Cd(Ii) and 
Cu(Il) in real samples.

2. Experimental

2.1. Reagents and apparatus

Standard solutions of 1000pgmL~1 Pb(ll), Cd(Il), Hg(Il), Bi(lII), 
As(III), Co(Il) and Zn(II) were purchased from Spectrosol (Poole, 
UK), and standard solutions of lOOOpgmL-1  Ni(II) and A1(I1I) 
were purchased from Merck (Darmstadt, Germany). Copper sulfate 
(CuS04, BDH, UK), ammonium hydroxide (NH4OH, BDH, England), 
sodium thiosulfate (Na2S2 0 3, Sigma-Aldrich, Missouri), hexade- 
cyltrimethylammonium bromide (CTAB, Sigma-Aldrich, Missouri), 
magnesium sulfate (MgSC>4 , Sigma-Aldrich, Missouri), manganese

chloride (MnCl2, Sigma-Aldrich, Missouri), ammonium dichro
mate ((NH4 )2Cr20 7, Sigma-Aldrich, Missouri), ammonium chloride 
(NH4CI, Ajax, Australia), iron chloride hexahydrate (FeCl3 .6H20, 
Merck, Germany), sodium chloride (NaCl, Univar, Redmond, WA) 
and potassium chloride (KC1, Univar, Redmond, WA) were used as 
received. All chemicals were analytical-grade chemicals, ultrapure 
water (resistivity>18.2 M$2.cm at 25 "C) was used to prepare all 
aqueous solutions (obtained from a M illipore M illi-Q  purification 
system).

Electrochemical measurements were performed using 
a m odel-the PGSTAT 101 Autolab Electrochemical 
System—controlled w ith  the NOVA software package (Kanaalweg 
29-G 3526 KM Utrecht, The Netherlands). A three-electrode 
system, in which a silver/silver chloride paste 70/30 (Gwent 
Electronic Materials Ltd., UK) served as the reference electrode, 
a carbon ink (Acheson, California, USA) served as the auxiliary 
electrode and BDDE served as working electrode, was employed. 
The screen-printed block was fabricated by Chaiyaboon Co. Ltd. 
(Bangkok, Thailand). The absorbance measurement was conducted 
by a UV-visible spectrophotometer (HP HEWLETT PACKARD 8453, 
UK) using a 1.0 cm path length quartz cell. Transmission electron 
microscopy (TEM) was recorded by an H-7650 transmission 
electron microscope (Hitachi Model, Japan).

2.2. Design and fabrication o f the piPfi.D

The design of the wax-patterned paper, including the electro
chemical detection zone (cycle, diameter = 1 cm), the colorimetric 
detection zone (cycle, diameter=3 mm), the channel connection 
among the electrochemical detection zone, the colorimetric detec
tion zone (channel, 1 #XPS#9617; x#XPS#9617;l mm) and the 
reference color zone (cycle, diameter = 3 mm), as defined in Fig.lA, 
was created using Adobe Illustrator software (Adobe Systems, Inc.). 
The wax-pattern was printed onto Whatman grade 1 filter paper 
using a solid-wax printer (Xerox Color Qube 8570, Japan). After 
printing the wax pattern, the printed paper is placed on a hot plate 
and the wax on the filter paper is melted and spread through
out the thickness of the filter paper. The wax-covered area was 
hydrophobic, whereas the area w ithout wax was hydrophilic. For 
the electrochemical detection zone, the two electrodes were fabri
cated on wax-patterned paper using the screen-printing method, 
carbon ink served as the counter electrode and silver/silver chloride 
ink served as the reference electrode (Fig. 1A). After each printing 
step, the wax-patterned paper was cured in the oven at 65 °c for 
30 min. The finished product is shown in Fig. 1A. To complete the 
device, a BDD electrode was attached to the wax-patterned paper 
using 8 mm-punched double-sided adhesive tape, and the modi
fied AgNPls at 0.8 pL were dropped onto the colorimetric detection 
zone and the reference color zone. All fabrication procedures o f the 
P-PAD are shown in Fig. 1B.

2.3. Electrochemical detection o fP b(ll) and Cd(Il)

Anodic stripping voltammetry (ASV) was chosen for the deter
mination of trace heavy metals due to its high sensitivity, simplicity, 
speed, low cost and low detection lim its [24], ASV measurements 
were performed w ith  in situ bismuth film  preparation. For the ana
lytical procedures, 50 pL of the mixture between 2 pgm L - 1 Bi(III) 
and appropriate amounts o f Pb(il) and Cd(II) in 0.2 M NaCl solutions 
(pH 6.0) was added to the electrochemical detection zone o f pPAD, 
which caused the solution flows through the channels to the col
orimetric detection zones, whereas the solution covered the three 
electrodes. A preconcentration was performed at -1.2 V for 120 ร, 
where Bi(lll) and the target metals were simultaneously deposited 
on the surface o f the electrode. After the accumulation time, the
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A . Wax-pattered paper

Colorimetric detection zone i?
Reference color zone l

Electrochemical 
detection zone

Counter electrode

Reference electrode

B. Fabrication procedure fo r the PAD

Wax-patterned paper

8 mm- punched 
double-sided 
adhesive tape

Working electrode 
(Boron-doped 

diamond electrode)

The microfluidic paper- 
based analytical device

Drop reagent onto 
colorimetric detection zone 

and reference color zone

c. Ana lytica l procedure fo r metal assays

£
Electrochemical detection o f  Pb(ll) and Cd(II)

Colorimetric detection o f Cu(ll)

Fig. 1. Drawings of P-PAD coupled the  dual electrochem ical/colorim etric detection  
(A). Schem atics of the  fabrication procedure for a P-PAD (B). Analytical procedures 
for the  sim ultaneous determ ination  of Pb(Il), Cd(ll) and Cu(Il) (C).

voltammogram was recorded between -1.2 V and 0.2 V (Fig. 1C). 
All experiments were conducted at room temperature (25 °c).

2.4. Colorimetric detection o f Cu(ll)

AgNPls were synthesized by the reported procedure using the 
chemical reduction process [25], Sodium borohydride and methyl 
cellulose solution served as the reducing agent and the stabilizer, 
respectively, and the shape transformation was achieved using 
a 30% H20 2 solution. AgNPls solutions were obtained from the 
Sensor Research Unit at the Department of Chemistry, Faculty of 
Science, Chulalongkorn University. For the modification of AgN
Pls, 200 fig  mL-1  AgNPls solution was prepared from the dilution 
of lOOOjigmL-1  AgNPls stock solution w ith  0.1 M ammonia buffer 
at pH 11. Subsequently, lO ftL  of 0.1 M CTAB was added to 1 mL 
of 200 figm L~’ AgNPls. Sequentially, 5 fjcL o f 1.0 M Na2ร20 3 were 
added to the CTAB-capped AgNPls followed by incubation of the 
mixture for 5 min at room temperature. To complete the mea
surement, 0.8 p,L of modified AgNPls solution was added to the 
colorimetric detection zone, and 50p,L of standard/sample solu
tion were added to the electrochemical detection zone of fiPAD; 
the solution flowed into the colorimetric detection zone by capil
lary force. The color change in the test zone was observed w ith in 
120 ร. A digital camera (Cannon EOS 1000 D l, Japan) was used to 
record a ftPAD image of the colorimetric measurements. All exper
iments of colorimetric detection were performed in a light control 
box. For the quantitative analysis, the color intensity o f the colori
metric detection area on a P-PAD was measured using ImageJ 1.45s 
(National Institutes of Health, USA).

2.5. Simultaneous determination ofPb(II), Cd(II) and Cu(ll) in 
real samples

2.5. ใ. Stream water and groundwater
Stream water (collected in Saen Saep stream, Bangkok, Thailand) 

and groundwater (collected in Suphanburi, Thailand) were filtered 
through a 0.45 fim  membrane filter to remove suspended particles. 
Subsequently, 2 mL of each sample solution was transferred to a 
volumetric flask and diluted to 10 mL w ith  0.2 M NaCl. The pH of 
the sample solutions was adjusted to pH 6.0 by the addition of NaOH 
solution prior to analysis using the proposed devices.

2.5.2. Rice and fish
The commercial rice and fish samples were purchased from a 

local market. The treatment process was performed according to 
published literature w ith  slight modifications [26 ]. The sample (rice 
or fish) was grinded by a blender machine into a fine powder for the 
rice sample or small pieces for the fish sample. Subsequently, 0.2 g 
of the sample (rice or fish) was digested w ith  3 mL of the mixture 
of HN03 and HCIO4 (1:1). The samples were heated at 100°c for 
4 h to digest the samples and evaporate the solvent. Then, 10 mL of 
0.2 M NaCl was added and heated until a clear solution was formed 
(~1 h).The residue was adjusted to 10 mL w ith  0.2 M NaCl (pH 6.0), 
and the resulting mixture was filtered through a membrane w ith 
a pore size o f 0.45 |im . Prior to measurement, the pH of the digest 
solutions was adjusted to pH = 6.0 by adding an appropriate amount 
of NaOH solution.

3. Results and discussion

3. ใ. Comparison o f the electrochemical response between 
bi-BDDEs and Bi-SPCEs

In our first study, we discussed the attractive stripping behav
ior of bismuth-coated electrodes for trace measurements of Pb(ll) 
and Cd(ll). Fig. 2 shows the ASV analytical characteristics from
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Fig. 2. Anodic stripp ing voltam m ogram s of 5 0 n g m l_' for both Pb(li) and Cd(ll) in 
0.2 M NaCI(pH =6.0) on Bi-SPCE (do tted  line) and Bi-BDDE (solid line). The accum u
lation po tentia l w as -1 .2  V, and the  accum ulation tim e w as 120 ร.

use of a screen printing carbon electrode (SPCE) and a BDDE 
by in situ plating bismuth film  on paper devices. The stripping 
voltammograms were recorded using 0.2 M NaCl (pH = 6.0), which 
contained 50ngm L_1 Pb(Il) and Cd(ll) and 2pigmL_1 Bi(III). The 
stripping peaks were observed at -0.85 V and -0.58 V for Cd(II) and 
Pb(II), respectively, at both bismuth-modified SPCE and BDDE. The 
bismuth-modified electrodes exhibited superior voltammetric per
formance, and yielded well-defined, sharp and separated stripping 
peaks for both Pb(ll) and Cd(Il). The improved stripping responses 
at the bismuth-modified electrodes can be attributed to the fact 
that bismuth can form “ fused" alloys w ith  Pb(ll) and Cd(Il), which 
renders them ready to be reduced [27,28], However, the stripping 
peaks at the Bi-BDDE (solid line) were significantly higher than the 
stripping peak current that was observed on the Bi-SPCE (dotted 
line) by four-fold and five-fold for Pb(Il) and Cd(ll), respectively. 
This suggests that the use of a BDD electrode can enhance the sen
sitiv ity for the determination o f Pb(ll) and Cd(ll) w ith  the proposed 
p,PAD.

3.2. Colorimetric detection o f Cu(II)

For the determination o f Cu(Il) in parallel to the electrochemical 
measurement, we developed a highly selective and sensitive col
orimetric sensor based on the catalytic etching of silver nanoplates 
(AgNPls) w ith  thiosulfate (ร2 0 32“ ). As shown in Fig. 3A, the addi
tion o f Cu(II) and s20 32~ to AgNPls caused a reduction in the sizes 
o f the AgNPls and a distinct change of color from pinkish violet 
to colorless after the addition of Cu(ll). These results explain that 
S2O32- can be strongly adsorbed to the surfaces of the AgNPls to 
form the Ag(S20 3 )23- complexes in the presence of dissolved oxy
gen and the complexes immediately generated a passive layer on 
the surface of AgNPls. For this reason^the etching reaction slowly 
occurred because the surfaces of the AgNPls was blocked by the pas
sive layer. In the presence ofCu(II), the etching rate o f this reaction 
can be accelerated by forming 0 1 (ร2 0 3)35“ , and the complexes can 
also be oxidized to Cu(ll) by dissolved oxygen Eq. (1 ). To understand 
the role of Cu(ll) in the catalytic etching o f AgNPls, the absorption 
spectra of AgNPls was monitored for the conditions ofvaryingCu(H) 
concentrations, as shown in Fig. 3B. The CTAB-stabilized AuNPls 
(CTAB/AuNPls) in ammonia buffer exhibited the absorption spectra 
located at 563 nm (curve a). For the addition of s20 32~ solution, the 
absorption spectra of CTAB/AuNPls are blue-shifted ( \  = 522nm)

and absorbance-decreased (curve b); therefore, the color of the 
CTAB/AuNPls solutions changed from blue to pinkish violet. In the 
presence of Cu(Il), the absorbance at 522 nm decreased when the 
concentration of Cu(Il) increased (curves c and d). The color of the 
solutions gradually changed from pinkish violet to colorless. For 
the detection ofCu(li) on p.PAD, 0.8 pLo fthe  modified AgNPls was 
added to the colorimetric detection zone. The sample solution at 
50 pL was subsequently dropped on the electrochemical detection 
zone and the solution flowed outward via capillary forces to the col
orimetric detection zones. The color at the colorimetric detection 
zones changed from pinkish violet to colorless as the concentra
tion of Cu(II) increased, which could be monitored by the naked

v ' t s s i o , ----------- > cu,ร,0 ,) ,- ,A « < S O ,„ -

( 1 )
As shown in the TEM images, the size of the in itia l AgNPls was 

~30 nm (Fig. 3C). The size of the AgNPls reduced to ~15 nm w ith 
the addition of Cu(II) after incubation for 5 min at room tempera
ture (Fig. 3D), which indicates that Cu(ll) can accelerate the etching 
rate of the AgNPls. The morphology and size changes of AgNPls 
effectively proved the sensing mechanism.

To investigate the selectivity of the modified AgNPls toward 
Cu(ll), different common metal ions, including 10 li-gm ! ^ 1 of K(I), 
Cr(lll), Cd(Il), Zn(ll), As(lll), Mn(Il), Co(II), Pb(U), Al(III), Ni(II), Fe(lII), 
Mg(II), Hg(II) and Bi(III), were tested by this method (the concen
tration at lO pgm L - 1  are excess amount of metal found in the 
environment). As shown in Fig. 4, only Cu(II) ( 100 ng mL- ' ) can etch 
the modified AgNPls and cause the color change o f modified AgNPls 
from pinkish violet to colorless, which suggests that this detection 
system exhibited a high selectivity for Cu(ll) [33,34].

3.3. Optimization o f operation conditions

3.3. ไ. Optimization o f the parameters fo r  the electrochemical 
detection o f Pb(ll) and Cd(ll) levels

The operating conditions and parameters of electrochem
ical detection, including supporting electrolyte, accumulation 
potential, accumulation time and concentration o f Bi(IlI), were 
subsequently investigated. The supporting electrolyte can affect 
both the electrochemical sensor and the colorimetric sensor. The 
preliminary experiments were conducted w ith  aqueous solution, 
including HC1, NaCl and ammonia buffer that served as the sup
porting electrolyte. From the results. 0.1 M HC1 (pH = 2.0) provided 
a high sensitivity for Pb(Il) and Cd(ll) detection because the acidic 
chloride ions are a better ligand for metal ions compared w ith 
other ions [8 ] (as shown in Fig. SI). Conversely, the intensity of 
detecting Cu(II) by colorimetry was attributed to its low sensitivity 
because the ร2 0 32_ was not stable and broke down to form sul
fate, sulfide, sulfite, tetrathionate, trithionate, polythionates and 
polysulfides [29]. For the results of ammonia buffer (pH = 9.0), the 
detection of Cu(If) using a colorimetric sensor provided a high- 
intensity color change. However, the sensitivity o f Pb(ll) and Cd(ll) 
detection decreased because the OH~ may be complexed w ith  Pb(Il) 
or Cd(ll) by forming Pb(OH)2 or Cd(OH)2 [30], Thus, 0.2 M NaCl 
(pH = 6.0) was used throughout this study to optimize simultaneous 
electrochemical and colorimetric detection using the same solution 
because this supporting electrolyte provided not only high sensi
tiv ity  of Pb(II) and Cd(ll) using electrochemistry but also a high 
intensity of Cu(II) by colorimetry.

The effect of accumulation potential on the stripping peaks 
current for Pb(ll) and Cd(Il) was individually examined over the 
potential range of -0 .6  to -1 .4V  vs Ag/AgCl. The accumulation 
potential of -1 .2V  vs. Ag/AgCl was optimal because it yielded the
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Fig. 3. Schem atic m echanism  o f  sensing Cu(II) based on catalytic etch ing of silver nanoplates (AgNPIs) w ith  thiosulfate (S2032~) (A). The abso rp tion  spectra  o f  AgNPIs 
CTAB/AgNPls (a), S2032- /CTAB/AgNPIs (b), S2032“ /CTAB/AgNPls + 50 n g m l r 1 o f  Cu2 (c) and  ร2อ 32 '/CTAB/AgNPls + 200 ng mL_I o f  Cu2* (d) (B). The exp erim en t w as perform ed 
a t room  tem peratu re, and  the  UV-vis spectra was investigated after 5 min. The TEM images of S2C>32-/CTAB/AgNPIs w itho u t Cu(II) (C) and w ith  lOO ngm L -1 of Cu(II) (D).

Table 1
O perating conditions and param eters for the  sim ultaneous determ ination  of Pb(II), Cd(II) and Cu(II).

O ptim ization param eter Range of study Selected
Supporting electrolyte HC1, NaCl, A mmonia buffer pH 9 NaCl
Deposition potential -0 .6  to - 1 .4  V -1 .2 V
Deposition tim e or incubation tim e 0 to 180 ร 120 ร
Concentration of Bi(III) 0.5 to 3  jJLgmL-1 2 fig mL 1
C oncentration of AgNPIs 100 to 900 ngm L '"1 500 p-gmL"1
C oncentration of Na2S2Û3 1 to lOmM 5m M

highest Stripping peak currents (Fig. S2A). The effect of the accumu
lation potential on both electrochemical detection and colorimetric 
detection was examined in the range of 0-180 ร. Fig. S2B indicated 
that the stripping peak currents o f Pb(Il) and Cd(ll) increased w ith 
an increase in the accumulation time. Therefore, an accumulation 
time of 1 2 0  ร was used throughout this study. In addition, this accu
mulation time provides not only high sensitivity but also a short 
analysis time.

Next, the effect of the bismuth film  was optimized by vary
ing the concentration o f the Bi(lll) plating solution in the range 
of 0.5-3 fxgmL-1. As shown in Fig. S2C, the stripping peak currents 
of the Pb(il) and Cd(ll) increased w ith  an increase in concentra
tion o f Bi(Iil) from 0 to 2 (igm L - 1  and subsequently decreased at 
2.5-3 p-gmL' 1 Bi(lll) concentrations, which is probably due to the 
fact that the thick bismuth film  might hinder the mass transfer 
of both metal ions during the stripping step [311. Therefore, the
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Bi(lll) plating solution concentration of 2 p g m lr 1 was chosen for 
the determinations of Pb(Il) and Cd(ll).

3.3.2. Optimization o f the parameters fo r  the colorimetric 
detection o f Cu(II) levels

For the system that contains lOOngmL" 1 of Cu(Il), a number 
of parameters, including the concentrations of the AgNPIs, con
centration o f S2O32- and incubation time were investigated. The 
difference in the color intensity values before and after the addi
tion of Cu(II) ( A 1 = Isampie -  Ibiank)was considered for determining 
the optimal conditions. For the effect o f AgNPl concentration, d if
ferent concentrations of AgNPIs in the range of 1 0 0 -9 0 0  p g m lr 1 

was investigated. The best A I was determined at 500  p g m lr 1 (Fig. 
S3A). Thus, 50 0  p g m lr 1 was used in the subsequent experiments. 
Then, the influence of s20 32“ concentration on AI is examined 
and illustrated in Fig. S3B. The AI increased w ith  an increase in 
the concentration o f s20 32- and slightly decreased above 5.0 mM. 
Therefore, the concentration at 5.0 mM s20 32~ was selected as 
the optimized concentration. The effect of incubation time was 
investigated in the range of 0 -2 1 0 S  as shown in Fig. S3C. The AI 
increased linearly w ith  an increase in incubation time. Then, 120 ร 
was selected as the optimum reaction time to obtain a distinct 
color difference in our paper devices. Table 1 summarized all opti
mum experimental conditions for the simultaneous determination 
of Pb(ll), Cd(II) and Cu(ll) using the proposed pPAD.

3.4. Interferences

For electrochemical detection, the interference study was per
formed by adding common metal ions into a standard solution that 
contains 50ngL~' Pb(Il) and Cd(ll). Using ±5.0% tolerance ratios 
(Fig. 5A), the results indicated that the 1000-fold (green-column) 
K(l), Mg(Il), Mn(II), Al(III), 500-fold (light green-column) As(lll), 
Fe(III), Cr(III), 400-fold (yellow-column) Zn(II), Hg(II), Co(ll), N i(li) 
and 200-fold (red-column) Cu(Il) had no significant effect on the 
signals of Pb(Ii) and Cd(II). For colorimetric detection, the concen
tration of common metal ions was investigated at more than 10 0  

times the Cu(II) concentration ( 100 ng I r 1 of Cu(II) and 10 pg m lr 1 

of K(l), Cr(lII), Cd(II), Zn(II), As(III), Mn(II), Co(II), Pb(H), AI(III), Ni(II), 
Fe(IIl), Mg(ll), Hg(Il) and Bi(lII)).The results indicated that the color 
of solution did not change to colorless after the addition of these 
common metal ions, as shown in Fig. 5B. This finding indicates that

these common metal ions did not interfere in the determination of 
Cu(II) based on the catalytic etching of AgNPIs w ith  s20 32~ using 
pPAD.

3.5. Analytical performance o f ptPAD coupled dual 
electrochemical and colorimetric detection

Calibration curves forthe simultaneous determination o f Pb(II), 
Cd(il) and Cu(II) were achieved by pPAD w ith  dual electrochemical 
and colorimetric detection in optimal conditions. For electrochem
ical detection, the anodic stripping voltammetry (ASV) o f the 
different concentrations o f Pb(II) and Cd(Il) are shown in Fig. 6 . 
The resulting calibration plots are linear over the concentration 
range from 0.5 to 70ngm Lr1 for both Pb(II) and Cd(ll). The detec
tion lim it o f Pb(II) and Cd(II), which was calculated based on three 
times the signal of the background noise (3S/N), were 0.1 ng L r1 

(Pb(II) = 0.48 nM and Cd(II) = 0.89nM) for both target metals. The 
relative standard deviation (RSD) for the electrochemical detec
tion was 4.13% and 4.22% for Pb(ll) and Cd(II), respectively. For 
colorimetric detection, the increasing concentrations o f Cu(ll) in 
the range o f 0 -  450 ng m lr 1 1 the color of the modified AuNPls on 
pPADs gradually changed from pinkish violet to colorless (Fig. 7). 
A linear correlation between AI and the concentration of Cu(II) 
was observed in the range from 10 to 350 ng m lr 1 (as shown in 
inset). We can probably discriminate the concentration of Cu(Il) 
using the naked eye compared w ith  the reference color zone. The 
detection lim it of the colorimetric detection was calculated based 
on 3sd/slope, where sd is the standard deviation of the blank sam
ples and the slope was obtained from the standard correlation curve 
between the intensity of the signals and the concentration of Cu(Il). 
The statistical analysis revealed that the detection lim it of Cu(II) 
was 4.12 n g m lr 1 or 64.8 nM, which is significantly lower than the 
maximum allowable levels of ~20 pM  in the United States, ~30 pM 
in the European Union, and ~31 pM  in Thailand [32].

3.6. Analytical application

A pPAD was successfully applied for the simultaneous deter
mination of Pb(II), Cd(il) and Cu(II) in several samples, such as 
groundwater, stream water, fish and rice samples. The results are 
summarized in Table 2; the% recovery o f the spiked Pb(Il), Cd(li) 
and Cu(II) were 82.2-102.6%, 81.6-102.9% and 71 7-96.9%, respec-



T ab le  2
S im ultaneou s d e te rm in a tio n  o f  Pb(Il), Cd(II) and  Cu(Il) in real sam pl.

Sam ples E lectrochem ical d e tec tion C olorim etric  detec tion
C adm ium Lead C opper
C oncen tra tion  
o f  Cd (II) (ng  
m L'1 )

M ean%Recovery 
(X ±  SD)

RSD (%) C oncentra tion  
of Pb (II) (ng 
mL--1)

M ean%Recovery 
(X ±SD )

RSD (%) C oncentra tion  
o f  Cu (II) (ng 
m L '1)

M ean%Recovery 
(X ±SD )

RSD (%)

A m ount of 
added

A m ount of 
found

A m ount of 
added

A m ount of 
found

A m ount of 
added

A m ount of 
found

G ro un dw ater 0 ND - - 0 ND - - 0 30.93 - -

5 4.24 84.82 ± 2 .8 4 3.34 5 4.74 94.70 ± 4 .3 7 4.62 10 38 23 73.01 ± 4 .5 9 6.29
30 26.37 87 91 ± 1  94 2.21 30 24.66 82.20 ± 5 .2 1 6.34 50 7 5 9 8 90.12 ± 4 .2 3 4 6 9
60 55.68 92.79 ± 1 .5 2 1.64 60 61.59 102.64 ± 3 .6 9 3.60 100 123.43 92.53 ± 3 .2 1 3 4 7

S tream  w a te r 0 ND - - 0 ND - - 0 43.22 - -

5 4.08 81.68 ± 3.09 5 4.62 92 .34 ± 5 .0 6 5.48 10 50.39 71.71 ± 3 .9 3 5.48
30 28.23 94.12 ± 4 .6 0 4.89 30 25.81 86.04 ± 4 .3 8 5.09 50 89.05 91.66 ± 4 .2 3 4.61
60 58.82 98.04 ±  1.89 1 93 60 59.06 98.43 ± 2 .1 0 2.13 100 139.64 96 .42 ± 3  12 3.24

Rice 0 ND - - 0 ND _ _ 0 47.74 - -

5 4.27 85.35 ± 4 .2 6 4.99 5 4.28 85.50 ± 0 .9 6 1.12 10 55.83 80.94 ± 3 .8 4 4.74
30 28.52 95.07 ± 8 .7 7 9.22 30 26.09 86.96 ± 5  73 6.59 50 92.45 89 42 ± 2  12 2.37
60 58.39 97.32 ± 6  59 6.77 60 58.28 9 7 .1 4 ± 3 .6 1 3.71 100 143.22 95 48 ± 1 .3 4 1.40

Fish 0 ND - - 0 ND _ - 0 18.86 - -

5 4.77 95.31 ± 1 .3 9 1.46 5 4.72 9 4 .3 1 ± 3 .0 1 3.19 10 26.23 7 3 .7 2 ± 3 .6 3 4.92
30 30.22 100.72 ± 1 .5 4 1.53 30 28.95 9 6 .5 0 ± 3 .6 5 3 7 8 50 67.32 9 6 .9 2 ± 3 .4 2 3 53
60 61.77 102.94 ± 1  82 1.76 60 59.22 9 8 .7 0 ± 3 .9 5 4.00 100 111.96 93 1 3 ± 1  99 2.14

ND = Not detection.
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Fig. 5. Tolerance ratio of in terfering  ions in the  electrochem ical determ ination  of 50 ng m L -1 of Pb(ll) and Cd(ll) (A). Effect of com m on m etal ions ( 10 p.gmL_1) in the  
colorim etric determ ination  of 100 ng mL-1 of Cu(II) (B). Inset (B): corresponding photographs of the  paper-based sensor a t the  colorim etric  detection  zone a fter the  addition 
of Cu(II) w ith  various com m on m etal ions.

Fig. 6. Anodic stripp ing voltam m ogram s and respective calibration curves or 
increasing concentration  of Pb(Il) and Cd(II) (0 .5 -70  ng mL ■ 1 ) in 0.2 M NaCI so lution 
a t Bi-BDDE.

tively. The excellent average recoveries suggest that the proposed 
method offers benefits for various samples that contain Pb(ll), Cd(ll) 
and Cu(ll). To validate the accuracy o f this method, the results from 
(J.PAD were compared w ith  the results obtained by inductively cou
pled plasma optical emission spectrometry (ICP -  OES). A paired 
t-test at the 95% confidence level was performed; the statistics 
revealed that the tca|cuiated of Pb(Il) and Cd(II) were below tcrjticai 
(4.30), which suggests no significant difference between the two 
methods and indicates the applicability and reliability o f the pro
posed method. 4

4 . C o n c lu s io n s

A new microfluidic paper-based analytical device that com
bines electrochemical and colorimetric detection was developed 
for the simultaneous determination of Pb(II), Cd(II) and Cu(II). The 
bismuth-modified boron doped diamond electrode was employed 
as a working electrode for the highly sensitive determination of 
Pb(ll) and Cd(Il). The specific determination o f Cu(ll) is based on col
orimetric detection using the catalytic etching of silver nanoplates



548 ร. Chaiyo et al. / Sensors and Actuators B 233 (2016) 540-549

40

• • # 0 ■ % If-

350 400 450 ng m L'1

35 

<  30 

25 

20

150 200 250 300 350
C oncentration o f  Cu(II) (ng m l / 1)

450 500

Fig. 7. Photographs of the  paper-based sensor a t the colorim etric detection  zone for the  detection  of Cu(II) a t various concentrations (A). The plo t of the  m ean intensity of 
the  color of the  AgNPls determ ined  by photograph analysis using NIH ImageJ vs. Cu(Il) concentra tion  (0 -4 5 0  ng mL_l )(B). Inset: linear regression analysis and best-fit line in 
the  concentra tion  range o f  ไ0-3 5 0  ng m L -1.

by thiosulfate. In optimal conditions, the minimum detection 
lim its of 0.1 ngL” 1 for both Pb(II) and Cd(ll) were achieved by 
electrochemical detection, and the minimum detection lim its of 
4.12ngmL- 1  of Cu(II) were achieved by colorimetric detection. 
We have demonstrated the ability o f the microfluidic paper-based 
analytical device for the simultaneous determination of Pb(II), 
Cd(II) and Cu(Il) in several samples; they were validated using the 
ICP-OES method, which confirmed the accuracy and reliability of 
the approach. Therefore, we propose that these devices are cost- 
effective and simple for the simultaneous determination of Pb(Il), 
Cd(II) and Cu(II) w ithout the need for complicated instrumentation, 
which could be very useful for food and environmental analysis.
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Chapter IV

The development of microfluidic and/or flow-based systems

Microfluidic systems have been utilized for analysis in a variety o f applications, 

including chemical, biological, medical, environmental and pharmaceutical fields. Taking 

advantages from micron-scale systems, microfluidic devices offer a number o f advantages, 

including small amount o f samples and reagents required, fast analysis time, high analytical 

performances, portability and possibility for high-throughput analysis. Nowadays, 

microfluidics for medical analysis has attracted considerable attraction because o f its high 

potentia l to  be developed as point-of-care (POC) medical diagnostic systems. One o f the 

most challenging tasks for developing microfluidic systems for POC analysis is tha t a system 

should be rapid, simple to  use (less equipment and training), cost-effective, reliable and 

easily interpretable. Herein, a simple microfluidic system is developed for medical 

applications and further applied to  be a microfluidic-based POC system and would be 

eventually attained to  be a home-care device. There are 4 publications obtained from this 

project as shown below:

1. P. Rattanarat, p. Teengam, พ . Siangproh, R. Ishimatsu, K. Nakano, O. Chailapakul, T. Imato, 

An Electrochemical Compact Disk-type Microfluidics Platform for Use as an Enzymatic 

Biosensor, Electroanalysis, 27 (2015) 703-712.

2. p. Rattanarat, A. Suea-Ngam, N. Ruecha, พ . Siangproh, c.s. Henry, S.A. Monpichar, 0.

Chailapakul, Graphene-polyaniline modified electrochemical droplet-based microfluidic



sensor for high-throughput determination of 4-aminophenol, Analytica Chimica Acta, 925

(2016) 51-60.

3. A. Suea-Ngam, P. Rattanarat, 0. Chailapakul, M. Srisa-Art, Electrochemical droplet-based 

microfluidics using chip-based carbon paste electrodes for high-throughput analysis in 

pharmaceutical applications, Analytica Chimica Acta, 883 (2015) 45-54. (IF 2015 = 4.712)

4. A. Suea-Ngam, p. Rattanarat, K. Wongravee, 0. Chailapakul, M. Srisa-Art*, Droplet-based 

glucosamine sensor using gold nanoparticles and polyaniline-modified electrode, Talanta, 

158 (2016) 134-141. (IF 2015 =4.035)

To overcome the lim itation o f batch system in term o f time-consuming and 

require large volume o f reagent. Flow-based analysis systems for various applications have 

been reported by several research groups to  increase the speed and reproducibility of 

analytical methods. The present project describes the use o f an automated sequential 

injection analysis (SIA) system and highly sensitive electrochemical detection for the 

determination o f many kinds o f target analytes in real samples. There are tw o reasons 

prompted U S  to  develop the automatic system for analysis. Firstly, the introduction o f 

selection valve analysers has made the measurements o f analyte concentrations more 

generally available, and they are often made when they are requested. Furthermore, 

there are few publications that support the use o f the automatic system for detection. This 

accurate and precise proposed system should be useful to routine analysis. There are 4

publications obtained from this project as shown below:



1. ร. Chaiyo, O. Chailapakul, พ. Siangproh, Highly sensitive determination of mercury using

copper enhancer by diamond electrode coupled w ith sequential injection-anodic stripping 

voltammetry, Analytica Chimica Acta, 852 (2014) 55-62.

2. E. Punrat, c. Maksuk, ร. Chuanuwatanakul, พ. Wonsawat, 0. Chailapakul, 

Polyaniline/graphene quantum dot-modified screen-printed carbon electrode for the rapid 

determination o f Cr(VI) using stopped-flow  analysis coupled with voltammetric technique, 

Talanta, 150 (2016) 198-205.

3. P. Ruengpirasiri, E. Punrat, 0. Chailapakul, ร. Chuanuwatanakul, Graphene Oxide-Modified 

Electrode Coated with in-situ Antimony Film for the Simultaneous Determination o f Heavy 

Metals by Sequential Injection-Anodic Stripping Voltammetry, Electroanalysis, 29 (2017) 

1022-1030.

4. E. Punrat, p. Tutiyasarn, ร. Chuanuwatanakul, พ . Wonsawat, o . Chailapakul* Determination 

o f nickel(ll) by ion-transfer to  hydroxide medium using sequential injection-electrochemical 

analysis (SIECA), Talanta, 168 (2017) 286-290.

The detail o f each work is shown in the follow ing part.
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Abstract: A novel centrifuge-based micro fluidic device 
coupled with an electrochemical detector for the determi
nation of glucose in control human serum is described. 
The electrochemical compact disk (eCD) platform was 
based on a poly(dimethylsiloxane) (PDMS) material con
taining reservoir, a mixing chamber, a spiral channel, 
a carbon-paste electrode (CPE) detector, and a waste re
servoir. For electrode fabrication, a mixture consisting of 
cobalt phthalocyanine (CoPC), graphite powder, PDMS, 
and mineral oil was printed and formulated into 
a PDMS-bascd electrode pattern. To enhance electro
chemical sensitivity, a graphene-polyaniline (G-PAN1) 
nanocomposite solution was cast onto the working elec
trode surface. During the rotation of the eCD platform at 
a rotation speed of -lOOOrpm, a glucose solution and 
a glucose oxidase solution in separated reservoirs were

mixed in a spiral channel to produce hydrogen peroxide 
by an enzymatic reaction. The produced hydrogen perox
ide was determined using the electrode detector set at an 
applied potential of +0.4 V vs. CPE (pseudo reference 
electrode). Under optimal conditions, a linear calibration 
ranging from 1 to 10 mM with a limit of detection (L O D ) 
of 0.29 mM (ร พ =3) and a limit of quantitation (L O Q ) 
of 0.97 mM.(■ รพ =10) was obtained. Various common in
terference compounds including ascorbic acid, uric acid, 
paracetamol, and L-cysteine were tested. Finally, glucose 
in control serum samples containing certified concentra
tions were amperometrically determined and validated. 
Glucose levels measured using the eCD system matched 
actual values for the certified reference serum samples 
with satisfactory accuracy.

Keywords: Compact disk-type microfluidics • Electrochemical detection • Glucose oxidase • Human serum

1 Introduction
Miniaturized systems including test strips and microfluidic 
devices continuously used in numerous applications such 
as point of care testing, agricultural quality control, food 
analysis, and environmental monitoring [1-4]. With its ca
pability, which including portability, prompt response 
time, and low cost of manufacturing, miniaturized testing 
devices have proven to be beneficial for handling on-site 
analysis in remote areas. In terms of clinical diagnosis, the 
devices can act as a preliminary screening tool which 
would be able to reduce potential risks associated with 
aggressive diseases and improve the quality of life for 
many people. Microfluidics is an innovative technology 
platform which is geometrically designed in sub-millime
ter scale. This device is frequently fabricated on glass [5] 
or a polymer [6] containing a micropattern platform. In 
general, the flow of liquids through their channels can be 
controlled using liquid mechanical pumping or a high 
voltage power supply for normal flow injection and elec- 
trokinetic systems [7-8], respectively. For detection, vari
ous common analytical measurements comprising of opti
cal imaging [9], absorbance [10] and fluorescence spec
troscopy [11], and mass spectrometry [12] have been 
used. The main disadvantages of complicated propulsion 
and detection systems are their high cost and difficulty to 
couple with miniaturized systems for fieldwork applica

tions. Therefore, all of these developments present novel 
analytical challenges which need to be addressed.

Compact disk (CD)-based microfluidics is a new class 
of miniaturized high-throughput screening systems incor
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porate various laboratory functionalities such as sampling, 
mixing, reaction, and detection [13-14]. The testing and 
reagent solutions are allowed to flow by centrifugal force. 
Furthermore, the flow rate can be varied by adjustment 
of the speed of rotation of the disk via the use of a porta
ble rotary motor system. The solution from the reservoir 
located at the center of the disk is pumped through the 
channels and then flows towards to outer perimeter of 
disk. The advantageous centrifugal pumping is that it is 
relatively insensitive to physicochemical properties such 
as pH, ionic strength or chemical composition (in contrast 
to electroosmotic pumping). The utility of CD technology 
has progressed and is not used in applications in biomedi
cal diagnosis, food' safety, and environmental monitoring. 
Some reports [13,15-18] have concentrated on measuring 
several analyte of interest using CD microfluidics. For ex
ample, various applications have been reported including 
enzyme-linked immunosorbent assay (ELISA) for rat im
munoglobulin G (IgG) [18] and immunoglobulin A (IgA) 
[15], cultivation and behavioral observation of C a e n o -  
r h a b d i t i s  e le g a n s  [17], a label-free haptoglobin assay [13], 
and simultaneous determination of cationic and anionic 
nutrients (nitrite, nitrate and nitrite, ammonium, ortho
phosphate, and silicate) in water samples [16]. All of 
these analyses used spectrophotometric detection. To the 
best of our knowledge, only a few publications concerning 
electrochemical detection in centrifugal CD-based micro
fluidics have appeared.

Electrochemical detection offers great promise with ex
cellent features including remarkable sensitivity, inherent 
miniaturization of both the detector and control instru
mentation [3,19-21], Moreover, this technique is inde
pendence of sample turbidity or optical path length, is 
low cost, and power demands are minimal. Among the 
electrochemical enzymatic sensors, glucose sensors have 
been broadly developed because their effectiveness in the 
point-of-care testing of diabetic human subjects. Over the 
past five decades, the classical glucose biosensor was 
based on the consumption of oxygen due to an enzymatic 
reaction between glucose and glucose oxidase (GOx) and 
measurement of hydrogen peroxide (H20 2), the product 
of the reaction [22]. Unfortunately, a high applied poten
tial value of H20 2 electro-oxidation for amperometric de
tection is required [23].

As a result, the objective of this research was to devel
op a novel CD-based microfluidics instrument coupled 
with a screen-printed electrode for the determination of 
glucose. To accomplish this, a screen-printed carbon paste 
electrode was first incorporated onto a CD-based micro
fluidics platform for in-microchannel detection within the 
CD-flow pattern. Outstanding electrode modifiers con
sisting of graphene-polyaniline (G-PANI) nanocomposite 
and cobalt phthalocyanine (CoPc) electrocatalyst were se
lected to reduce the applied potential to 0.4 V. vs. CPE 
for monitoring the H20 2 product produced in the enzy
matic reaction. This modified electrode also enhanced the 
electrochemical response of produced H20 2 [24-25]. Due 
to the centrifugal force, a test sample solution and a glu

cose oxidase (GOx) (an enzyme) solution were physically 
mixed at the mixing chamber of the CD microfluidics 
platform. Significant parameters including rotating speed, 
applied potential, GOx concentration were then opti
mized. Common interfering substances at the highest 
levels that are present in in human serum (except parace
tamol) have a negligible effect towards glucose detection. 
Finally, our proposed method was applied to the quantita
tion of glucose in human serum and the results were 
found to be acceptable.

2 Experimental
2.1 Chemicals and Reagents

The รบ-ร negative photoresist and developer were pur
chased from MicroChem Corp. (Newton, MA). All chem
icals were analytical grade. The following materials and 
chemicals were used as received: mineral oil (Perkin 
Elmer, Thailand), graphite powder (<20pm, Sigma-Al- 
drich, Singapore), and poly(dimethylsiloxane) (PDMS) 
Sylgard 184 elastomer kit (Dow Corning, USA). Sodium 
chloride (NaCl), disodium hydrogen phosphate 
(Na2H P 04), potassium dihydrogen phosphate (KH2P 0 4), 
potassium chloride (KC1) and albumin were purchased 
from Wako Pure Chemicals Industry (Japan) for prepara
tion of phosphate buffer saline (PBS) 0.1 M pH 7.4. Glu
cose oxidase (GOx) and potassium ferricyanide 
(K3[Fe(CN)6]) were obtained from Sigma-Aldrich (Singa
pore). Glucose (Glu), dopamine hydrochloride (DA), as
corbic acid (AA), uric acid (UA), paracetamol (PA), cys
teine (Cys), citric acid, fructose, glycine, urea, and albu
min were purchased from Wako Pure Chemicals Industry 
(Japan). Polyaniline and camphor-10-sulfonic acid 
(QoH 16O4ร) were purchased from Merck (Darmstadt, 
Germany). Graphene (G) was purchased from A. c . s  

(Medford, USA). Control human serum samples consist
ing of level I and II were obtained from Aalto Scientific, 
Ltd. (San Marcos, CA, USA). Millipore filtered water on 
a Milii-Q system (Nihon Millipore, Tokyo, Japan) was 
used throughout this experiment.
2.2 Fabrication o f E lectrochem ical Com pact-D isk (eC D
system)

2 .2 .1  C o m p a c t - D is k  M ic r o f lu id ic  P la t fo r m
Figure 1 a shows the conceptual design of the compact- 
disk microfluidics set up, comprised of 2 layers of PDMS- 
based microchannel and electrode. The configuration of 
eCD platform was described as follows; for upper PDMS 
layer, microchannel width was 500 pm while the thickness 
was 100 pm. The reservoir diameter on the CD platform 
was 5 mm. The radius between each reservoir and the 
center of the compact disk was 35 mm and 27 mm for 
testing solution and washing solution, respectively. Micro
Channel was constructed of PDMS using a soft lithogra
phy method as follows [26]. Briefly, the รบ-ร negative 
photoresist was coated onto a silicon wafer substrate
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Fig. 1. a) Concept design of eCD microchip consisting of 1: washing solution reservoir, 2: enzyme reservoir, 3: sample reservoir, 4, 
spiral mixing channel, 5, G-PANI/CoPc-CPE, 6 : detection zone, and 7: waste reservoir, b) Rotating speed set up to the centrifugal 
force for controlling the delivery of the solution system inside CD microchip within 450 ร (Inset) captured frames obtained from high 
speed camera.

using a spin coater (K-359S1, Kyowariken, Tokyo, Japan) 
at 500 rpm for 20 ร and 2000 rpm for 30 ร, respectively. 
The silicon substrate was baked at 65°c for 5 min and 
95°c for 45 min. The transparent films containing the mi- 
crochannel and electrode design (Figure 1 a) were aligned 
onto the baked silicon wafer. The baked silicon wafer was 
then exposed to ultra-violet (UV) light using u v  expo
sure device (BOX-W98, Sunhayato, Tokyo, Japan). The 
รบ-ร master template of CD microfluidic was obtained 
after treating by รบ-ร developer and isopropanol, respec
tively. Next, the mixture between PDMS and a curing 
agent in a 1 0 :1  ratio was prepared and degassed under 
vacuum conditions to remove air bubbles in the PDMS

mixture. The clear PDMS mixture was poured over both 
รบ-ร masters and baked in an oven at 65°c for at least 
2 h. The cross-linked PDMS was peeled off the mold and 
punched by using a circular punch to create the reser
voirs.

2.2.2 G r a p h e n e -P o ly a n i l in e  N a n o c o m p o s i t e  M o d i f i e d  
C o b a l t  P h th a lo c y a n id e - C a r b o n  P a s te  E le c tr o d e  ( G - P A N I /  
C o P c - C P E )
We followed the previous procedures reported by Samee- 
noi et al. [27] to fabricate the screen-printed carbon-paste 
electrode for in-channel detection within the CD micro
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fluidics platform. First, CoPC and a graphite composite 
(10% พ/พ) was prepared by adding CoPc to graphite 
powder and mixing with diethylether to provide a well 
homogenized CoPc-graphite mixture. The diethylether 
was completely evaporated to produce a dehydrated 
powder of 10% (พ/พ) CoPc-graphite composite. Next, 
a paste comprised of CoPc-graphite powder, PDMS, and 
mineral oil in a ratio of 2 :1:1 was extensively mixed and 
then spread onto the PDMS electrode channel. Excess 
carbon paste was removed using Scotch Magic Tape until 
a clear carbon paste electrode was obtained.

For the electrode modifier, graphene-polyaniline (G- 
PANI) nanocomposite was prepared using a liquid/liquid 
interfacial polymerization method [28]. Briefly, graphene 
powder was dispersed in a hydrochloric acid solution con
taining FeCl3, which was used as the water phase. The oil 
phase was prepared by dissolving aniline monomer in 
chloroform. Both solutions consisting of an oil and 
a water phase were transferred to a beaker and the poly
merization of polyaniline was allowed to proceed for 
2 days. Finally, the product was collected by filtration and 
rinsed with distilled water, following drying step in 
a vacuum oven at 60 °c for 1 day. A JEM-2100 transmis
sion electron microscope (Japan Electron Optics Labora
tory Co., Ltd, Japan) was used for the electrode charac
terization.

In the next step, the G-PANI nanocomposite was redis
persed in an NMP solution and carefully cast onto surface 
area of the carbon-paste working electrode. The cast CPE 
was baked in an oven at 65 °c. For both electrochemical 
sensing in batch and eCD systems, a second PDMS layer 
(consisting of 8 mm diameter hole or CD microchannel) 
was plasma-sealed to PDMS layer containing G-PANI/ 
CoPc-CPE. The actual working electrode area for the 
batch system was 4 mm2 while the eCD system was 
0.25 mm2. Finally, copper wires were connected to the 
end of the CPE using silver paint (SPI supplies, West 
Chester, PA) and epoxy glue, respectively.

2.3 Centrifugal Rotating Procedure
The eCD microchip was set on a turn table fabricated by 
Kyusgu Keisoku Co., Ltd., Japan. Prior to the analysis, 
10 [iL  of 0.1 M PBS was added to reservoir No. 1 used as 
the washing solution while 10 pL aliquots of 100 U/mL 
GOx and the test solution were dropped into reservoirs 
No. 2 and 3, respectively. Scotch Magic Tape was also 
used to cover all reservoirs and the waste area to prevent 
the leakage of solution during rotation of the CD micro
chip. The Lab View software was used to control the ro
tating speed of the CD microchip by adjusting the applied 
voltage. In order to observe flow characteristic in the CD 
microchannel, a high speed camera (VW-Z1, Keyence, 
Co., Japan) was used to indicate the required rotating 
speed to provide the optimal centrifugal force to initiate 
solution flow. Figure 1 b shows a captured photograph 
using a pink Rose Bengal solution for visible observation 
within the CD microchannel. The speed of rotation was

increased to 957 rpm within 30 ร and maintained at the 
same speed for 390 ร to generate a solution flow via cen
trifugal force. The mixing solution from reservoir No. 2, 3 
and the flow of the washing solution were generated, re
spectively. All solutions had completely flowed to the 
waste reservoir within 400 ร.

2.4 Electrochemical Detection of Glucose
For cyclic voltammetry and amperometry, a commercially 
available potentiostat (ALS/chi Electrochemical Analyzer 
Model 715AN, CH instruments, Austin, TX, USA) was 
used. The working electrode was either a G-PANI/CoPC- 
CPE or a CPE. The auxiliary and reference electrodes 
were CPE. All experiments were conducted at room tem
perature. For the batch system, cyclic voltammetry was 
used to characterize the electrochemical performance of 
the bare CPE and the G-PANI/CoPc-CPE. A cyclic vol- 
tammogram of hydrogen peroxide (H20 2) was recorded 
in the range of -0.2 to 1.0 V vs. CPE at scan rate of 
100 mV/s.

An amperometric method was used for the detection of 
produced H20 2 in the eCD microchip system. To optimize 
the amperometric applied potential, hydrodynamic vol
tammetry in a range of 0.2-0.8 V vs. CPE was examined. 
The hydrodynamic voltammogram was plotted between 
the peak current and applied potential. The amperomet
ric measurements were performed at the potential of 
0.4 V vs. CPE which obtained from the maximum signal- 
to-background (S I B )  ratio in the hydrodynamic voltam- 
mograms. A calibration graph between the anodic current 
and glucose concentration was created using the linear 
least square regression method. The limit of detection 
(L O D ) and the limit of quantitation (L O Q ) were calcu
lated from 3 S D b[IS  to 10XDb|/,S, respectively, where S D b 1 is 
the standard deviation of the blank measurement (ท =  7) 
and ร is the slope of the linearity or sensitivity of the 
method. In addition, the selectivity in this work was ex
amined by observing whether any electroactive interfer
ence, present as a main component in normal human 
serum was an issue. For glucose determination in control 
human serum, all samples were directly tested using the 
eCD microchip system without any pretreatment proce
dure.

3 Results and Discussion
3.1 eCD Design
To investigate the flow characteristic of a solution within 
a channel, the fluidic manipulation of Rose Bengal solu
tions inside the microfluidic platform was recorded using 
a high-speed CCD camera. Images of the solutions in the 
reservoir at each rotation speed are shown in Figure 1 b. 
When the rotation speed was increased (at 0-30 ร), the 
solutions were forced by centrifugal force to flow toward 
the bottom side of reservoir No. 2 and 3. At 30 ร, the solu
tion in reservoir No. 2 and 3 flowed out and mixed at

•ร̂ ชุ'1’''- \
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a critical rotation speed of 957 rpm. At 150 ร, the solution 
was moved to the electrochemical detection zone while 
the washing solution was started to flow at 180 ร with the 
same critical rotation speed. Finally, all of the solutions 
had completely flowed out and moved to the waste reser
voir at 400 ร. The mixing between solutions in reservoirs 
No. 2 and 3 occurred simultaneously due to the similar 
distance between the channel inlet and the center of the 
CD. Moreover, the washing solution in reservoir No. 1 
which was located at a shorter distance from the center of 
the CD, was subjected to a higher centrifugal force. Thus, 
the solution in reservoirs No. 2 and 3 began to flow 
before the solution in reservoir No. 1 with a calculated 
flow rate of 0.17 pL/s. In addition, the solution in reser
voir No. 2 and 3 can be completely mixed in 120 ร within 
a spiral channel which is beneficial for the reaction time 
of glucose and glucose oxidase which require a mixing 
time of at least 2 min. As a result, our system is particu
larly suitable for use in an enzymatic assay in the micro
chip channel with a simple manual operation and substan
tially reduced reagent consumption.

3.2 H20 2 Detection of G-PANI/CoPc-CPE
An electrochemical enzymatic biosensor based on glucose 
oxidase (GOx) has played an important role in simple 
easy-to-use blood glucose testing. H20 2, the product of 
the reaction between glucose and GOx was electrochemi- 
cally measured at the electrode. Therefore, the amount of 
H20 2 produced in the GOx reaction can be used to indi
rectly determine glucose levels. In this work, a G-PANI/ 
CoPc-CPE was used for the sensitive detection of H20 2 
and glucose using cyclic voltammetry and amperometry. 
An electrode modifier comprised of a CoPc electrocata
lyst and a G-PANI nanocomposite was used. The role of 
the CoPc is to provide electrocatalytic activity by reduc
ing the working potential of the carbon-paste electrode as 
follows [29]. First, Co(III) is chemically reduced by HzO2 
to Co(II). Then, Co(II) is electrochemically oxidized to 
Co(III). Moreover, a G-PANI nanocomposite can be 
used to enhance the electrochemical sensitivity of the 
electrode due to the large surface area of its nanostruc
ture [24-25]. Comparison of electrochemical performance 
between G-PANI/CoPc-CPE and bare CPE are illustrat
ed in Figure 2 a.

Compared to a bare CPE (dashed line), a well-defined 
irreversible anodic peak with a significant increase in 
anodic current of H20 2 by using G-PANI/CoPc-CPE was 
observed, indicating that G-PANI nanocomposite and 
CoPc electrocatalyst might be a promising electrode 
modifier for sensitive detection of glucose due to its ex
cellent electrocatalytic activity.

Figure 2 b shows the amperometric response of 1 mM 
H 20 2 in 0.1 M PBS pH 7.4, obtained from the eCD 
system based on a G-PANI/CoPc-CPE. According to the 
period of time required for the H20 2 solution to flow to 
the electrode surface (between 150 to 300 ร), the anodic 
current decreased with time which is related to the Cot-
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Fig. 2. a) Cyclic voltammograms of 1 mM H 20 2 in 0.1 M PBS 
pH 7.4 measured in electrochemical batch cell based on a G- 
PANI/CoPc-CPE (solid line) and bare CPE (dashed line) at 
a scan rate of 100 mV/ร. b) Amperogram of 1 mM H20 2 in 0.1 M 
PBS pH 7.4 measured by eCD system based on a G-PANI/CoPc- 
CPE. c) Comparison of reference potential between the CPE 
and standard Ag/AgCl electrode.
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trel equation [30], The anodic current then decreased be
cause the washing solution passed through the electrode 
surface. For the further determination of glucose using 
the eCD system, the amperometric currents were record
ed at a steady state current of 300 ร (before the signal 
dropped) [31].

To investigate reference potential of CPE compared to 
the standard Ag/AgCl electrode, a cyclic voltammogram 
of the 1 mM ferrocyanide solution was obtained as shown 
in Figure 2 c. The reference potential of CPE was found 
to be lower than that of the standard Ag/AgCl reference 
electrode by 0.22 V. The cathodic potential shift might be 
due to the fact that the working and reference electrodes 
were fabricated from the same carbon-based material and 
immersed in the same testing solution [32]. Moreover, 
stability and reproducibility of the potential of CPE as 
the reference electrode were tested. The % R S D  obtained 
from cyclic voltammetric measurements of the 1 mM fer
rocyanide solution for both 30 experimental runs (ท = 30) 
and 10 different carbon-paste electrode were found to be 
less than 5%. Therefore, this CPE can be also used as 
a reference electrode with acceptable stability.

3.3 Optimization of Conditions
Various optimization conditions were examined, including 
applied potential, rotating speed, and GOx concentration.

3 .3 .1  A p p l i e d  P o te n t ia l
To obtain the optimal potential for amperometric detec
tion in the eCD system, the hydrodynamic voltammetry 
of 1 mM H20 2 was studied, as shown in Figure 3 a. A hy
drodynamic voltammetric i - E  curve obtained at the G- 
PANI/CoPc-CPE electrode for 1 mM H20 2 (solid line) vs. 
0.1 M PBS pH 7.4 (dashed line).

The anodic current of H20 2 obviously increased as 
a function of the detection potential; however, the back
ground current increased as well. The S IB  ratios were cal
culated from the data in Figure 3 a at each potential. The 
resulting curve for the S IB  ratios vs. potential is shown in 
Figure 3 b.

The result shows that the maximum S IB  ratio was 
found to be 0.4 V vs. CPE. Higher potentials over 0.8 V. 
vs. CPE were not investigated in order to reduce the ten
dency for interfering compounds (e.g. ascorbic acid (AA), 
uric acid (บA), and paracetamol (PA)) to be oxidized
[23]. Therefore, this optimal applied potential of 0.4 V vs. 
CPE was selected for quantitative amperometric detec
tion in the eCD experiments.

3 .3 .2  R o ta tin g  S p e e d
The speed of rotation of eCD is related to the flow rate 
of the solution. When the rotating speed is increased, the 
flow rate of a solution within the microfluidic platform 
also increases. Figure 4a displays amperograms for

80

—o—  H ydrogen  p e ro x id e  1 m M  
BG

Applied potential (V) vs. CPE

20 b)

15 /  \

1  J1 10 : /

1 ..............................

0.2 0.4 0.6 0.8
Applied potential (V) vs. CPE

F ig . 3 . a )  A  h y d r o d y n a m i c  v o l t a m m e t r i c  i - E  c u r v e  o b t a i n e d  a t  
t h e  G - P A N I / C o P c - C P E  e l e c t r o d e  f o r  1 m M  H 20 2 ( s o l id  l in e )  
v e r s u s  0 .1  M  P B S  p H  7 .4  ( d a s h e d  l in e ) ,  b )  A  s ig n a l - to - b a c k -  
g r o u n d  ( ร / ร )  r a t i o s  e x t r a c t e d  f r o m  F i g u r e  3  a .

a 1 mM H20 2 solution obtained using different rotating 
speeds in the range of 957-1598 rpm.

The results show that the peak width decreased with in
creasing flow rate, as increasing the rotation speed. 
Lower flow rates below 957 rpm were not studied because 
the flow of all solutions through the electrochemical de
tection zone was incomplete. The anodic current for H20 2 
increased with rotating speed in the range of 957- 
1085 rpm. This result can be explained by the fact that 
the diffusion layer on the working electrode becomes 
thinner due to increase in the rotation speed. However, 
the anodic current decreased at higher rotating speed 
than 1085 rpm. The limited electrode response at fast ro
tating speeds higher than 1085 rpm may be attributed to 
the shorter residence time for the charge transfer reaction 
of the oxidation of hydrogen peroxide occurring at the 
electrode surface. Indeed similar results have been re-
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ported [33-34]. Although a rotating speed at 1085 rpm As a result, the optimal rotating speed in this eCD
provided the highest oxidation current of H20 2, the system was found to be 957 rpm.
mixing time is shorter than a rotating speed of 957 rpm.
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Fig. 6. Calibration curve and amperogram (Inset) for glucose assay using eCD system based on a G-PANI/CoPc-CPE at applied po
tential of +0.4 V  vs. CPE.

3 .3 .3  G O x  C o n c e n tr a t io n

The influence of GOx concentration in reservoir No. 2 on 
the response to the 2mM glucose substrate was investi
gated. The current increased rapidly when the GOx con
centration was increased from 0 U/mL to 100 U/mL, and 
then reached a plateau from 100 U/mL to 200 U/mL. We 
believe that this plateau phenomena is due to the com
plete consumption of glucose by an excess GOx concen
tration. Therefore, the optimal concentration was found 
to be 100 U/mL.

3.4 Analytical Performance
The optimized conditions for glucose detection using the 
eCD system consisting of 100 U/mL GOx, an applied po
tential of +0.4 V vs. CPE, and a rotating speed of 
957 rpm were used to construct the calibration curve, 
which is shown in Figure 6 . Using the optimal conditions, 
the linear calibration was in the range of 1 to 10 mM with 
a correlation coefficient of 0.996 and relative standard de
viation (% R S D ) of 4.26%.

The limit of detection (L O D 1 S I N = 3 )  and limit of 
quantitation (L O Q , S I N ะ= 1 0 )  were found to be 0.29 mM 
and of 0.97 mM, respectively. These results indicate that 
our eCD system provided a low detection limit and 
a wide linear range for the determination of glucose. Usu
ally, the normal glucose levels in whole blood and serum 
are in the range of 3.5-5.3 mM and 2.5-5.3 mM, respec
tively [35]. Our eCD can be effectively used for measure
ments in this range; therefore, this proposed system can 
be applied to the determination of glucose in both whole 
blood and serum within our linear calibration range.

Although the L O D  and L O Q  values reported here are 
higher than those reported in previous studies [29,36-39], 
our eCD system requires an extremely low sample 
volume (only 10 p.L) for each glucose assay. In addition,

this proposed method included all of these steps, i.e., 
sample-enzyme mixing, electrochemical measurement, 
and washing steps; therefore, it provides more advantages 
than conventional electrochemical batch systems in that 
the for an analysis and reagent/sample consumption are 
reduced substantially. Moreover, our eCD system can be 
designed to perform the simultaneous determination of 
various biomarkers within a single CD system. The simul
taneous detection using various oxidase enzyme reactions 
(e.g. cholesterol oxidase, lactase, uricase) can be also con
ducted within a single eCD device. Thus, measurements 
using this eCD approach can be an ideal platform for an 
on-site and universal screening for medical diagnosis.

3.5 Interference study
In order to evaluate the selectivity of this eCD system, 
the effect of various foreign compounds on the determi
nation of 2 mM glucose by the proposed method was in
vestigated.

Generally, for the electrochemical detection of glucose 
in biological fluids, some coexisting electroactive species 
including ascorbic acid (AA), uric acid (UA), paraceta
mol (PA), and L-cysteine (Cys) have been considered be
cause these compounds can also be oxidized at an anodic 
potential similr to that for H20 2 [23,29]. The results are 
summarized in Figure 7 and Table 1.

The tolerance limit was defined as the concentration of 
an interfering compound required to generate a change in 
the electrochemical response of more than or equal to 
5% when compared to the response obtained from the 
standard concentration. The result shows that 5% toler
ance concentration from adding interfering compounds 
was observed over their highest normal level found in 
human serum. This serves to confirm that there were no 
significant interferences in blood or plasma. Unfortunate-

www.electroanalysis.wiley-vch.de O 2015 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Electroanalysis 2015, 27, 703 -  712 7 1 0

S
p

e
cia

l Issu
e

 M
A

T
R

A
F

Ü
R

E
D

http://www.electroanalysis.wiley-vch.de


F u l l  P a p e r ELECTROANALYSIS

InA

150 ร

J L พ 4.2 nA
4 ก A

a) b) c) d) e) f)
Fig. 7. Amperograms of 2 mM glucose and 100 U/mL GOx with/without interfering compounds at the highest concentration found 
in normal human serum and 5% tolerance concentration (mM). Conditions: a) glucose without interfering compound, b) glucose with 
0.08 mM A  A, 0.4 mM UA, 0.05 mM PA, and 0.2 mM Cys, c) glucose with 0.16 mM A A , d) glucose with 0.8 mM UA, e) glucose with 
0.1 mM PA, and f) glucose with 0.2 mM Cys.

Table 1. Influence of electroactive interfering species on glucose
assay using eCD system.

Interference Highest normal level in 5 % Tolerance concen-
serum (mM) tration (mM)

Ascorbic 0.08 0.16
acid
Uric acid 0.4 0.8
Paracetamol 0.1 0.1
L-Cysteine 0.05 0.2

Table 2. Determination of glucose in control serum samples.

Sample Glucose concentration (m M ±SD |al)
Certified level Proposed method

Human serum level I 
Human serum level II

4.77 ±0.39 4.62 ±0.09 
15.54 ±1.28 16.00 ±0.28

[a] SD =  standard deviation {ท =  1)

ly, only PA appeared to have an impact on the selectivity 
of the proposed eCD system; therefore, PA needed to be 
diluted or removed to a level where it no longer influ
enced the analytical results.

3.6 Determination of Glucose in Human Serum
To evaluate the eCD microfluidic system with actual sam
ples, seven replicate determinations {ท =  1 )  of glucose in 
clinical control samples was performed. The control sam
ples are common systems for evaluating the accuracy of 
diagnostic tests in a biologically relevant matrix without 
worry of blood borne pathogens. The results are shown in 
Table 2. The paired /-test was used to validate our 
method versus both control levels for glucose. No signifi
cant difference was found at the 95% confidence level. 
Thus, the analyzed values of glucose in human serum are 

' 1/ I acceptable. Therefore, it can be successfully applied to 
1, the determination of glucose in control samples.

4 Conclusions
We demonstrated the potential of using a CD microflui
dic biosensor in the quantitative measurement of critical 
diabetes markers in serum for the first time. Using a G- 
PANI nanocomposite, significant electrochemical en
hancement was achieved, along with an improvement in 
selectivity due to a shift in oxidation potential by using 
CoPc electrocatalyst. This spiral channel platform has 
been suitably designed for achieving optimal mixing be
tween glucose and oxidase enzyme within a 2 min period. 
Eventually, this eCD system was used in the selective de
termination of glucose in human serum samples and the 
results were in reasonable agreement with actual glucose 
levels in the serum. Therefore, this practical eCD system 
has considerable potential for use in a variety of electro
chemical detections where a mixing step is needed, such 
as in an enzymatic reaction. Additionally, this eCD model 
can be further extended to several other applications such 
as point-of-care testing, quality control of foods and/or 
beverages, and environmental monitoring.
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•  A nov e l c o m b in a tio n  o f  G-PANI/CPE 
a n d  d ro p le t -b a s e d  m ic ro flu id ic  d e 
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W e re p o r t  h e re in  th e  f irs t d e v e lo p m e n t  o f  g ra p h e n e -p o ly a n ilin e  m o d if ie d  c a rb o n  p a s te  e le c tro d e  (G - 
PANI/CPE) c o u p le d  w ith  d ro p le t -b a s e d  m ic ro flu id ic  s e n s o r  fo r  h ig h - th r o u g h p u t  d e te c tio n  o f  4 -  
a m in o p h e n o l  (4-A P) in p h a rm a c e u t ic a l  p a ra c e ta m o l (PA) fo rm u la tio n s . A s im p le  T -ju n c tio n  m ic ro 
flu id ic  p la tfo rm  u s in g  an  oil flow  ra te  o f  1.8 pL /m in  a n d  a n  a q u e o u s  flow  ra te  o f  0 .8  p L /m in  w a s  u se d  to  
p ro d u c e  a q u e o u s  te s t in g  m ic ro d ro p le ts  c o n tin u o u s ly . T he  m ic ro c h a n n e l w a s  d e s ig n e d  to  e x te n d  th e  
a q u e o u s  d ro p le t  to  c o v e r  ail 3 e le c tro d e s , a l lo w in g  fo r e le c tro c h e m ic a l  m e a s u r e m e n ts  in a  s in g le  d ro p le t . 
P a ra m e te rs  in c lu d in g  flow  ra te , w a te r  fra c tio n , a n d  a p p lie d  d e te c tio n  p o te n tia l  (Edet) w e re  in v e s tig a te d  to 
o b ta in  o p tim a l c o n d itio n s . U sing  G-PANI/CPE s ig n if ic a n tly  in c re a s e d  th e  c u r r e n t  re s p o n s e  fo r b o th  cyclic  
v o lta m m e tr ic  d e te c tio n s  o f  fe r r i /fe r ro c y a n id e  [Fe(CN)6]3 - 4̂ -  (10  t im e s )  a n d  4-A P (2  t im e s ), c o m p a re d  to  
a n  u n m o d if ie d  e le c tro d e . U sin g  th e  o p tim iz e d  c o n d itio n s  in th e  d ro p le t  s y s te m , 4 -A P  in  th e  p re s e n c e  o f  
PA w as  se le c tiv e ly  d e te rm in e d . T h e  l in e a r  ra n g e  o f  4-A P w a s  5 0 - 5 0 0  pM  (R2 =  0 .9 9 ), l im it o f  d e te c tio n  
(LOD, S/N =  3 ) w a s  15.68  pM , a n d  l im it o f  q u a n tif ic a tio n  (LOQ, S/N  =  10) w a s  5 2 .2 8  pM . F inally, th e

Selected paper from Flow Analysis XIII Conference, 5-10 July 2015 in Prague, 
Czech Republic.
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4-Aminophenol system was used to determine 4-AP spiked in commercial PA liquid samples and the amounts of 4-AP
Paracetamol were found in good agreement with those obtained from the conventional capillary zone electropho-

resis/UV-Visible spectrophotometry (CZE/UV-Vis). The proposed microfluidic device could be employed 
for a high-throughput screening (at least 60 samples t r 1) of pharmaceutical purity requiring low sample 
and reagent consumption.

© 2016 Elsevier B.v. All rights reserved.

1. Introduction

Since the mid-1940s, paracetamol (PA, acetaminophen or N- 
acetyl-p-aminophenol) has been commonly used as an antipyretic 
and analgesic drug around the world [1,2]. Many PA formulations, 
such as tablets, syrups, injections, and suppositories, have been 
available and highly effective for a variety of patients including 
children, pregnant women, and the elderly. Unfortunately, 4- 
aminophenol (4-AP) residue might be present as an impurity in 
PA formulations obtained from its synthesis or as a result of 
degradation [3], Consuming 4-AP unintentionally can cause 
numerous pathologies (e.g. nephrotoxicity and hepatotoxicity) 
[3 -5 ], The European, United States, British, German, and Chinese 
Pharmacopoeias have set the maximum allowable lim it of 4-AP in 
the PA dmg formulations at 50 ppm (0.005% พ /พ ) [5]. Several 
analytical approaches to determine 4-AP in PA formulations have 
been developed including high performance liquid chromatog
raphy (HPLC) coupled w ith  UV-Visible [6,7] or fluorescence 1รI 
detection, electrochemical detection [9], capillary electrophoresis 
[10,11], and flow-based analytical techniques [4,12], Although these 
techniques offer highly selective, and sensitive quantification of 4- 
AP in PA formulations, these techniques are time consuming, have 
high operation costs, and are available only in sophisticated 
laboratories.

Recently, droplet microfluidic systems have held great promise 
for analytical measurements due to their portability, fast analysis 
time, low manufacturing cost, low reagent/sample consumption, 
and high-throughput screening [13]. Droplet microfluidic systems 
are capable of generating and manipulating small droplets encap
sulated by an immiscible phase. Among other microfluidic plat
forms, droplet microfluidics has gained attention because of 
superior mixing efficiency and low dispersion/adsorption of sample 
w ith in the microchannel [14], The u tility  of droplet-based tech
nology has been demonstrated for many applications, such as 
biornedical diagnosis [ 15,16], food safety [17,18], and environmental 
monitoring [19]. other demonstrated applications include protein 
crystallization [20] and enzymatic kinetic assays [21 ], emulsion- 
based polymerase chain reaction [22], chemical synthesis [23,24], 
and single cell-based analysis [25], For detection in droplet 
microfluidics, various detection methods have been used including 
laser-induced fluorescence 126], mass spectrometry [27], Raman 
spectroscopy [28], absorption spectroscopy [29], and bright-field 
microscopy [30], Although these techniques offer highly selective, 
sensitive and accurate quantification, the main disadvantage are 
high equipment cost and challenge o f coupling them w ith  minia
turized systems for on-site applications.

Electrochemical detection is an attractive and alternative 
detection method for microfluidics because it is high speed, high 
sensitivity, cost-effectiveness, and independence o f sample 
turbidity or optical path length (31 ]. Currently, there have been a 
few reports on electrochemical detection for droplet microfluidic 
systems. For example, Liu et al. used chronoamperometry for the 
detection of droplet contents and characterization of droplet

generation (e.g. frequency, size and velocity) [32]. Flan et al. 
developed an amperometric droplet microfluidic device to inves
tigate the kinetics of enzymatic decomposition of แ 2<ว2 using 
catalase [33]. Gu et al. used a Pt-black modified electrochemical 
droplet-based microfluidic sensor for enzymatic glucose assays in 
biological fluids [34 j. Itoh et al. demonstrated a novel droplet-based 
microdevice w ith  an electrochemical ATP-sensing function for fish 
freshness determination [35].

The use of nanomaterials to improve electrode performance in 
microfluidic devices has drawn increasing attention in recent years. 
Numerous nanomaterials (e.g. gold nanoparticles, silver nano
particles, single-wall carbon nanotubes, and multi-wall carbon 
nanotubes) are currently available and can increase active surface 
area of the working electrode, leading to enhance electrochemical 
sensitivity and conductivity [34,36-38]. Graphene (G) has received 
substantial attention for chemical modification of electrodes [39], 
owing to its large surface area, extraordinary electrical conductiv
ity, high mechanical strength and potentially low manufacturing 
cost. In addition, G has been also used to modify electrode surface 
in order to improve the electrochemical properties of the elec
trodes. One problem associated w ith  G-based electrode modifica
tion is the potential for self-agglomeration of pure G on the 
electrode surface. One solution is use of a nanocomposite consist
ing of conducting polymer and G to increase the distribution of 
graphene [40]. Among conducting polymers, polyaniline (PANI) has 
been widely used for electrode modification because of its inherent 
electrochemical properties, biocompatibility and stability [41,42 ]. 
Previous reports have used G-PANI hybrid modified electro
chemical sensors for electrochemiluminescent detection o f luminol 
[43], voltammetric determination of dopamine [41] and dobut- 
amine [44], and electrochemical immunoassays for estradiol [45] 
and salbutamol [46], To the best o f our knowledge, there are no 
previous reports combining a novel G-PANI modified electrodes 
and droplet microfluidics for electrochemical determination of 4- 
AP.

Herein, the aim of this work is to develop a high-throughput and 
sensitive method using G-PANI modified electrochemical droplet- 
based microfluidic sensor for determination of 4-AP in pharma
ceutical PA products. An improved selectivity for 4-AP was achieved 
using G-PANI modified carbon-paste electrodes (G-PAN1/CPE) 
operating at the optimized detection potential for highly selective 
detection of 4-AP in the presence of PA. This system offers an 
alternative method to measure 4-AP level in acceptable concen
tration range. Finally, this approach was successfully applied for the 
determination of 4-AP in commercial PA liquid samples, giving high 
correlation w ith a CZE/UV-Vis method. Accordingly, measure
ments using this approach can provide a fast and high-throughput 
route and could be an ideal platform for screening of purity in 
pharmaceutical products w ith  small sample consumption. 
Furthermore, the development of this microfluidic model can be 
further extended to various applications such as medical testing, 
environmental monitoring and quality control o f foods or 
beverages.
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2. Experimental

2.1. Materials and Chemicals

The following materials were used as received: poly(- 
dimethylsiloxane) (PDMS) Sylgard 184 eleastomer kit (Dow Corn
ing, USA), mineral oil (Perkin Elmer, Thailand), silver paint (SPI 
supplies, USA), graphite powder (<20 pm, Sigma-Aldrich, 
Singapore), and graphene (A.c.s Medford, USA). All chemicals were 
analytical grade: sodium chloride (NaCl: Merck, Thailand), diso- 
diurn hydrogen phosphate (Na2HPC>4 : Merck, Thailand), potassium 
dihydrogen phosphate (KH2PO4: Carlo ERBA, Thailand), potassium 
chloride (KC1: Ajax Finechem, Thailand), and ethanol (Merck, 
Thailand). Potassium ferricyanide (K3[Fe(CN)el) and potassium 
ferrocyanide (K4(Fe(CN)6 l) were obtained from Sigma-Aldrich 
(Singapore). Polyaniline and camphor-10-sulfonic acid (CioH1604S) 
were purchased from Merck (Darmstadt, Germany). N-Methyl-2- 
pyrrolidone (NMP), 4-aminophenol (4-AP) and paracetamol (PA) 
were purchased from Sigma-Aldrich (Singapore). Commercial PA 
drugs consisting of Infants' TYLENOL® (Janssen-Cilag, Ltd., 
Thailand), TEMPRA® (Taisho Pharmaceutical Co., Ltd., Thailand), 
SARA® (Thai Nakorn Patana Co., LTD, Thailand) were purchased 
from a local pharmacy inThailand. For droplet generation, a 10:2 (v/ 
v) mixture o f perfluorodecalin (mixture of CIS and trans, 95%, Sig
ma-Aldrich, Germany) and 1H, 1H, 2H, 2H-perfluoro-l-octanol 
(97%, Sigma-Aldrich, Germany) was used as an oil solution. All 
aqueous solutions were prepared using deionized water 
(18.0 MU cm. Milli-Q. Gradient System, Millipore, Thailand). Phos
phate buffer saline (PBS) pH 7.4 at a concentration of 0.1 M was 
used as a supporting electrolyte. To prepare 0.1 M PBS, the mixture 
comprising o f 2.0 g NaCl, 0.05 g KC1, 0.36 g Na2HP0 4  and 0.06 g 
KH2PO4 was dissolved in a 250 mL volumetric flask using deionized 
water. All aqueous stock standards o f 4-AP and PA were prepared in 
0.1 M PBS.

22. Fabrication o f patterned PDMS

In this work, solutions were pumped through the device using 
syringe pumps (Harvard Apparatus PHD 2000, Harvard Apparatus, 
Floliiston, MA). Both aqueous and oil phases were prepared and 
stored in 1 mL plastic syringes (Nipro, Thailand). Polyethylene 
tubing (0.38 mm I.D., 1.09 mm O.D., PORTEX, Belgium) connecting 
the inlets of microfluidic device w ith  syringe pumps was secured 
using commercial epoxy. For microfluidic experiments, a T-junction 
microchannel and electrode layout originally published by Liu et al. 
was used [47], Briefly, the รบ-ร negative photoresist was coated 
onto a silicon wafer using a spin coater and then baked at 95 °c for 
45 min. Next, the transparency film containing the microchannel 
and electrode pattern was placed over the coated wafer, and 
exposed to u ltra -v io le t (UV) light for pattern. The final รบ-ร tem
plate was obtained by washing w ith  the รบ-ร developer and iso
propanol, respectively. MicroChannel platforms were fabricated 
using the traditional soft lithography using a 10:1 ratio of the PDMS 
precursor to curing agent (Sylgard 184, Dow Corning) [48,49], The 
mixture was degassed under vacuum to remove dissolved air. The 
PDMS mixture was poured onto the รบ-ร master and baked in the 
oven at 65 °c for 3 h. The cross-linked PDMS was peeled off the 
mold, and inlets were created using a circular biopsy puncher. Two 
PDMS replicas containing the microchannel layer and the electrode 
layer were obtained. The depth of all microchannels was 100 pm. 
For upper PDMS layer, the main channel o f 500 pm width (having 
two inlets and one outlet) was narrowed to be a confined channel 
(50 pm width and 1 cm length). For lower electrode layer, three 
parallel electrode channels (100 pm depth and 500 pm width) w ith 
a spacing between each electrode of 500 pm were used according to

previous reports [48,50].

2.3. Fabrication and modi cation o f electrode

Electrode fabrication was accomplished in two steps, screen
printing of the carbon-paste electrode and electrode modification 
using G-PANI nanocomposite. PDMS cross-linked carbon paste 
electrodes (CPEs) were created using the previously published 
method from Sameenoi et al. [48,50]. Briefly, a carbon paste con
taining graphite powder, mineral oil, and PDMS mixture in a ratio of 
2:1:1 was spread over the electrode channels in the PDMS. Excess 
paste was removed using Scotch Magic Tape™ until well-defined 
carbon paste electrodes were obtained.

For electrode modification, G-PANI nanocomposite was pre
pared using a simple physical mixing procedure [40]. G in NMP 
solution (2 mg m L"1) was prepared and dispersed using an ultra
sonic bath for 12 h at room temperature. The conductive form of 
PAN1 was prepared by doping w ith  camphor-10-sulfonic acid and 
dissolved in chloroform. Then, the G and PANI solutions were 
mixed and sonicated for 12 h to obtain a well-dispersed G-PANI 
nanocomposite solution. Next, 1 pL-aliquot of G-PANI nano
composite was casted onto the surface area of a carbon-paste 
working electrode. The modified CPE was baked in the oven at 
65 °c in order to evaporate NMP solution. The morphology of G- 
PANI nanocomposite was observed using a JSM-6400 field emission 
scanning electron microscope and a jEM-2100 transmission elec
tron microscope (Japan Electron optics Laboratory Co., Ltd, Japan). 
For electrochemical detection in batch and droplet-based systems, 
a second PDMS layer (containing 10 mm diameter hole or T-junc
tion microchannel) was sealed over PDMS layer containing G-PANI/ 
CPE using reversible ethanol bonding method. Ethanol was drop
ped onto both PDMS surfaces, the surfaces were then carefully 
aligned before being baked at 65 °c for 1 h in order to evaporate the 
NMP w ith in  the casted modifier layer. Electrical connections were 
made using wires glued to the electrodes using silver paste (SPI 
supplies, West Chester, PA) and epoxy. The actual working elec
trode area for the batch system was 5 mm2 while droplet system 
was 0.025 mm2 (due to the confined channel). Examples of 
microfluidic and batch devices are shown in the Fig. 1 b.

2.4. Electrochemical detection using G-PANI modi ed CPE

Electrochemical measurements including cyclic voltammetry, 
square-wave voltammetry, and chronoamperometry were per
formed using a commercially available potentiostat (eDAQ, ED410, 
410-088, Australia) using standard three-electrode configuration. 
The working electrode was either a bare CPE or G-PANI/CPE. Both 
pseudo-reference and auxiliary electrodes were CPEs. Cyclic vol
tammetry was used to compare electrochemical performance of 
each working electrode type using the working potential ranges 
of -0.60 to +0.60 V and -0.50 to +1.20 V vs. CPE for ferri/ferro- 
cyanode and 4-AP, respectively.

To study mass transfer o f 4-AP on G-PANI/CPE, the dependence 
of scan rates was performed in the range of 0.01—0.20 V ร-1. To 
measure 4-AP and PA simultaneously, square-wave voltammetry 
w ith  a potential range of -0.20 to +0.80 V vs. CPE was used. Vol- 
tammograms were recorded in the positive sweep direction to 
observe the anodic responses of both 4-AP and PA. All electro
chemical experiments were carried out at room temperature.

2.5. Chronoamperometric determination o f 4-AP

For microfluidic system, droplets were generated using an oil 
carrier phase (perfluorodecalin and 1H, 1H, 2H, 2H-perfluoro-l- 
octanol at a ratio of 10 :2  (v/v)) and an aqueous testing solution.
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Fig. 1. (a) Schematic of microchannels (top) and electrode patterns (bottom), (b) An electrochemical batch cell (left) and a microfluidic device comprising of main channel and 
confined channel coupled with microband electrodes (WE-working electrode. Œ-counter electrode, and RE-reference electrode).

Chronoamperometric detection was performed for the detection of
4-AP in the droplets. The oil phase flowrate was 1.8 pLm in-1 while _  f w/(Fw -I- F0) (1)
the aqueous phase flow rate was 0.8 pL m in-1. The water fraction
(Wf) was calculated from following equation [511. where พ f is the water fraction, Fw is aqueous-phase flow rate, and

Fo is the aqueous- and oil-phase flow rates, respectively.

100

-50

-100

-G-PANI/CPE 
G/CPE 

- PANI/CPE 
-Bare CPE

-0.8 -0.4 0 0.4

Potential (V) vs. CPE

Fig. 2. SEM images of (a) bare SPCE, (b) G-PANI/SPCE, (c) A TEM image of C-PANI nanocomposite with an electron diffraction pattern of G (the inset of c) and (d) cyclic vol- 
tammograms of 1 mM ferri/ferrocyanide in 0.1 M KCI at bare CPE (black line), PANI/CPE (green line), G/CPE (yellow line) and G-PANI/CPE (red line). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) Comparison of cyclic voltammograms of 1 mM 4-AP obtained from the G-PANI/CPE and bare CPE at a scan rate of 0.1 v/s, (b) cyclic voltammograms of 1 mM 4-AP at the 
G-PANI/CPE with various scan rates in the range of 0.01 -0.2 V/s, (c) peak currents of 4-AP as a function of the square root scan rate (v',z), and (d) square-wave voltammograms of 4- 
AP and PA (0-0.2 mM) at the G-PANI/CPE with the scanning potential range of -0.2-0.8 V vs. CPE.

Here, the total flow rate was 2.6 pL m in^1, corresponding to a 
linear flow velocity of 0.86 mm ร-1 and a water fraction of 0.31. 
Chronoamperometric responses from droplet contents were 
measured while droplets passing through the three-electrode 
system. Data was collected for 1 min and averaged currents were 
plotted versus detection potential (Edet) to generate hydrodynamic 
voltammograms (HDVs) in the range o f CL00-0.40 V vs. CPE for 
optimizing the detection potential as defined by the highest signal- 
to-noise ratio (S/N). The limits of detection (LOD) and quantitation 
(LOQ) were obtained from LOD = 3(SDbi/S) and LOQ.= 10(SDbi/S), 
respectively, where SDbi is the standard deviation of the blank 
measurement (ท =  10) and ร is the slope of the linear calibration. 
Finally, our method was applied for 4-AP determination in PA liquid 
samples. Prior to analysis, the PA liquid samples was diluted using 
0.1 M PBS pH 7.4. The 4-AP concentration levels in all samples were 
determined and compared w ith those obtained for the standard 
CZE/UV-Vis method [52].

CZE separation was performed using a MDQ automated CE 
system coupled w ith  a diode array detector (Beckman), fluid- 
cooled column cartridge and automatic injector [11], A fused- 
silica capillary column of 57 cm (50 cm length to

detector) X 75 pm i.d. and 375 pm o.d. was used. For each CE run, 
the capillary column was first rinsed w ith  0.1 M sodium hydroxide 
for 1 min at high pressure (20 psi), followed by rinsing w ith  the 
running buffer (50 mM borate buffer pH 9.2) for 1 min. Samples 
were hydrodynamically injected for 10 ร and a voltage of +20 kv 
was applied for separation, uv absorption was monitored at 
250 nm.

3. Results and discussion

3.1. Morphology and electrochemical characterization and o f G- 
PANl/CPE

Various reports have used G-PANI nanocomposites to improve 
the electrochemical sensitivity of carbon electrodes w ith  the 
resulting performance improvement being attributed to the in
crease in electrode surface area [3,5,37,39-46]. To observe the 
changes of electrode morphology, scanning electron microscope 
(SEM) and transmission electron microscopy (TEM) were used to 
characterize G-PANI nànocomposite as shown in Fig. 2a, 2b, and 2c. 
Both SEM and TEM images clearly show a well dispersion of G with
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Fig. 4. A chronoamperogram of droplets containing 0.3 mM 4-AP in 0.1 M PBS pH 7.4. 
The optimal conditions: a detection potential (Edct) of +0.2 V VS. CPE, a total (low rate 
of 2.6 pL min-1 (0.016 mm ร- ,) and Wf = 0.31.

slight agglomeration on the electrode surface; moreover, the elec
tron diffraction pattern of G sheet (the inset of Fig. 2c) is matched 
w ith the previous published report [42].

Next, cyclic voltammetry of standard ferri/ferrocyanide redox 
species was used to characterize the electrochemical properties of 
the bare CPE, PANI/CPE, G/CPE, and G-PAN1/CPE electrodes (Fig. 2d). 
Compared to the PANI/CPE and bare CPE, G-PANI/CPE exhibited 
well-defined anodic and cathodic ferri/ferrocyanide current re
sponses which were 10-fold higher than those obtained from the 
bare CPE and 3-fold greater than those of PANI/CPE and G/CPE. 
Moreover, peak potential separation between anodic and cathodic 
peaks was noticeably reduced when using G-PANI/CPE compared to 
those measured from the PANI/CPE and bare CPE, indicating that 
the G-PAN1 nanocomposite can be also used as an electrode

modifier to improve the electron transfer kinetics.

3.2. Electrochemical detection o f 4-AP and PA using C-PANI/CPE

Next, the electrochemical behavior of 4-AP and PA using the G- 
PAN1/CPE in the batch cell was investigated using cyclic voltam
metry w ith  the comparison between the G-PANI/CPE and bare CPE, 
which is shown in Fig. 3a. Cyclic voltammograms of the G-PANI/CPE 
exhibited quasi-reversible redox peaks w ith  significantly increased 
redox current (2-fold) and reduced redox potentials (-100 mV) 
when compared to bare CPE. These results can be ascribed to good 
electrocatalytic activity of G-PANI nanocomposite towards 4-AP, 
demonstrating that the nanomodifier offers improved sensitivity 
for 4-AP, compared to the unmodified CPE. Therefore, the G-PANI 
nanocomposite can be used as an excellent electrode modifier in 
the electrochemical system.

To study the mass transfer process of 4-AP on the G-PANI/CPE 
surface, a current dependence on scan rate was performed (Fig. 3b 
and c). A slight shift of both anodic and cathodic peak potentials 
was observed owing to the adsorption of 4-AP on the electrode 
surface. Both anodic (ip.a) and cathodic (ip,c) peak currents 
increased linearly w ith  the square root of scan rate (v1̂2) w ith 
correlation coefficients (R2) over 0.99. These results verify that the 
redox process was controlled by diffusion o f 4-AP corresponding to 
the Randles-Sevcik equation (Equation (2)).

ip =  2 .6 8 6  X l O V ^ A C D ’/ V / 2 (2 )

where ip is the peak current o f 4-AP in A, ท is the number o f elec
trons involved (to reduce/oxidize one molecule of 4-AP), A is the 
electrode area in cm2, D is the diffusion coefficient of 4-AP in 
cm2 ร-1, c is the concentration of 4-AP in mol cm-3, and v 1̂2 is the 
scan rate in V ร” ,.

Subsequently, square-wave voltammetry was used to determine 
detection limits and linearity. Fig. 3d displays representative 
square-wave voltammograms o f 4-AP and PA at concentrations 
between 50 and 200 pM. For the response from both 4-AP and PA, 
anodic peak currents are linearly proportional to their concentra
tions w ith an LOD(S/N =  3) of 4.33 pM and 2.12 pM for 4-AP and PA, 
respectively. The peak potential separation between 4-AP and PA is

Potential (V) vs. CPE Potential (V) vs. CPE

Fig. 5. (a) Hydrodynamic voltammogram and (b) signal to background ratio of 0.3 mM 4-AP and 0.3 mM PA. The measurements were carried out using a total How rate of 
2.6 JJ.L min-1 (0.016 mm ร-1) and Wf = 0.31.
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Fig. 6. Effects of (a) total flow rate and (b) water fraction on chronoamperometric detection of 0.3 mM 4-AP. Conditions: an detection potential (Edet) of +0.2 V VS. CPE, total flow 
rate of 2.6 jiL min 1 (0.016 mm ร-1) and Wf = 0.31.

clearly observed w ith an anodic potential difference (Epa-E4_ap) of 
380 mV. As a result, the selection of potential to use in further 
chronoamperometric experiments would be particularly useful for 
selective electrochemical detection of 4-AP in the presence of PA.

1 0

8

ร
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0 100 200 300 400 500

4-AP concentration (|iM )
Fig. 7. A linear calibration plot of 4-AP in the concentration range of 0-500 pM. The 
optimal conditions: an detection potential (Edet) of +0.2 V vs. CPE, total flow rate of 
2.6 pL min-1 (0.016 mm ร-1) and Wf = 0.31. (Inset) A chronoamperogram of 4-AP 
current vs. time.

3.3. Chronoamperometric detection in droplets

Chronoamperometric detection has been broadly used in the 
various flow-based systems due to its ease o f operation and low 
background current. Fig. 4 shows a representative chronoampero
gram of 300 pM 4-AP in droplets in which each discrete peak cor
responds to an individual droplet. When the droplet front began to 
pass through the electrode array, the current increased sharply. 
W ith the electrooxidation reaction o f 4-AP proceeded, its concen
tration region at the nearby electrode surface exponentially 
decreased, resulting that the current slowly decayed w ith  time 
corresponding to Cottrell equation [50]. Subsequently, the current 
approaches a steady state level of 5.14 ± 0.11 nA (ท =  10) which can 
be assigned to the diffusion-limited current o f 4-AP. For quantifi
cation, the current was measured during this regime.

3.3.1. Selection o f the optimal detection potential (Edet)
Selective detection of 4-AP in the presence of PA in the flow-

based system was assessed. According to Fig. 3d, the selection of 
Edet lower than +0.3 V vs. CPE should achieve selective detection o f 
4-AP in the presence o f PA. To select an optimal Edet for chro
noamperometric detection of 4-AP and PA in the droplet-based 
flow system, hydrodynamic voltammetry (Fig. 5a) experiments 
were conducted. The anodic peak current of 4-AP increased w ith 
Edet- There is no signal response from PA and background (BG) 
solution (0.1 M PBS pH 7.4) in the range o f 0.0-0.2 V vs. CPE while 
both anodic current signals of 300 pM PA and BG solution also 
increased w ith  Edet over +0.2 V vs. CPE.

Thus, the Edet for chronoamperometric detection in the range 
between 0.0 and 0.2 V vs. CPE can be used for selective detection of 
4-AP w ithout an interfering response from PA. To optimize the Edet 
for chronoamperometric detection of droplet contents, the signal- 
to-background (S/B) ratio of 4-AP and PA was plotted as a func
tion of Edet- As seen from Fig. 5b, an Edet o f +0.2 V vs. CPE showed 
the highest S/B ratio for 4-AP detection; accordingly, +0.2 V vs. CPE 
was chosen as the optimal chronoamperometric Edet for quantita
tive measurements of 4-AP for further experiment.

3.3.2. Effect o f water fraction and total ow rate
The influence of water fraction (Wf) and total flow rate on
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Fig. 8. Intra-day measurements of (a) 4-AP at concentrations of 0.1, 0.2 and 0.3 mM and (b) inter-day measurements of 0.1 and 0.3 mM 4-AP for three days (ท = 3).

Table 1
Effect of foreign ions on the determination of 0.3 mM 4-AP.

Foreign species 5% Tolerable molar ratio

Na+,K+,Mg2+, Ca2+, NOJ, S04- , pojy cr. Glucose, Sucrose >10000
Cu , Fe2 , Fe3+ 300
Acetylsalicilic acid, Glutathione 1000
Uric acid, Dopamine 500
Ascorbic acid, Cysteine 200
Paracetamol 100

chronoamperometric measurements were then studied. Wf is a 
well-known factor strongly affecting droplet size w ith  droplet size 
increasing w ith Wf. In this work, the droplet sizes at Wf values in 
the range of 0.15-0.46 were generated by adjusting the flow rate 
ratio between oil and aqueous solutions while the total flow rate 
was kept constant at 2.6 pL m in-1. As shown in Fig. 6a, when the 
water fraction was lower than 0.31, unstable droplets w ith small 
sizes were produced, resulting in low anodic current. For Wf values 
over 0.38, droplet length was too long, resulting that the anodic 
steady-state current decreased due to amperometrically exponen
tial decay. The highest current was obtained at a water fraction of 
0.31. Accordingly, the water fraction of 0.31 was found to be the 
optimal Wf to produce stable droplets, and all subsequent

experiments were performed using this conditions.
Another important factor influencing on chronoampermetric 

response is total flow rate. The effect of total flow rate was inves
tigated as shown in Fig. 6b. While the water fraction was kept at a 
constant of 0.31, total flow rate was varied between 1.30 and 
3.90 pL m in-1, corresponding to a linear flow velocity in the range 
of 0.43-1.29 mm ร-1. Results show that for flow rates <2.6 pL m in-1 
(linear velocity < 0.43 mm/s), a low steady-state current was ob
tained due to the long residence time of a single droplet passing 
over the electrode surface. When the total flow rate was 
>3.25 pL m in-1 (linear velocity > 1.08 mm/s), the current also 
reduced significantly. We believe that this high total flow rates 
provided short residence time which was not sufficient for the

Table 2
The % recovery of the our proposed method (n = 20) for determination of 4-AP in PA samples vs. conventional CZE/UV—Vis method (ท = 3).

Sample Spiked 4-AP concentration (pM) This proposed method (ท = 20) CZE/UV-Vis method (ท ะ= 3)
%Recovery (±SD) %RSD %Recovery (±SD) %RSD

Infants' TYLENOL® 100 91.21 ±2.51 2.75 99.74 ±1.01 1.01
200 91 29 ± 3.29 3.60 102.95 ± 3.29 3 20
300 101.12 ± 4.12 407 98.89 ±2 11 2 13
400 97 34 ± 3 93 4.04 99.19 ± 1.71 1 72
500 101.25 ±4.19 4.14 101.91 ± 2 41 2.36

TEMPRA® 100 99.97 ±3.21 3.21 99.24 ±1.31 1.32
200 98.08 ± 2.94 3.00 98.93 ± 1.92 1.94
300 95.25 + 3.17 3.33 102.25 ± 1 27 1 24
400 10534 ± 2.94 2.78 103.04 ±2 14 2.08
500 91.93+2.74 298 99.91 ± 0 24 024

SARA® 100 97.51 ±3.19 3.27 102.01 ±2.45 2.40
200 101.12 ± 1.92 1.90 99.92 ± 1.29 1.29
300 102.12 ± 2.25 220 101.01 ± 2.01 1.99

- 400 103.34 ± 1.89 1.83 103.34 ± 1.71 1.65
500 101.25 ± 2.97 293 103.15 ± 1 31 1.27
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electrochemical process to occur. The highest steady-state current 
values were obtained from the total flow rates at 2.6 and 
3.25 pL min-1. เท addition, use of high flow rates to produce 
droplets increases reagent/sample consumption. Therefore, an 
optimal total flow rate of 2.6 pL min 1 (linear 
velocity =  0.86 mm ร-1 ) was selected to use in further experiments.

3.4. Analytical performance

The analytical performance of the droplet microfluidics coupled 
w ith  G-PAN1/CPE was investigated. Chronoamperometric detection 
o f 4-AP at Edet o f +0.2 V vs. CPE was performed using the optimal 
conditions as mentioned above. Calibration curve of 4-AP was 
plotted between anodic current as a function of the standard 4-AP 
concentration as shown in Fig. 7. A linear range was found to be 
50-500 pM w ith correlation coefficient (R2) o f 0.99. The lim it of 
detection (LOD, S/N =  3) was found to be 15.68 pM while lim it of 
quantitation (LOQ S/N =  10) was found to be 52.28 pM. The Eu
ropean, United States, British, German, and Chinese Pharmaco
poeias report the maximum allowable lim it o f 4-AP in PA products 
IS 50 ppm (0.005% พ /พ ); therefore, our system can determine 4-AP 
at the relevant concentration in commercial PA samples.

In this work, a chronoamperometric measurement w ith in 
droplet volume of 0.625 nL was performed. This volume of testing 
solution was lower than those required from conventional elec
trochemical batch cells (normally require sample volumes at least 
0.5 mL), corresponding to a high lim it o f detection of our proposed 
system. Although the LOD and LOQ. values reported here are higher 
than those obtained from the previous publications [2,3,5,7,101, our 
approach offers simplicity and inexpensive operation. เท addition, 
small aliquot (<1 mL) of testing sample/reagent was required to 
operate the droplet generation w ith in the microfluidic system, 
leading to a fast and high-throughput analysis of 4-AP.

เท addition to assess the stability of this system, chro
noamperometric detection of standard 4-AP at different concen
trations by 20 successive measurements was performed for intra
day and inter-day precisions as shown in the Fig. 8. For intra-day 
and inter-day results, relative standard deviations (RSDs) were 
found to be less than 5% (ท =  20). Therefore, these results verify that 
our proposed system had the good stability. Moreover, the repro
ducibility of the microfluidic sensor was evaluated using chro
noamperometric detection of 0.3 mM 4-AP. The %RSD of seven 
different devices was found to be 3.5%, indicating that the fabri
cated microfluidic sensor had a good precision.

3.5. Interference study and determination o f 4-AP in commercial PA 
samples

The effect o f various foreign species on the detection of 0.3 mM 
4-AP was studied. The 5% tolerable ratio o f foreign species is shown 
in fable 1. The tolerable ratio was defined as the level of foreign 
species, generating a change in intensity of the peak current of ±5%. 
From the results, these species were tolerated at a high level, 
demonstrating the good selectivity of the proposed method.

Additionally, since 4-AP is produced frorn the degradation of 
pharmaceutical PA samples, the selectivity o f this method towards 
the determination of 4-AP in the presence of PA in commercial 
samples was evaluated. The tolerance concentration is defined as 
the concentration o f 4-AP, generating a change in signal response of 
±5%. Results show that 30 mM PA gave a 5% change in the detection 
of 0.3 mM 4-AP; therefore, the PA sample was diluted to a lower 
concentration. Next, the application of our method was tested by 
measuring the spiked 4-AP concentrations (100, 200,300,400, and 
500 pM) in each diluted PA sample.

As shown in the Table 2, the % recovery of this system was found

in the range of 91.21 %—105.34% (ท = 20). Moreover, to validate our 
method, the results obtained from the proposed system was 
compared to those obtained from the conventional capillary zone 
electrophoresis/UV-Visible spectrophotometric technique (CZE/ 
UV-Vis) [11 ] using a paired t-test at 95% confidential interval. The 
experimental t-values (tcaicuiated) obtained by this proposed method 
was found to be -2.20 which were significantly lower than the 
critical t-values of 1.76. Results show that there is no significant 
difference between the results obtained from our method and CZE/ 
UV-Vis method. As a result, our electrochemical droplet system is 
an alternative and high-throughput method (at least 
60 samples h-1) for determining the 4-AP contamination in com
mercial PA formulations.

4. Conclusions

เท this work, we report a novel electrochemical droplet micro
fluidic device for determination of 4-AP in commercial PA formu
lations. The G-PANI/CPE was first coupled w ith  the droplet system 
to perform chronoamperometric detection of 4-AP. The improve
ment in electrochemical sensitivity was attributed to an enhance
ment of the active surface area of electrode and increased 
electrochemical conductivity. Our proposed method can perform a 
high-throughput and rapid measurement of 4-AP in commercial PA 
products w ith  required small consumption of reagent/sample. 
Eventually, this system was successfully applied for the determi
nation of 4-AP in PA liquid samples w ith  high precision and good 
recovery; therefore, this system might be an alternative analytical 
device for routine analysis of 4-AP residue in pharmaceutical 
products.
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• Droplet microfluidics with CPEs was 
developed for pharmaceutical appli
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• This system was used to quantitative 
analysis of DA and AA in intravenous 
drugs.

• Highly accurate and precise analysis 
of DA and AA using this system was 
achieved.
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This paper presents the first example of a pharmaceutical application of droplet-based microfluidics 
coupled with chronoamperometric detection using chip-based carbon paste electrodes (CPEs) for 
determination of dopamine (DA) and ascorbic acid (AA). Droplets were generated using an oil flow rate of 
1.80 puLmin-1, whereas a flow rate of 0.80 piLmin-1 was applied to the aqueous phase, which resulted in a 
water fraction of 0.31. The optimum applied potential for chronoamperometric measurements in
droplets was found to be 150 mV. Highly reproducible analysis of DA and AA was achieved with relative 
standard deviations of less than 5% for both intra-day and inter-day measurements. The limit of detection 
(LOD) and limit of quantitation (LOQJ were found to be 20 and 70 fxM for DA and 41 and 137 puM for AA, 
respectively. Linearity of this method was in the ranges of 0.02-3.0 mM for DA and 0.04-3.0 mM for AA. 
This system was successfully applied to determine the amounts of DA and AA in intravenous drugs.
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Chronoamperometry Calibration curves of DA and AA for quantitative analysis were obtained with good linearity with R2
Electrochemical detection values of 0.9984 and 0.9988, respectively. Compared with the labeled amounts, the measured

concentrations of DA and AA obtained from this system were insignificantly different, with error 
percentages of less than ±3.0%, indicating a high accuracy of the developed method.

© 2015 Elsevier B.v. All rights reserved.

ไ. In troduction

Droplet-based microfluidic systems were introduced into 
scientific research a decade ago in order to overcome the classical 
problems of slow mixing and sample zone dispersion associated 
w ith  laminar flow microfluidic platforms [1], Since then the 
droplet technology has grown rapidly and been widely exploited in 
a diverse range of applications [2-5], such as chemical synthesis 
[6], biological and cell studies [7-10), medical applications and 
pharmaceutical sciences [11,12]. This is due to the fact that droplet- 
based microfluidic systems have successfully exploited the 
outstanding advantages of miniaturization, including small sample 
consumption, high analytical performance, low cost, portability, 
the potential for parallel analysis and short analysis times. In 
addition, droplet systems possess uniquely superb performance. 
For example, precisely defined volume droplets can be controllably 
produced at high generation frequencies up to 1 kHz or above. 
This renders droplet microfluidics a promising platform for high- 
throughput analysis, in which each isolated droplet can serve as a 
micro/nano reactor. Significantly, the compartmentalization of 
droplets not only prevents diffusion of sample zone, surface 
adsorption and cross-contamination [1,13 j, but also enhances rapid 
mixing [3,14], These allow reactions occurring w ith in  droplets to 
be accurately and precisely controlled and monitored.

Apart from droplet generation and manipulation, the online 
detection and characterization of an individual droplet is also a 
challenge. There have been various detection methods, such as 
fluorescence spectroscopy [1,8,15], mass spectrometry [16,17], 
electrochemical detection [18-22], Raman spectroscopy [23-25], 
that have been used to characterize droplet contents. Among these 
detection techniques, fluorescence has been the most attractive 
detection system due to its high sensitivity and fast response. 
However, this detection method encounters the problems of 
complexity, high cost and large instrumentation which is not 
ideally compatible w ith  microfluidic systems. Unlike other 
detection systems, electrochemical detection offers an alternative 
relatively simple, cheap, sensitive, selective and label-free method 
for droplet detection. Importantly, the size of the electrochemical 
detection setup is perfectly suitable to be incorporated w ith 
m icrofluidic systems! Accordingly, electrochemical detection holds 
a great promise to be a detection method for droplet-based 
microfluidics. To date, there have been lim ited published reports 
on electrochemical detection for droplet-based microfluidic 
systems. For example, Liu et al. [26] successfully demonstrated a 
chronoamperometric method using gold microband electrodes, to 
determine droplet contents and characterize droplet generation 
frequency, size and velocity. In addition, Han et al. [27] developed a 
droplet-based microfluidic system coupled w ith  amperometric 
detection using Pt wire electrodes to monitor the kinetics of the 
decomposition of H20 2 by catalase occurring w ith in  droplets. 
Using this system, the complete Michaelis-Menten kinetics of 
catalase was successfully measured. Furthermore, Filla et al. [28] 
presented a corona discharge electrode to create a hydrophilic/ 
hydrophobic interface in order to desegment the flow into separate 
oil and aqueous streams. The desegmented droplets’ contents were 
subsequently analyzed using electrochemistry or microchip 
electrophoresis w ith  electrochemical detection. Additionally, 
potentiometric [29] and coulometric [30] detection systems have

also successfully been used for the analysis of droplet contents. 
Recently, highly reproducible chronoamperometric analysis of 
microdroplets containing 0.1 mM Ru(NH3)63+พ as presented by Liu 
et al. [22]' A narrow section o f the microchannel, which was placed 
across gold microband electrodes, was used to elongate droplets to 
attain reproducible current measurements.

in all situations, electrochemical detection methods have 
shown their abilities for analyzing droplet contents. However, 
all published reports have focused on metal electrodes. The main 
problems of using metal electrodes are fouling and narrow 
working potentials. Therefore, in this work, it  was successfully 
demonstrated for the first time that chip-based carbon paste 
electrodes (CPEs) fabricated as three microbands w ith in  the 
microfluidic device can be used to m onitor electrochemical 
activities w ith in  droplets. The chip-based CPEs were originally 
developed by Henry’s research group [31 ]. Unlike metal electrodes, 
the CPEs have attracted considerable attention because of their 
unique property to withstand fouling and flow-based systems and 
they possess a larger potential range [31,32]. A confined channel 
design previously presented by Liu et al. [221 was also exploited to 
obtain reproducible chronoamperometric measurements w ith in  
droplets. Using this approach, chronoamperometric measure
ments of dopamine and ascorbic acid in real samples of 
intravenous drugs were successfully achieved.

2. Experimental

2.ไ. Materials and chemicals

All chemicals were analytical grade. The following materials and 
chemicals were used as received: sodium chloride (NaCl: Merck, 
Thailand), disodium hydrogen phosphate (Na2HP04: Merck, 
Thailand), potassium dihydrogen phosphate (KH2P04: Carlo ERBA, 
Thailand), potassium chloride (KCl: Ajax Finechem,Thailand), Noujol 
mineral oil (PerkinElmer, Thailand), silver paint (SPl supplies, USA), 
graphite powder (<20 (xm, Sigma-A.Idrich, Singapore), ethanol 
(Merck, Thailand) and poly(dimethylsiloxane) (PDMS) Sylgard 
184 eleastomer k it (Dow Corning, USA). Potassium ferricyanide 
(K3[Fe(CN)6]) and potassium ferrocyanide (K4[Fe(CN)6J) were 
obtained from Sigma-AIdrich (Singapore). Dopamine hydrochloride 
(DA) and ascorbic acid (AA) were purchased from Sigma-AIdrich 
(Singapore) and BDH (AnalaR, England), respectively.

intravenous drugs containing either DA or AA were purchased 
from the King chulalongkorn Memorial Hospital (Thailand) and a 
local pharmacy. Three samples o f DA which are Upamine (Umeda 
Co., Ltd., Thailand), Domine-250 (Modern Menu Co., Ltd., Thailand) 
and Dopamex (Biolab Co., Ltd., Thailand) were determined. The 
labeled amounts o f DA contained in Upamine, Domine-250 and 
Dopamex are 250mg/10mL, 250mg/10mL and 200mg/10mL, 
respectively. A sample o f ascorbic acid is a product of Atlantic 
Laboratories Corporation Ltd. (Thailand) and contains AA at a 
concentration o f 500 mg/2 mL.

The oil solution for droplet generation was a -10:2 (v/v) mixture 
of perfluorodecalin (m ixture of cis and trans, 95%, Sigma-AIdrich, 
Germany) and 1H, 1H, 2H, 2H-perfluoro-l-octanol (97%, Sigma- 
AIdrich, Germany). All aqueous solutions were prepared w ith 
deionized water (18.0 M i l  cm, Milli-Q. Gradient System, Millipore, 
Thailand).
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22. Instrumentation

All electrochemical measurements were conducted using a 
commercially available potentiostat (eDAQ, ED410, 410-088, 
Australia). In this work, both aqueous and carrier phases stored 
in 1 mL plastic syringes (Nipro, Thailand) were connected to the 
inlets of a microfluidic device using polyethylene tubing (0.38 mm 
I.D., 1.09 mm O.D., PORTEX, Belgium). The solutions vvere driven 
through the device using syringe pumps (Harvard Apparatus 
11 Plus).

2.3. Procedures

2.3.1. Preparation o f solutions
Phosphate buffer saline (PBS) pH 7.4 at a concentration of 0.1 M 

was used as a supporting electrolyte for all experiments. To 
prepare: 0.1 M PBS, 2.0 g NaCl, 0.05 g KC1,0.36 g Na2HP04 and 0.06 g 
KH2PO4 were dissolved using deionized water in a 250 mL

volumetric flask. All aqueous solutions were prepared in 0.1 M 
PBS. Stock solutions of DA and AA at a concentration of 80 mM were 
prepared separately by dissolving 15.17 mg of DA and 14.09 mg of 
AA in 1.0 mL o f 0.1 M PBS in safe-lock tubes (Eppendorf, Thailand). 
Desired concentrations o f DA and AA were diluted from the stock 
solutions. Real samples of DA and AA from intravenous drugs were 
prepared in 0.1 M PBS at concentrations of 1.0 and 1.5 mM, 
respectively.

2.3.2. Microfluidic device design and fabrication
The design of a microfluidic device used for electrochemical 

detection in this experiment followed the layout originally 
presented by Liu et al. [22]. A T-junction PDMS microfluidic 
device was fabricated using traditional soft lithography [33]. Two 
types of รน-ร masters, electrode-patterned and channel-patterned 
PDMS molding, were produced. Two PDMS replicas (channel- 
patterned and electrode-patterned) were cast from the 
ร่น-ร masters. The PDMS replicas are shown in Fig. 1(a) and (b).

Fig. 1. A microfluidic device with electrochemical sensors for chronoamperometric measurements in droplets, (a) A channel patterned PDMS replica filled with a dye for 
visualization, (b) An electrode patterned PDMS replica screen-printed with carbon paste, (c) A complete microfluidic device consisting of a main channel ( 100 pm deep and 
500 pm wide) and a confined channel ( 100 pm deep, 50 pm wide and 1 cm long) at the detection area where microband electrodes (100 pm deep and 500 pm wide) were 
placed across the confined channel with a distance of 500 pm between electrodes: WE - working electrode, CE - counter electrode, RE - reference electrode, (d) A batch 
microfluidic device consisting of a well with a diameter of 1 cm.
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2.3.3. Fabrication o f electrodes surfactant at a ratio o f 10:2 (v/v), and an aqueous phase, which was
Electrodes used in this work were PDMS-modified carbon paste, either 0.1 M DA or 0.1 M AA. Flow rates of the oil and aqueous

embedded w ith in  an electrode-patterned PDMS replica consisting phases were set to be 0.8 and 1.8 (aL m in '1, respectively,
of three parallel channels (100 (Am deep and 500 (Am wide w ith  a This resulted in a total flow rate of 2.6 (ALmin ' 1 corresponding
spacing of 500 (Am ) designed for chip-based electrodes. Carbon to a linear flow velocity of 0.86 mm ร 1 and a water fraction o f 0.31.
paste electrodes (CPEs) were fabricated using a previously In this work, the water fraction (พ f) is simply defined as
published procedure [31]. Briefly, carbon paste (a mixture of พ f = Fพ/(Fw + F0) [Id ], where Fw and Fo are the total aqueous-
PDMS elastomer, curing agent, Noujol oil and graphite powder at a and oil-phase flow rates, respectively. Applied potentials were
weight ratio of 0.91,0.09,1.0 and 2.0 g, respectively) was spread on 0, 50,100,150, 200, 250, 300, 350, 400,450 and 500 mV (vs. CPE),
the electrode-patterned PDMS replica by means of screen printing. Chronoamperometric currents arising from droplet contents were
Before spreading the paste, Scotch Magic Tape™ was applied monitored while the droplets were squeezing through the
around the electrode channels to act as borders ofCPEs and for easy confined channel and passing the microband CPEs. Data were
cleaning. Excess paste was removed using a scraper to wipe over collected for 1 min and averaged currents from 10 droplets (ท = 10)
the electrode channels. Finally, the tape was removed from the were subsequently plotted versus applied potential to generate
PDMS, leaving a CPEs-patterned PDMS plate, as shown in Fig. 1 (b). hydrodynamic voltammograms.

2.3.4. M icrofluidic device assembly
For device assembly, the channel-patterned PDMS plate was 

bonded w ith  the electrode-patterned PDMS plate using either 
oxygen plasma treatment (irreversible bonding) or reversible 
bonding using ethanol. For plasma bonding, both PDMS plates 
were placed into a plasma oven (Harrick plasma, USA) and exposed 
to the plasma at a high level for 1 min. One PDMS plate was then 
placed on top of the other for bonding. For ethanol bonding, both 
PDMS plates were cleaned using nitrogen gas. Ethanol was then 
dropped onto the to-be-bonded surfaces of both PDMS plates. 
Subsequently, one PDMS plate was placed carefully onto the other 
plate for bonding. Finally, the bonded PDMS plate was placed in a 
65 °c oven for 1 h to ensure bonding.

For electrical connection, electric wires were attached to each 
electrode of the m icrofluidic device. Before attaching the wires, 
the parts of electrodes that were not covered by the PDMS plate 
and not used for connection were removed in order to prevent 
electrical short-circuiting. Silver paste was then glued as a 
connector between each electrode and its wire. Finally, epoxy 
glue was applied to the connection area for protecting electrodes 
and reducing background noise. A complete microfluidic device 
for electrochemical detection is shown in Fig. 1(c). This device 
consists of a T-junction w ith  two inlets and one outlet. The main 
channel o f 500 (Am w idth was confined into a narrow section of 
50 (Am w id th  and 1 cm length for the electrochemical detection of 
droplets. The depth o f all channels was 100 (Am. The patterned 
CPEs (500 (Am wide and 100 (Am deep) were in a cross position 
w ith  the confined channel. This results in an electrode working 
area of 0.025 mm2.

2.3.5. Electrode characterization
The CPEs were electrochemically characterized by cyclic 

voltammetry (CV) using a standard solution o f ferri/ferrocyanide 
([Fe(CN)6]3-,4~). A microfluidic device specially designed to have a 
circle reservoir (1cm diameter) covering the CPEs was used to 
perform CV.This device was called a batch microfluidic device and 
is shown in Fig. Id. A potential range from -1.0 to +1.0V was 
scanned using scan rates from 0.20 to l.O V s 1. Prior to 
chronoamperometric measurements o f DA and AA in droplets, 
the electrochemical performance of the CPEs was also determined 
by CV using 1 mM DA and 1 mM AA. The CV for DA was carried out 
using scan rates in the range of 0.025-0.175 V s '1 over an applied 
potential range from -0.3 to +1.2 V.

2.3.6. Chronoamperometry in droplets
Hydrodynamic voltammograms were generated to find an 

optimum applied potential providing the highest signal-to-noise 
ratio (S/N) of current. To perform hydrodynamic measurements, 
droplets were generated using an oil carrier phase, consisting of 
perfluorodecalin and 1H, 1H, 2H, 2H-perfluoro-l-octanol as a

3. Results and discussion

3.1. Electrode characterization

Traditionally, CV was used as an effective tool to monitor the 
electron transfer process o f electrodes and electrode character
istics. It was found that plasma bonding significantly affected the 
sensitivity of the CPEs. Accordingly, two batch microfluidic devices, 
one bonded w ith  oxygen plasma (irreversible bonding) and the 
other bonded using ethanol (reversible bonding), were used to 
generate cyclic voltammograms and compare the electrochemical 
efficiency o f the CPEs. Comparison of electrode performance when 
using oxygen plasma and ethanol bonding for the detection of

Fig. 2. (a) Cyclic voltammograms of 1 mM DA in 0.1 M PBS (pH 7.4) using 
irreversible oxygen plasma bonding and reversible ethanol bonding. The inset 
defines a close-up of the cyclic voltammogram obtained from the plasma bonding, 
(b) Comparison of cyclic voltammograms of 1 mM DA, I mM AA and 0.1 M PBS 
(background) obtained using the ethanol (EtOH) device.
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P o te n t ia l  (V ) v s . C P E

Fig. 3. Cyclic voltammograms of (a) 1.0mM [Fe(CN)s]3̂ //,_ in 0.1 M KCI at scan rates in the range of 0.2-l.OVs- ' and (c) l.OmM DA at scan rates in the range of 
0.025-0.175 V ร-1. Plots of the anodic (top) and cathodic (bottom) peak currents as a function of square root of scan rate; (b) 1.0 mM lFe(CN)o]3 W4_ in 0.1 M KCI and (d) 1 mM 
DA.

0.1 M DA in 0.1 M PBS (pH 7.4) is shown in Fig. 2a. Significant 
enhancement, approximately 50 times of the highest current 
response, obtained from the CPEs w ithout plasma treatment was 
observed. This could be because oxygen plasma caused the 
decomposition of the Nujol mineral oil which was used as a 
binder of the CPEs. Normally, oxygen plasma is well known as a 
cleaning method for removing organic matter. Accordingly, the 
efficiency of the CPEs treated w ith  oxygen plasma could be 
significantly decreased when compared to that of the CPEs w ithout 
plasma treatment. Recently, Sameenoi et al. [31 ] has reported that 
exposure o f PDMS-CPEs to oxygen plasma increased the peak 
current density; the longer the plasma exposure time, the higher 
the sensitivity of the chip-based CPEs. However, a comparison of 
the electrode sensitivity between w ith  and w ithout oxygen plasma 
treatment has not been studied yet. It should be noted that plasma 
treatment is normally unavoidable for chip-based electrodes 
because it is widely known as a bonding method for microfluidic 
device assembly. Accordingly, the reversible boding using ethanol 
was applied for all device assemblies in this work to attain high 
sensitivity of the chip-based CPEs. เท addition, it  is interesting to 
note that the cyclic voltammogram of 1 mM DA obtained when 
using the ethanol-bonded device was quasi-reversible (Fig. 2a), 
whereas an irreversible voltammogram was observed from the 
plasma-bonded device. Normally, the redox reaction o f dopamine 
is known as an irreversible reaction 134j. Accordingly, the CPEs 
w ithout plasma treatment exhibited a wider working potential 
range, including the cathodic region. This could be beneficial 
because determination of DA using this system can be performed 
using cathodic potentials, which have less interference. A cyclic 
voltammogram of 1 mM AA was generated using the same 
procedure as that of 1 mM DA. Compared w ith  DA, the cyclic 
voltammogram of AA was irreversible w ith  no appearance of a 
cathodic peak current (Fig. 2b).

To electrochemically characterize the CPEs, a standard solution 
o f 1.0mM [Fe(CN)6]3-/4- was used to observe the electron 
transfer process o f the CPEs. Cyclic voltammograms of 1.0 mM 
[Fe(CN)6]3 /4“  at different scan rates (0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 
0.9 and 1.0Vs-1) obtained from the ethanol-bonded device are 
presented in Fig. 3a. As expected, both anodic and cathodic peak 
currents increased w ith  the scan rate. As predicted by the Randles- 
Sevcik equation [34], plots of peak currents as a function of the 
square root of the scan rate (Fig. 3b) exhibited a linear relationship, 
w ith  R2 values of 0.9990 and 0.9996 for anodic and cathodic peak 
currents, respectively, indicating a diffusion lim ited reversible 
reaction. The Randles-Sevcik equation is shown below:

1 = 2.69 X 10sACn3/2D1/2น1/2

where / is anodic or cathodic current of electroactive species 
(e.g. [Fe(CN)6]3 " /4~ and DA), A is the electrode surface area (cm2), ท 
is the number of transferred electrons, D is the diffusion coefficient 
of electroactive species (cm2 ร-1), V is the scan rate (mVs-1), and c 
is the concentration of analyte (mol cm-3). Prior to analysis of DA, 
the CPEs were also characterized using cv and cyclic voltammo
grams of 1.0 mM DA are shown in Fig. 3c. Linear relationship w ith 
R2 values of 0.9931 and 0.9955 were obtained from plots of peak 
currents (anodic and cathodic, respectively) as a function o f square 
root of the scan rate, as shown in Fig. 3d. However, the anodic 
potential is slightly shifted less than 100 mV, which could be due to 
adsorption of DA and its oxidation product at the electrode surface 
[35,36].

3.2. Chronoamperometry in droplets

3.2.1. Selection o f the optimal applied potential
To determine an optimal potential for chronoamperometric 

analysis of DA and AA in the droplet system, hydrodynamic
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Time (ร)

Fig. 4. (a) Chronoamperometric readout of a 40-s window for droplets containing' 
2 mM DA in 0.1 M PBS pH 7.4. The inset shows the zone of the droplet peak used to 
measure the current (i). The measurements were carried out using a total flow rate 
of 2.6 plmin-1 (0.016 mm ร” ') and Wf=0.31 and the applied potential was 150 mV. 
(b) Hydrodynamic voltammograms of 1 mM DA and 1 mM AA.

measurements were performed using standard solutions of DA and 
AA at a concentration of 1 mM. Fig. 4a shows representative data 
over a period o f 40 ร obtained from chronoamperometric measure
ments o f 2 mM DA droplets. Each peak in Fig. 4a corresponds to an 
individual droplet. As seen from Fig. 4a, for each droplet, the initial 
current is high and then exponentially decays w ith  time, which 
corresponds to the results from previous work [22]. This follows 
the Cottrell equation describing the exponential decay of 
chronoamperometric current w ith  respect to time [37[. Accord
ingly, lower currents are obtained i f  they are measured at a later 
time. Therefore, measured currents not only depend on analyte 
concentration, but also rely on the measurement time. Normally, 
the chronoamperometric current can be measured at any time; 
however, in this work, currents were simply measured at the end of 
droplet peaks. As seen in Fig. 4a, averaged peak currents of 2 mM 
DA were found to be approximately 22.3 ±  0.5 nA.

To generate hydrodynamic voltammograms, the signal-to- 
noise ratio (S/N) of chronoamperometric current obtained from 
the analytes (DA and AA) to that obtained from the background 
(0.1 M PBS, pH 7.0) was plotted as a function o f applied potential 
in a range o f 50-500 mV. As seen from Fig. 4b, an applied 
potential of 150 mV showed the highest S/N ratios for both DA and
AA. Therefore, 150 mV was chosen as the optimum applied 
potential for quantitative measurements of DA and AA in the 
droplet system.

3.2.2. Effect o f droplet size on chronoamperometric measurements
Droplet size affects the analysis time for chronoamperometric 

measurements. Droplet length should be sufficient to cover the 
three-microband CPEs to complete the electrochemical process.

Accordingly, the length o f elongated droplets should not be shorter 
than 2.5 mm after being elongated by the confined channel. This 
length was calculated from the width of 500 p.m of each microband 
CPE combined w ith  its spacing o f 500 p.m. However, i f  the droplet 
length is too long, it would affect chronoamperometric measure
ments due to the exponential decay of the chronoamperometric 
current. Consequently, longer droplet lengths would result in 
lower currents. A widely known factor strongly affecting droplet 
size is water fraction (Wf), w ith  a higher Wf leading to a larger 
droplet size [14]. To study the effect of droplet size on 
chronoamperometric measurements, droplets were generated 
using 1 mM DA at different water fractions in the range of 
0.15-0.46. These were performed by changing the flow rates o f the 
aqueous solution in the range of 0.40-1.20 P-L m in-1 and the oil 
inlet in the range of 2.20-1.40 pT m in-1, resulting in a constant 
total flow rate of 2.60 p,Lmin-1. The applied potential was held at 
150 mV for chronoamperometric measurements. Results are 
shown in Fig. 5a. As expected, at high Wf values (0.38 and 0.46), 
low currents were achieved because the currents were measured 
from long droplets. The highest current was obtained from a water 
fraction o f 0.31. Slightly lower currents were observed when using 
Wf lower than 0.31. This could be due to unstable droplet formation 
(as seen from the error bars) caused by the low flow rates applied 
to the aqueous inlet. Accordingly, the water fraction of 0.31 
(corresponding to droplet lengths o f 1.25 and 12.5 mm before and 
after elongation, respectively) was found to be suitable for this 
experiment because it provides the highest current of 10.1 ±0.4 nA 
for 1 mM DA.

Fig. 5. Effects of (a) water fraction (Wf) and (b) total flow rate on chronoampero
metric measurements of 1 mM DA in droplets. Other conditions are shown in Fig. 4.
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3.2.3. Effect o f total flow  rate on chronoamperometric measurements 
เท flow-based systems coupled w ith  electrochemical detection, 

residence time is crucial because it affects the sensitivity of the 
measurements [38]. Accordingly, the effect of total flow rate on 
chronoamperometric measurements in the droplet system was 
investigated. To perform this investigation, droplets were gener
ated from 1 mM DA by maintaining a water fraction at 0.31 to 
obtain droplets w ith the same size of approximately 1.25 mm and 
the total flow rate was varied from 1.30 to 3.90 P-Lmin-1. This was 
performed by changing the flow rates of the aqueous solution in 
the range of 0.40-1.20 p,Lmin-1 and the oil inlet from 0.90 to 
2.70p.Lmin-1. Fig. 5b presents results obtained when using 
different total flow rates in the range of 1.30-3.90 p,Lmin-1, 
corresponding to a linear flow velocity in the range of
0.43-1.29 mrns-1. Two maximum current values of 10.4 and 
10.0 nA were obtained when using the total flow rates o f 1.95 and 
2.60 p,Lmin-1, respectively. When the total flow rate was changed 
to be higher than 2.60 pLm in -1, the current was found to decrease 
drastically and was unable to be measured if  the flow rates were 
higher than 3.25 p,L m in-1 (1.08 mm ร- , )- This could be because the 
droplets traveled too fast, resulting in relatively short residence 
time for the electrochemical process to occur. In addition, it was 
found that when using the flow rate of 1.30pXm in-1 (0.43 mm 
ร-1 ), the measured current was relatively low, which could be due 
to excessively long residence time caused by relatively slow 
droplet movement when passing the CPEs. This could make the 
chronoamperometric currents exponentially decrease w ith time

Fig. 6. Linear dynamic ranges obtained from the chronoamperometric measure
ments of DA and AA using the proposed system. Droplets were generated using flow 
rates of ใ.80 p i min-1 for the oil phase and 0.80 p i min-1 for the aqueous solution, 
resulting in a total flow rate of 2.60 p i min-1 (0.86 mm ร-1) and a water fraction of 
0.31. The applied potential was 150 mV.

and almost reach the background level. Although the total flow rate 
of ใ.95 jxLmin-1 gave the highest current value, lower flow rates 
were applied to each inlet when compared to the total flow rate of 
2.60 fiL m in -1. Using low flow rates to generate droplets encoun
ters a high possibility to obtain unstable droplet formation. 
Therefore, the total flow rate of 2.60 jx L m ir r1 (corresponding to a 
linear flow velocity of 0.86mms_1) was chosen for

Concentration (mM)

Fig. 7. (a) Examples of typical readout of current signals obtained from droplets containing DA at different concentrations. The background signal was measured from 0.1 M 
PBS. The inset defines overlay signals measured from an individual droplet containing different DA concentrations, (b) Calibration curves of DA and AA. All experiments were 
carried out using the conditions shown in Fig. 6.
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chronoamperometric measurements in this system and at this 
flow rate a current value o f 10.0 ±  0.9 nA was achieved from 1 mM 
DA.

3.3. Validation o f the method

3.3.1. Linearity, lim it o f detection and lim it o f quantitation
Before utilizing this system for the quantitative analysis of DA 

and AA, the performance of the droplet platform coupled w ith the 
electrochemical detection system was investigated under the 
optimized conditions. Droplets were generated using flow rates of 
1.80 |i.L m in-1 for the oil phase and 0.80 p,L m in-1 for the aqueous 
solution, resulting in a total flow rate of 2.60p,Lmin~1 (0.86 mm 
ร- ,  ) and a water fraction of 0.31. As seen from Fig. 6, it  was found 
that linearity was in the ranges of 0.02-3.0 mM and 0.04-3.0 mM

w ith R2 values of 0.9921 and 0.9970 for DA and AA, respectively. 
The lim it of detection (LOD) and lim it o f quantitation (LOQ) 
evaluated using signal-to-noise ratios (S/N) of three (S/N = 3) and 
ten (S/N = 10) were found to be 20 and 70 p,M, respectively for DA 
and 40 and 137 p,M, respectively for AA.

3.3.2. Calibration curves
Calibration curves for quantitative determination of DA and AA 

were constructed by plotting measured current as a function o f the 
analyte concentration. Standard DA and AA solutions for the 
calibration curves were prepared in the range of 0.5-2.5mM. 
Fig. 7a presents examples of typical readouts o f current signals 
obtained from droplets containing five different DA concentrations 
and the background (0.1 M PBS). The inset shows overlay current 
signals obtained from five single droplets w ith  different DA

Table 1
Comparison of modified CPEs for determination of dopamine.

Modifier Working area (mm2) Linear range (|xM) Detection limit (fxM) System Ref.
CNT-TNCPE 19.63 0.1-80 0.03 Batch 1401
CNFs 1.13 0.04-5.6 004 Batch 141]
Pd/CNFs 1.13 0.5-160 02 Batch [42]
SDS 3.10 8-134 3.7 Batch 1431
MWCNT/Gly 314 0.5-40 0.012 Batch [44!
PBD/MWCNT 962 30-800 1.0 Batch 1451
PDMS/Nujol oil 0.25 20-3000 20 Microfluidics This work

Abbreviations: CNFs, carbon nanofibers; CNT, carbon nanotube; Giy, glycerol; MWCNT, multi-walled carbon nanotube; PDB, 2,2'-((lEHl,2-phenylenebis(azanyIylidene)]bis 
(ทาethanylylidene)]bis(benzene-l,4-diol); PDMS, poly(dimethylsiloxane), SDS, sodium dodecyl sulphate; TNCPE, thionine-nafion supported carbon paste electrode.
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concentrations and the background. Calibration plots of DA and AA 
are presented in Fig. 7b. The relationship between current and 
concentration was found to be linear w ith  high correlation 
coefficients of R2, equal to 0.9984 and 0.9988 for DA and AA, 
respectively.

3.3.3. Precision
Precision of the system was investigated w ith in  the same day 

(intra-day precision) and among 3 days (inter-day precision). The 
intra-day precision was performed using three concentrations of 
DA and AA (0.5, 1.5 and 2.5 mM). For each concentration, the 
chronoamperometric measurements were recorded for 1 min and 
the measured currents were then averaged from 50 droplets. The 
inter-day precision was carried out using 1.5 mM DA and AA. The 
measurements were performed for three days and currents were 
averaged from 10 droplets. For intra-day and inter-day measure
ments, relative standard deviation (RSD) was found to be less than 
5%. Results obtained from intra-day and inter-day measurements 
are shown in Fig. 8. Using a one-way ANOVA statistical analysis, 
results obtained from inter-day measurements of DA and AA 
among three days (inter-day precision, ท = 3) were found to be not 
statistically different (at a 95% confidence level) w ith  p values of 
0.146 and 0.323 for DA and AA, respectively. These results indicate 
high intraday and inter-day precisions of the method.

A result comparison between the proposed method and 
previous work for the determination of DA is shown in Table 1. 
The current system has shown a wide linear range of 20-3000 |xM 
when compared to the batch methods. It should be noted that, in 
this work, the CPEs integrated w ith in  a microfluidic channel, 
namely chip-based CPEs, were microband electrodes possessing a

Time (ร)

Fig. 9. Examples of chronoamperograms obtained from the measurements of 
intravenous drugs containing (a) DA (Upamine, Domine and Dopamex) and (b) AA. 
Ail experiments were carried out using the conditions shown in Fig. 6.

Table 2
Quantitative determination of DA and AA in real samples of intravenous drugs.

Content Sample Labeled
amount

Determined
amount RSD

%Error

DA Upamine 250
(mg/lOmL)

252.3 ±7.1 
(mg/10 mL)

2.80 +0.90

Domine-250 250
(mg/10 mL)

254.2 ±7.9 
(mg/lOmL)

3.09 +1.69

Dopamex 200
(mg/10 mL)

197.1 ±5.0 
(mg/10 mL)

2.52 -1.46

AA Ascorbic
acid (mg/2mL)

514.0 ± 23.0 
(mg/2 mL)

4.61 +2.86

small working area and the measurements were carried out in a 
flow-based system. These could lead to a high lim it o f detection of 
the system when compared to other methods. Flowever, the 
outstanding benefit of using a microfluidic system is that small 
amount of samples is required. In this work, a chronoampero
metric measurement was performed w ith in  a droplet having a 
volume of 0.625 nL. This volume was significantly lower than the 
sample volumes needed for classical electrochemical measure
ments or batch methods, which normally require sample volumes 
of at least 0.5 mL. Accordingly, m icrofluidic analysis would be an 
excellent alternative when samples are lim ited or expensive, 
especially biological/medical samples. In addition, high-through- 
put analysis is simply applicable w ith  microfluidic systems.

3.4. Application to real samples

The proposed system was applied for the quantitative 
determination of DA and AA contained in intravenous drugs, 
which have the main component either DA or AA. The final 
concentrations of DA and AA in the samples were prepared to be 
1.0 and 1.5 mM, respectively. For each sample, measured currents 
were averaged currents from 10 droplets and their concentrations 
were calculated using the calibration plots in Fig. 7b. Chronoam
perograms obtained from the measurements o f real DA and AA 
samples are presented in Fig. 9. It can be seen that the pattern of 
exponential decay of the chronoamperometric current and the 
peak shape obtained from the real samples are similar to those of 
the standard solutions. These confirm that no electrode fouling 
was observed when the real samples were measured. Table 2 
shows the amounts o f DA and AA found in the samples. The 
determined amounts of DA and AA were insignificantly different 
from the labels w ith  %RSD below 5% and percentage error less than 
±3%. In addition, statistical analysis using f-test (at 95% confidence 
level) showed no significant difference between the determined 
and labeled amounts, indicating a high accuracy of the proposed 
system.

4. Conclusions

We have successfully demonstrated the first application of a 
droplet microfluidic system coupled w ith  chronoamperometric 
detection using chip-based CPEs for highly reproducible and 
accurate measurements of dopamine and ascorbic acid in real 
samples of medical injections. The chip-based CPEs have shown 
high electrochemical performance and allow for ease o f electrode 
patterning and microfluidic device fabrication at a low cost. 
Although detection lim its of the proposed system for analysis of 
dopamine and ascorbic acid are not as low as those reported in 
previous work [39], this system offers an alternative route to 
determine the amount of DA and .AA in real samples containing 
high DA and AA concentration levels (e.g. medical substances). In 
addition, measurements using this approach can be performed in a 
high-throughput manner w ith  small sample consumption, which
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could be an ideal platform for on-site measurements for medical 
diagnosis. From this work, the droplet system would pave the way 
for other applications of a new generation of droplet microfluidic 
systems integrated w ith  electrochemical detection for applications 
in medical diagnosis and online monitoring o f environmental 
pollution (e.g. heavy metals). We are currently extending our 
approach for drug analysis, which would result in the basis of a 
future publication.
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A droplet-based electrochemical sensor for direct measurement of D-glucosamine was developed using 
carbon paste electrodes (CPEs) modified with gold nanoparticles (AuNPs) and polyaniline (PANI). Central 
composition design (CCD) was employed as a powerful method for optimization of parameters for 
electrode fabrication. The optimized amounts of AuNPs and PANI obtained from the response surface 
were determined as 300 and 3000 mg L-  \  respectively. Coupled with a droplet microfluidic system, the 
analysis of glucosamine was performed in a high-throughput manner with a sample throughput of at 
least 60 samples h~’ . In addition, the adsorption of the analyte on the electrode surface was prevented 
due to compartmentalization in droplets. Linearity of the proposed system was found to be in the range 
of 0.5-5 mM with a sensitivity of 7.42 X 10“ 3 A mol-1 Lcm~2 and limits of detection and quantitation of 
0.45 and 1.45 mM, respectively. High intraday and interday (evaluated among 3 days) precisions for the 
detection of 50 droplets containing glucosamine were obtained with relative standard deviation less than 
3%. The system was successfully used to determine the amounts of glucosamine in supplementary 
products with error percentage and relative standard deviation less than 3%. เท addition, the amounts of 
glucosamine measured using the developed sensor were in good agreement with those obtained from a 
CE method. These indicate high accuracy and precision of the proposed system.

e 2016 Elsevier B.v. All rights reserved.

1. Introduction

Osteoarthritis (OA) or a degenerative jo in t disease is a group of 
mechanical abnormalities o f joints, which especially occurs in the 
elderly and overweight people as well as athletes [ 1 ]. D-Glucosa- 
mine (GlcN), an ammo monosaccharide found in connective tis
sues and gastrointestinal mucosal membranes [2], is widely used 
to alleviate the symptoms of OA because it has been believed that 
Glc/V prevents the deterioration of the cartilage and surrounding 
fluid in the joints |3j. Therefore, GlcN is manufactured as supple
mentary products and marketed to people suffering from OA [4], 
Nowadays, the use of GlcN supplements for treatment of OA is 
growing rapidly, leading to a variety of commercial brands of GlcN 
supplements distributed into the markets. Therefore, a simple and 
rapid method for quantitative analysis of GlcN is required to
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Bangkok 10330, Thailand.
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control the quality of GlcN products during manufacturing pro
cesses and the products distributed into the markets.

Previously, the analysis of GlcN was achieved using several meth
ods, including fluorescent sensors [5], capillary electrophoresis with 
fluorescence detection [6] and high-performance liquid chromato
graphy with a variety of detection systems, such as electrochemical 
detection [7,ร], mass spectrometry [9-11], refractive index [11,12], 
fluorescence [2,6,13] and u v  detection [3]. Since GlcN is a mono
saccharide derivative of glucose, quantitative determination using 
fluorescence detection was required a derivatization step using a 
fluorescent dye. Therefore, electrochemical detection was favorably 
performed by taking advantages of sugar compounds exhibiting 
electrochemical properties. Accordingly, the analysis of GlcN using 
electrochemical detection was easily achieved w ith its native structure. 
Therefore, we present herein a facile and reliable method using an 
electrochemical sensor as an alternative for quantitative determination 
of GlcN supplements. Since less matrix effect is generally found in 
supplementary products when compared to biological fluids, an 
electrochemical sensor was developed for a direct measurement of 
GlcN without a separation step. เท addition, a GlcN sensor was coupled

http://www.elsevier.com/locate/talanta
mailto:monpichar.s@chula.ac.th
http://dx.doi.Org/10.1016/j.talanta.2016.05.052
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with a droplet microfluidic system in order to perform the analysis in 
a high-throughput manner with small sample' consumption. More
over, compartméntalization in droplets prevented the adsorption of 
analytes on the electrode surface. Accordingly, no washing and drying 
steps between consecutive runs were required, resulting in mini
mization of analysis time compared with batch-wise electrochemical 
sensing methods. Therefore, advantages of a droplet system, including 
rapid mixing, no sample dispersion and adsorption, low sample con
sumption, portability and high throughput analysis, enhance the 
analytical performance of the chip-based GlcN sensor.

In this work, carbon paste electrodes (CPEs) were selected to 
fabricate a chip-based GlcJV sensor. CPEs are easily to fabricate into a 
chip-based format and possess a wide working potential and w ith
stand electrode fouling [14]. Gold nanoparticles (AuNPs) were used 
to modify chip-based CPEs because it was previously reported that 
gold electrodes were able to catalyze the oxidation of carbohydrates 
[7] and AuNPs modified carbon electrodes were used to monitor 
GldV during the synthesis of glucosaminic acid [ 15]. The advantages 
of AuNPs are that they are inexpensive and possess more surface area 
when compared to gold-pad electrodes. เท addition, polyaniline 
(PAN1), a well-known conducting polymer, was also employed for 
electrode modification to enhance electrochemical signal due to its 
excellent electrochemical properties, good environmental stability 
and non-toxicity [16]. Central composition design (CCD) was used in 
this work to optimize pH of the working medium and the amounts of 
PANI and AuNPs for electrode modification. The box-like design of 
experiments was carried out and a responsive surface was then 
plotted to formulate an equation to find the optimized conditions of 
each parameter (pH, the amounts of PANI and AuNPs) [ 17,18] Under 
the optimized conditions, the analytical performance of the devel
oped system for determination of GlcN was evaluated. Finally, the 
proposed system was employed for quantitative analysis of GlcN in 
supplementary products. This approach offers a fast, low cost, simple 
and reliable platform for determination of glucosamine products. In 
addition, the proposed system could be an ideal route for screening 
product quality in both markets and manufacturing processes by 
further developing the whole system to be fully automated. This 
could make manufacturing quality control far more efficient

2. Experimental

21. Materials and instrumentation

All chemicals are analytical grade. Gold nanoparticles were 
synthesized from HAuC14 (Sigma-Aldrich, Singapore) and 1% so
dium citrate (Sigma-Aldrich, Singapore) using a conventional 
chemical reduction method [19]. Polyaniline was grounded w ith 
( + )-camphor-10-sulfonic acid and dissolved in 2-methyl-N-pyr- 
rolidone (NMP) (Sigma-Aldrich, Singapore). Materials and chemi
cals were used as received: D-( + )-glucosamine hydrochloride 
(Fluka Chemica CH-9471, Switzerland), sodium chloride (NaCl: 
Merck, Thailand), disodium hydrogen phosphate (Na2HP04: 
Merck, Thailand), potassium dihydrogen phosphate (KH2PO4: 
Carlo ERBA, Thailand), potassium chloride (KC1: Ajax Finechem, 
Thailand), noujol mineral oil (Perkin Elmer, Thailand), silver paint 
(SP1 supplies, USA), graphite powder ( < 20 pm, Sigma-Aldrich, 
Singapore), ethanol (Merck, Thailand) and Sylgard 184 elastomeric 
kit (Dow Corning, USA). Electrochemical measurements were 
conducted using a commercially available potentiostat (eDAQ 
ED410, 410-088, Australia). For microfluidic experiments, all so
lutions were contained in 1 mL plastic syringes (Nipro, Thailand) 
connected to the inlets of a microfluidic device using polyethylene 
tubing (0.38 mm I. D., 1.09 mm O.D., PORTEX, Belgium). The solu
tions were driven through the device using syringe pumps (PHD 
2000, Harvard Apparatus, USA).

2.2. Preparation o f solutions

All aqueous solutions were prepared using M illi-Q  water 
(18.0 ML2 cm, Milli-Q. Gradient System, Millipore, Thailand). Phos
phate buffer saline (PBS) pH 7.4 at a concentration of 0.1 M was 
prepared by dissolving 2.0 g NaCl, 0.05 g KC1, 0.36 g Na2HP04 and 
0.06 g KH2PO4 using M illi-Q  water in a 250 mL volumetric flask. To 
adjust pH of the PBS buffer, 0.1 M phosphoric acid and 0.1 M NaOH 
were used to obtain a desired pH. A stock solution o f D-glucosamine 
at a concentration of 100 mM was prepared by dissolving 21.56 mg 
of D-glucosamine in 1.0 mL of 0.1 M PBS in a safe-lock tube (Ep- 
pendorf, Thailand). A mixture of AuNPs and PANI was prepared by 
dissolving AuNPs and PANI in NMP in a safe-lock tube. The mixture 
was vortexed before use. For droplet-based microfluidic experi
ments, an oil solution for droplet generation was a 10:2 (v/v) m ix
ture of perfluorodecalin (mixture of CIS and trans, 95%, Sigma-Al
drich, Germany) and 1H, 1H, 2H, 2H-perfluoro-l-octanol (97%, Sig
ma-Aldrich, Germany). D-Glucosamine supplementary products 
were purchased from a local drugstore (Thailand). All samples were 
prepared in 0.1 M PBS to have a final concentration of 3.0 mM.

2.3. Design and fabrication o f m icrofluidic devices

There were two designs o f PDMS microfluidic devices; one was a 
device consisting o f a circular reservoir w ith a diameter of 0.8 cm (a 
well-like device) for measurements using cyclic voltammetry and 
the other was a device w ith microchannels for electrochemical 
measurements in droplets. The design of microchannels followed 
the microfluidic layout presented in previous work [ 14]. PDMS de
vices were fabricated using traditional soft lithography |20|. Each 
device was composed of two PDMS layers. The top layer was a 
microchannel- or reservoir-patterned plate and the bottom layer 
was an electrode-patterned plate. The microchannels consisted of a 
major channel (500 pm wide) and a confined channel (50 pm wide) 
and all channel depth was 100 pm. The electrode-patterned PDMS 
plate consisted of three microchannels w ith 500 pm width and 
100 pm depth for fabrication of three microelectrode bands.

Chip-based CPEs were fabricated by means of screen printing [14J. 
Graphite powder, nujol oil and PDMS were mixed and then filled into 
the microchannels of the electrode-patterned PDMS plate. A rubber 
scraper was used to spread the carbon paste onto the electrode area 
to smooth out the surface of the electrodes. The excessive paste was 
cleaned up using Scotch Magic Tape™. Subsequently, for electrode 
modification, 1 |1 L o f the mixed solution of AuNPs and PANI micro
fibers was applied onto the middle electrode using the drop-casting 
technique and the electrodes were then left in a 65 °c oven for 1 h°

To make a well-like device w ith  a circular reservoir, a square 
piece of PDMS was punched using a 0.8 cm diameter puncher. For 
device assembly using plasma treatment, only the punched PDMS 
or microchannel PDMS was exposed to plasma, not the electrode- 
patterned PDMS. This was because the nujol oil component from 
the electrodes could be decomposed upon plasma treatment [211, 
resulting in low efficiency of the CPEs. Electric wires were then 
attached at the end of each electrode using silver paint. In order to 
reduce the noise, epoxy glue was applied over the silver paint area 
and left to be cured for 1 h. Thereafter, the devices were ready to 
use. The complete devices are shown in Fig. 1(a) and (b).

2.4. Central composition design (CCD) fo r  electrode modification

The amounts o f AuNPs and PANI used for electrode modification 
were optimized to achieve maximum current signal, stock solutions 
of 1000 mg L-1 AuNPs and 10,000 mg L~' PANI were prepared in 
NMP and the desired amounts were used for electrode modifica
tion. Effect of pH of the working buffer was studied because both 
AuNPs and PANI are pH dependent. CCD was used for optimization
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Fig. 1. (a) A microfluidic device consisting of two PDMS layers. The top PDMS plate contains a main channel (500 pm wide and 100 pm deep) and a confined channel (50 pm 
wide, 100 pm deep and 1 cm long) as a detection window. The bottom PDMS plate has three parallel channels (500 pm wide and 100 pm deep) screen printed with carbon 
paste to be used as working, counter and reference electrodes (WE, CE and RE, respectively). The working electrode was modified with PANI and AuNPs. The distance 
between each electrode is 500 pm. (b) A well-like device with a 0.8 mm punched hole to serve as a reservoir.

of these parameters (the amounts of AuNPs and PANI and pH). 
Actual and coded values for the factors investigated in the study are 
given in Table SI (ESI); a total of 20 experiments were performed. A 
regression model w ith  the parameters w ith individual, interaction 
and quadratic terms were constructed using code values in order to 
avoid data bias [4,22]. The predicted responses (current in this case) 
were calculated using the obtained regression model to extrapolate 
the optimized conditions from the surface responses.

2.5. Electrode characterization

After electrode modification using each condition shown in Ta
ble SI (ESI), the modified CPEs were electrochemically character
ized using cyclic voltammetry (CV) to find the optimized condition 
which was considered from the maximum current obtained from 
cyclic voltammograms. CV measurements were performed in a 
well-like device using 40 or 100 mM GlcN in 0.1 M PBS and back
ground current was obtained from 0.1 M PBS. Scan rates were used 
in the range of 50-500 mV ร-1 w ith a potential window from 
— 1.00 to 1.30 V. Moreover, the morphology of mixed modifiers 
(AuNPs and PANI) was observed using scanning electron micro
scope (SEM, Japan Electron Optics Laboratory Co ~ Ltd., Japan).

2.6. Electrochemical detection in droplets

To generate droplets in a microfluidic device, a mixture of per- 
fluorodecalin and perfluorooctanol at a volume ratio of 10:2 v/v was 
used as an oil phase and an aqueous phase was either GlcN or 0.1 M 
PBS. Applied potentials in the range of 50-500 mV were studied to 
achieve a maximum ratio of the current signal to background. The 
current signals were measured from droplets containing 5 mM 
GlcN, while 0.1 M PBS pH 4 was used to produce droplets for the 
background current. Chronoamperometric measurements of the 
droplet content were performed while droplets were passing 
through the confined channel in which the modified microband 
CPEs were located. Current data was monitored for 1 min and 
averaged currents from ten droplets were used to construct a hy
drodynamic voltammogram, a plot of the ratio of current signal to 
background (S/B) as a function of applied potential. An applied 
potential providing the highest S/B ratio was selected for further 
chronoamperometric measurements in droplets.

To optimize droplet size and velocity for electrochemical mea
surements, water fraction (พ'f), the ratio between the flow rate of 
aqueous phase and the total flow rate (พ'f=F3q/(Faq+FoU)), in which 
Faq and Foil are the flow rates o f aqueous and oil phases, respectively 
[14], Both water fraction and total flow rate were concomitantly

studied using พ !  equal to 0.3, 0.4 and 0.5 and total flow rate in the 
range of 1.0-3.0 pLm in-1 . For example, to study the velocity of 
droplet on the chronoamperometric measurement, พ !  was fixed at 
0.3 and the total flow rate was varied from 1.0 to 3.0 pL m in-1 . 
After that the experiments were repeated using the same flow rates 
but changing Wf to 0.4 and 0.5, respectively.

3. Results and discussion

3.1. CCD experiments fo r  electrode modification

A regression model including linear, interactive and quadratic 
parameters correlating to the current efficiency was calculated using 
the multiple linear regression (MLR). From the regression function, it 
was found that all experimental parameters (pH and the amounts of 
AuNPs and PANI) affected the current signal and they were strongly 
correlated. Thus, in the case, a "one factor at a time” approach was not 
satisfied to determine the optimized conditions. Therefore, it was 
necessary to generate the response surface to discover the condition 
which gave the highest current First we attempted to visualize all 
interactions in one surface plot by setting the X- and y-axis to be the 
amounts of AuNPs (X2) and PANI (X3), respectively, together w ith the 
surface layers corresponding to the different pH values. Each re
sponse surface layers were superimposed in order to include all in
teractions. Fig. 2a shows the estimation of current at different pH 
values. It suggests that pH has a strong effect on the current When 
increasing pH values, current signal tends to be decreased. This is in 
good agreement w ith the coefficient in the regression functions 
where a negative sign for pH (X, ) was observed. Lower current signal 
obtained when increasing pH could be due to the conducting PANI 
converted to a non-conducting form in neutral or alkaline pH [23]. To 
better visualize the optimized conditions, current contour [îlots at pH 
~ 5  were constructed by simultaneously varying the two factors (the 
amounts of AuNP and PANI), as shown in Fig. 2b. It was observed 
from the surface plots that the highest current should be obtained 
when using the amounts of AuNPs and PANI in the ranges of 100- 
300 mg L^1 and 1000-3000 mg L-1, respectively (as shown in the 
filled area in Fig. 2b). Results obtained from CV experiments con
firmed that 300 mg L-1 AuNPs and 3000 mg L-1 PANI showed the 
highest current (Table SI, ESI). It was found that low current signal 
was obtained when using higher amounts of PANI ( >  3000 mg L“ 1 ) 
and AuNPs ( > 300 mg L“ ’ ). This could be because thick PANI film 
accounts for high background current due to high charging current, 
while AuNPs at high concentrations could aggregate, resulting in less 
surface area.
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AuNPs(ppm)

Fig. 2. Responsive surfaces of central composition calculated using the regression model: >a(rren( = 13.58 - 1.76X1 + 1.12X2 - 1.42X3 + 4.9IX.2 - 4.56X22 - 2 59X32 + ! •ธ 4xt 2 + 2.89X]3 - 1.08X23 
where, X,. x2 and x3 are linear terms corresponding to pH, the amounts of AuNPs and PANI, respectively. X,2, x22, X32 and x,2, x,3, X23 are quadratic terms and interaction terms of 
the parameters, (a) Estimation of response surface of the current by plotting the amounts of AuNPs and PANI with superimposition of surface layers which represent different pH 
values, (b) Response surface contours of the current by plotting the amounts of AuNPs and PANI at pH ~5. The range of the optimized conditions to obtain the highest current is 
chosen from the overlapped area labeled in brown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

From the surface plots (Fig. 2a), it was also noticed that when the 
pH was increased to pH 8, current signal was slightly increased. This 
could be due to AuNPs, which is known that gold is a good elec
trocatalyst for electrochemical processes in alkaline media [15], 
playing a dominant role in the reaction. Accordingly, pH values 
outside of the CCD range (pH 53-8.7) were studied w ith the opti
mized amounts o f AuNPs (300 mg L- 1 ) and PANI (3000 mg L- 1 ) for 
electrode modification, cv measurements of 100 mM GlcN were 
carried out using the modified electrodes, it was found that two 
maximum current values o f 70 |JA and 35 |iA were obtained when 
using the working electrolytes (0.1 M PBS) at pH 4 and pH 12, re
spectively. A quasi-reversible cyclic voltammogram was obtained 
when using pH 4, while an irreversible cyclic voltammogram was 
observed at pH 12 (Fig. 3). The quasi-reversible process would occur 
due to the effect of PANI which provided better electron transfer at 
low pH [23], Therefore, pH 4 was selected for further experiments.

3.2. Electrode characterization

To study the mass transfer behavior of GlcN using the AuNPs and 
PANI modified CPE (AuNPs-PANi/CPE) w ith the optimized amounts 
of 300 mg L-1 AuNPs and 3000 mg L-1 PANI, cv measurements of 
both 40 and 100 mM GlcN were performed using a potential w in
dow from - 1.00 to + 1.30 V w ith scan rates ranging from 50 to 
500 mV ร- ,  and cyclic voltammograms are shown in Fig. 4a and c. 
Peak currents obtained from the cyclic voltammograms were plot
ted as a function of scan rate and square root of scan rate to de
termine whether the reaction is an adsorption- or diffusion-con
trolled process. Generally, a diffusion controlled-process is de
scribed using the Randles-Sevcik equation (ip=2.69 X 105FACn3,2D '1 
2บ '12), where ip is peak current (A), A is the electrode surface area 
(cm2), ท is the number of transferred electrons, c is the con
centration o f analyte (mol cm-3 ), D is the diffusion coefficient of 
electroactive species (cm2 ร-1 ), F is Faraday's constant 
(96,485 c m ol-1 ) and บ is scan rate (mV ร-1 ) [14|. According to the 
Randles-Sevcik equation, if  a plot between peak current and square 
root of scan rate is linear, the reaction is characterized as a diffu
sion-controlled process. As seen from Fig. 4b, when using 40 mM 
GlcN, plots of peak current as a function of square root o f scan rate 
exhibited linear relationships. However, linear plots of peak current 
as a function of scan rate were obtained when using 100 mM GlcN

Fig. 3. Cyclic voltammograms (CVs) of too mM GlcN in 0.1 M PBS buffer. A quasi- 
reversible CV was obtained at pH 4, while an irreversible cv was observed at pH 12. 
The measurements were carried out using a scan rate of 100 mV ร-1 with a po
tential window from - 1.00 to 1.30 V vs. CPE.

(Fig. 4d). These implied that at low concentrations of GlcN, the re
action was controlled by diffusion, whereas an adsorption-con- 
trolled process played an important role at high concentrations of 
GlcN. In addition, a small change in peak shift was observed for the 
diffusion-controlled process, which could be due to adsorption of 
GlcN and glucosaminic acid (a product) at the electrode surface.

Moreover, the morphology of the mixed modifiers (AuNPs and 
PANI) was characterized using SEM. SEM images in Fig. 5 illustrate 
that AuNPs self-assembled on the surface of PANI microfibers. Pre
viously, it was reported that PANI microfibers were used as a reducer 
for the synthesis of AuNPs from chloroauric acid (HAuC14) without a 
stabilizer [24]. The nitrogens along the polymer chains act as physical 
supporters for AuNPs. Therefore, AuNPs can be simply synthesized 
on the surface of PANI microfibers using only physical mixing or an 
applied potential. A proposed model of AuNPs grown on a PANI 
modified CPE is shown in Fig. Sla (ESI). W ith the presence of GlcN, 
the amino group of GlcN interacted w ith AuNPs, resulting in a 
sandwich-like configuration (Fig. sib , ESI). This configuration would 
enhance the electrochemical signal because of high electron density 
on the AuNPs surface from the amino group of GlcN.
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Fig. 4. Cyclic voltammograms (CVs) of (a) 40 mM and (c) 100 mM GlcN in 0.1 M PBS pH 4 at scan rates in the range of 50-500 mV ร''1. Plots of the anodic (top) and cathodic 
(bottom) peak currents obtained from the CVs as a function of square root of scan rate (b) and as a function of scan rate (d).

Fig. 5. SEM images of PAN1 microfibers (a and c) and PANI microfibers with AuNPs (b and d).

3.3. Chronoamperometric measurements in droplets only for high-throughput experiments, but also for preventing
adsorption of analytes on electrodes [25]. Chronoamperometric

3.3.1. Optimization o f an applied potential measurements were performed at the detection window, in which
Droplet-based microfluidics was employed in this work not droplets were elongated to cover the modified CPEs. When
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droplets passing through the modified CPEs, electrochemical sig
nal exhibited the highest current at the beginning of the droplet 
signal and then decreased exponentially to the steady-state, which 
followed the Cottrell equation [26]. Generally, chronoampero- 
metric current signal is measured at the steady-state. However, for 
high accuracy and reproducibility, chronoamperometric currents 
were measured at the end of droplet peaks where the current 
reached a semi-steady-state value [27], Chronoamperometric 
readout of droplets containing a concentration series of GlcN was 
presented in Fig. 6a. Each peak corresponds to chronoampero
metric signal from an individual droplet.

To optimize an applied potential for chronoamperometric mea
surements in droplets, hydrodynamic experiments were performed 
by generating droplets containing 2.5 mM GlcN. Subsequently, the 
droplet contents were measured for currents using different applied 
potentials ranging from 50 to 500 mV. The S/B ratio was then plotted 
as a function of applied potential to construct a hydrodynamic vol- 
tammogram, as shown in Fig. 6b. It can be seen that when using an 
applied potential of 100 mV, the highest S/B ratio was obtained. 
Therefore, an applied potential of 100 mV was selected for further 
chronoamperometric measurements using the droplet system.

3.32. Effects o f droplet size and velocity on chronoamperometric 
measurements

Since chronoamperometric current measurements were taken at 
the end of droplet signals, effects of droplet size and velocity on the 
currents were investigated to maximize the current signals. To 
optimize the velocity of droplets, droplet size was fixed by main
taining Wf at 0.3, 0.4 and 0.5 for droplet generation whilst total flow 
rate was varied in the range of 1.0-3.0 pL m in-1 for each Wf. Fig. 7a 
illustrates effect of droplet velocity on current signal for each Wf.

It was found that at the same velocity the lower the water 
fraction, the higher the electrochemical signal. This is due to the 
exponential decay of chronoamperometric current w ith time, re
sulting in lower current signal for longer droplets (higher Wf). 
Therefore, Wf equal to 0.3 was selected for droplet generation. In 
addition, the velocity of droplets was found to affect the current 
signal. When increasing the total flow rate, current signal was in
creased (Fig. 7a) due to short residence time caused by fast droplet 
movement when passing the CPEs. It should be noted that chron
oamperometric currents were measured at semi-steady state of the 
exponential decay; therefore, shorter residence (higher droplet 
velocity) time would result in higher current signal. However, it was 
found that unstable current signals were observed at high flow 
velocities (2.5 and 3.0 pL m in-1 ). This could be due to the fact that 
at high flow velocities, the residence time was too short, resulting in 
uncertainty of the measured current signals. Accordingly, chron
oamperometric measurements of the droplet content were per
formed using the flow rates of 1.4 pL m in-1 and 0.6 pL m in-1 for 
oil and aqueous solutions, respectively, resulting in a total flow rate 
of 2.0 pL m in-1 (corresponding to a linear velocity of 0.66 mm ร-1 ).

3.4. Analytical performance

3.4.1. Linearity and lim its o f detection and quantitation (LOD and 
LOQ]

To investigate linearity of the droplet system for determination 
of GlcN, droplets were produced using GlcN at different con
centrations. Flow rates of GlcN and the oil phase were set to be
0.6 and 1.4 pL m in-1 , respectively. Currents measured from the 
droplet system were then plotted as a function o f GlcN concentra
tion to observe a linear range. Fig. 7b shows linearity o f this system, 
which was found to be in the range of 0.45-5 mM w ith a sensitivity 
of 7.42 X 10-3 A mol-1 Lem-2 . In addition, LOD and LOQ. of the 
droplet system for determination of GlcN, calculated using 3 and 10 
times of signal-to-background ratios, were found to be 0.45 and

PQ
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Fig. 6. (a) Chronoamperometric readout of a concentration series of GlcN from 0 to 
5 mM. The inset shows an example of current measurement of a droplet peak. The 
measurements were carried out using a total flow rate of 2.0 pL min-1 and Wf=0.3 
to generate droplets containing GlcN. The applied potential was 100 mV vs. CFE. 
(b) A hydrodynamic voltammogram of 2.5 mM GlcN.

1.45 mM, respectively. It should be noted that the chip-based CPEs 
used in this work were microband electrodes possessing a small 
working area of 2.5 X 10-4 cm2 and the measurements were carried 
out in a flow-based system to allow for high-throughput analysis. 
Accordingly, the linear range and LOD of the proposed system are 
not as good as those reported from the previous work [28]. How
ever, the advantages of using a droplet system are that small 
amount of samples (typically in nanoliters) is required for the 
measurements when compared to batch methods which are nor
mally required sample volumes of at least 0.5 mL and the proposed 
approach not only allows for high-throughput analysis (at least 60 
samples h-1 ), but also prevents the adsorption of analytes on the 
electrode surface due to the compartmentalization of droplets. 
These minimize the analysis time to be approximately 1 min for a 
sample because no washing and drying steps are required between 
consecutive runs, compared to batch methods which normally take 
at least 5 min for a sample. เท addition, the proposed platform could 
be further developed to be fully automated for high throughput 
sample monitoring for quality control of products in manufacturing 
processes.

3.4.2. Precision
Intra-day and inter-day precisions of the droplet system for 

chronoamperometric measurements of GlcN were evaluated. Three 
concentration levels (1.5, 2.5 and 3.5 mM) of GlcN were used to 
generate droplets for assessment of both precisions. Intra-day pre
cision was observed from current measurements of 50 droplets
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Fig. 7. (a) Effects of water fraction and total flow rate on chronoamperometric 
measurements of GlcN in droplets, (b) A dynamic range (0.45-5.0 mM) of the 
droplet system for determination of GlcN. Droplets were generated using a total 
now rate of 2.0 |iL min ~ ' and Wf=0.3. The applied potential was 100 mV.

(ท=50) for each concentration w ith in the same day, while inter-day 
precision was investigated from current measurements of droplet 
contents among 3 days (n =  3). Results showed that current signals 
obtained from the intra-day measurements (Fig. S2a, ESI) were 
highly reproduced w ith the percentage of relative standard devia
tion (% RSD) of less than 3%. For inter-day precision (Fig. S2b, ESI), % 
RSD of the currents measured from 3 days (ท=3) were found to be 
less than 5%. Using the t-test, the currents obtained among three 
days for inter-day experiments were not statistically different at a 
95% confidence level (tca|=0.21 < tcnr=4.30). These indicate high 
repeatability of the droplet system for intra-day and inter-day 
measurements of GlcN.

3.5. Study o f interference

Generally, GlcN can be synthesized from hydrolysis of chitosan 
w ith N-acetylglucosamine (GlcNAc) as a by-product Both GlcN and 
GlcNAc have similar chemical structures with a hydrogen of the amine 
group of GlcN being replaced by an acetyl group to form GlcNAc (Fig 
S3, ESI). Therefore, study of interference caused by G1 cNAc for de
termination of GlcN using the droplet system was performed. To study 
effect of GlcNAc on determination of GlcN, the concentration of GlcN 
was maintained at 5 mM (the control) and mixed solutions between 
GlcN and GlcNAc were prepared at different concentration ratios of 
1:10, 2:10, 3:10, 4:10 and 5:10 (GlcNAc. GlcN), resulting in 10%, 20%, 
30%, 40% and 50% GlcNAc in GlcN solutions. Subsequently, all solutions 
were chronoamperometrically measured for currents using the

Fig. 8. Examples of chronoamperograms obtained from the measurements of GlcN 
in supplementary products. All experiments were carried out using the conditions 
shown in Fig. 7b.

droplet system. From the results (Fig. S4, ESI), it was determined that 
at concentration ratios of 1:10,2:10,3:10,4:10, currents were found to 
be insignificantly different (only 0.4%, 0.6%, 1.6% and 3.0% increase, 
respectively) when compared to the current obtained from 5 mM 
GldVf. At the ratio of 5:10 (50% GlcNAc), 14% of current enhancement 
was found. However, the relative percent composition of GlcNAc in 
supplementary products is not expected to reach 50%. Therefore, 
GlcNAc does not interfere GlcN measurements using this method.

3.6. Application to real samples

The proposed method was applied for determination of GlcN in 
dietary supplements (A, B and c). Three marketed GlcN products 
were prepared in 0.1 M PBS pH 4. Consequently, droplets o f real 
samples were generated and measured for chronoamperometric 
currents. An example o f droplet signal containing GlcN supplements 
is shown in Fig. 8. Averaged currents from 10 droplets for each 
sample were then used to calculate the amount of GlcN using a 
linear equation ofy=1.854x+0.489 w ithR2=0.997 obtained from a 
calibration curve plotted between current (nA) and concentration in 
the range of 1-5 mM. The amounts of GlcN determined using the 
droplet system are shown in Table 1. Error percentages of the dif
ference between the determined amounts of GlcN in real samples 
and the labeled amounts were found to be less than 0.1%. In addi
tion, results from t-test at a 95% confidence level showed that the 
calculated t values (tca|=0.15, 0.49 and 0.21 for samples A, B and c, 
respectively) did not exceed the critical t value (tcrlt=2.26, ท=10), 
confirming that there was no significant difference between the 
determined and labeled amounts of GlcN in real samples. Moreover, 
to further validate the proposed system, results obtained from real 
sample measurements were compared to those from the mea
surements using the traditional capillary electrophoresis (CE) with 
ÜV detection [29). Statistical analysis using t-test (at a 95% con
fidence interval) showed that tcai equal to 0.45 was significantly 
lower than tcrit of 2.91, indicating no significant difference between 
the results determined using the proposed approach and the CE 
method. This confirmed a high accuracy of the proposed system for 
quantitative analysis of GlcN supplements.

4. Conclusions

A chip-based electrochemical sensor using the AuNPs-PANI/CPEs 
for monitoring o f GlcN in supplementary products was successfully 
developed for the first time. Using CCD experiments, optimization
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Table ใ.
Measurements of GlcN in supplementary products.

Real
sample

Labeled
amount
(mg)

This method CE method
Measured
amount
(mg)

%RSD %Enror Measured
amount
(mg)

%RSD %Error

A 1500 1516 2.08 1.07 1516 2.85 1.07
B 1500 1499 0.71 006 1513 2.07 0.87
c 1500 1510 1.68 067 1505 2.75 033

o f pH o f th e  w ork in g  m ed iu m  and  th e  am o u n ts  o f AuNPs and PANI 
for e lec trode  fabrication w as easily and  accurate ly  achieved. The 
p ro posed  system  has sho w n  its ability for m easu rem en ts  o f GlcN 
w ith  good sen sitiv ity  and  high accuracy and  precision. Integration 
w ith  a d ro p le t system  expedited  th e  analysis into a h ig h -th ro u g h 
p u t m a n n e r  an d  p re v en ted  a d so rp tio n  o f sam ples o n  th e  electrode 
surface. A lthough  th e  de tec tio n  lim it of th e  p ro posed  system  for 
analysis o f  GlcN is n o t as low  as th a t  re p o rted  in previous w ork  [3], 
th is p la tfo rm  offers a d irect, facile and  c onven ien t rou te  to d e 
te rm in e  th e  a m o u n t o f GlcN, w h ich  could be em ployed  for quality  
con tro l o f  GlcN p ro d u c ts  d u rin g  m an ufactu ring  processes and for 
m on ito rin g  th e  qu ality  o f  GlcN su p p lem en ts  d istribu ted  in to  the  
m ark ets. In add ition , d ie ta ry  su p p le m en ts  alw ays con tain  GlcN a t 
h igh  co n cen tra tio n s; therefore, an  analytical m e th o d  w ith  a low  
d e te c tio n  lim it is n o t necessary . From  th is  w ork, d ro p le t m icro
fluidics in teg ra ted  w ith  an  electrochem ical sen so r has p u t a s trong  
em p h asis  on  feasible app lications for contro lling  and  m onito rin g  
th e  quality  o f  p ro d u c ts  d u rin g  m an ufactu ring  processes and  in the  
g ro w in g  d ie ta ry  su p p le m e n t m arket.
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• Highly sensitive determination of Hg 
(II) using SI-ASV-BDD was achieved.

• Electrochemical detection of Hg(II) 
using Cu(II) enhancer was accom
plished.

• LOD and LOQ were found to be very 
low at 40.0 ppt and 135.0 ppt.

• This method was successfully ap
plied for determination of Hg(II) in 
real samples.
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A B S T R A C T
A highly sensitive determination of mercury in the presence of Cu(II) using a boron-doped diamond (BDD) thin film electrode coupled with sequential injection-anodic stripping voltammetry (SI-ASV) was 
proposed. The Cu(II) was simultaneously deposited with Hg(II) in a 0.5 M HC1 supporting electrolyte by 
electrodeposition. In presence of an excess of Cu(II), the sensitivity for the determination of Hg(II) was 
remarkably enhanced. Cu(II) and Hg(II) were on-line deposited onto the BDD electrode surface 
at -1 .0  V (vs. Ag/AgCI, 3 M KC1) for 150 s with a flow rate of 14 (xLs-1. An anodic stripping voltammogram 
was recorded from -0 .4  V to 0.25 V using a frequency of 60 Hz, an amplitude of 50 mV, and a step 
potential of 10 mV at a stopped flow. Under the optimal conditions, well-defined peaks of Cu(II) and Hg(II) 
were found at -0 .25  V and +0.05 V (vs. Ag/AgCI, 3 M KC1), respectively.The detection of Hg(II) showed two 
linear dynamic ranges (0.1 -30.0 ng mL 1 and 5.0-60.0 ng mL-1 ). The limit of detection (S/N = 3) obtained 
from the experiment was found to be 0.04 ng mL-1. The precision values for 10 replicate determinations 
were 1.1, 2.1 and 2.9% RSD for 0.5, 10 and 20ngm L“\  respectively. The proposed method has been 
successfully applied for the determination of Hg(II) in seawater, salmon, squid, cockle and seaweed 
samples. A comparison between the proposed method and an inductively coupled plasma optical 
emission spectrometry (ICP-OES) standard method was performed on the samples, and the 
concentrations obtained via both methods were in agreement with the certified values of Hg(II), 
according to the paired t-test at a 95% confidence level. © 2014 Elsevier B.v. All rights reserved.
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1. Introduction

M ercu ry  is a w e ll-reco g n ized  global p o llu ta n t a n d  on e  o f th e  
m o s t toxic e le m e n ts  [1], Its toxicity , b ioavailab ility  a n d  b io accu 
m u la tio n  in liv ing o rg an ism s a re  d e p e n d e n t on  its chem ica l form  
[2], Due to its so lub ility  in w ate r, w h ich  p ro v ides a p a th w ay  for 
c o n ta m in a tio n  in large a m o u n ts  o f w a te r, Hg(II) is on e  o f  th e  m o st 
c o m m o n  a n d  s ta b le  fo rm s o f m erc u ry  po llu tion . By th is  m eans, Hg 
( 11) can  acc u m u la te  in  v ita l o rg an s th ro u g h o u t th e  food chain  and 
cause  sev ere  dam ag e  to  th e  b ra in , n e rv o u s  system , k idneys, h e a r t  
an d  en d o c rin e  sy s tem  [3J. T herefo re, it is v ery  im p o r ta n t to 
ro u tin e ly  m o n ito r  th e  Hg(Il) in th e  en v iro n m e n t. Due to  its h igh 
toxicity, th e  U nited  S tates E nv iron m en tal P ro tection  A gency 
(USEPA) lim its  th e  m e rc u ry  level in d rin k in g  w a te r  to  0.002 m g  IT 1 

[4], and  th e  p o llu ta n t con tro l d e p a r tm e n t  in  T hailand  a llow s th e  
m erc u ry  level in in d u s tria l e fflu en t to  be 0 .005  m g  IT 1 (5). For th e  
d e te rm in a tio n  o f such  very  low  levels o f  Hg(ll) in e n v iro n m e n ta l 
sam p les , th e  d e v e lo p m e n t o f a h igh ly  sen sitiv e  d e te c tio n  m e th o d  is 
really  im p o rta n t.

Several te c h n iq u e s  can be u sed  for m e rc u ry  qu an tif ica tio n , such  
as c o ld -v a p o r a to m ic  fluo rescence  sp e c tro m e try  (CV-AFS) [6 ], 
c o ld -v a p o r a to m ic  a b so rp tio n  sp e c tro m e try  (CV-AAS) [7], in d u c
tive ly  coup led  p la sm a -m ass  sp e c tro m e try  (1CP-MS) [3] and 
in d u c tiv e ly  coup led  p lasm a  a to m ic  e m issio n  sp e c tro m e try  
(1CP-AES) [8 ]. Even th o u g h , th e se  m e th o d s  a re  sen sitiv e  for th e  
d e te c tio n  o f  low  co n c en tra tio n s , to  m e e t th e  sen s itiv ity  re q u ire 
m en t, th e y  n e ed  ex ten siv e  sam p le  p re p a ra tio n  and  long  analysis 
tim es. C onsequently , th e se  tech n iq u e s  a re  n o t su ita b le  for on -lin e  
m o n ito rin g . On th e  o th e r  hand , e le c tro c h em ica l te c h n iq u e s  a re  an 
a lte rn a tiv e  choice  fo r th e  d e te c tio n  o f trac e  m eta ls  b eca u se  o f  th e ir  
s im p lic ity  and  h igh  sensitiv ity . A nodic s tr ip p in g  v o lta m m e try  
e sp ec ia lly  o ffers a h igh ly  sen sitiv e  m e th o d  for th e  d e te c tio n  o f 
m eta l ions b e ca u se  it co n ta in s  a p re -c o n c e n tra tio n  s te p  before  
analysis . Thus, th is  m e th o d  has s ig n ifican t ad v a n ta g e s  as an 
a u to m a tic  o n -lin e  m o n ito rin g  m eth o d .

A nodic s tr ip p in g  v o lta m m e try  (ASV) [9] is a p o p u la r tech n iq u e  
u se d  for th e  d e te rm in a tio n  o f  various heavy  m eta ls . Recently, ASV 
has b e e n  w id e ly  u sed  fo r th e  trac e  an d  u ltra - tra c e  analysis  o f m eta l 
ions d u e  to  its w id e  lin e a r d y n am ic  range, h igh  sen s itiv ity  an d  low  
d e te c tio n  lim it. T he a d d itio n a l ad v a n ta g e s  o f  ASV o v er AAS, 1CP- 
AES and  ICP-MS a re  th e  low  in s tru m e n t  c o st an d  sm all e q u ip m en t. 
To ov erco m e  th e  tra d itio n a l b a tc h  analysis, ASV can be  com b in ed  
w ith  seq u e n tia l in jec tio n  analysis (S1A). This c o m b in a tio n  has 
sig n ifican t a d v a n ta g e s  ov er th e  b a tc h  system , in c lu d in g  th e  
sp e ed  o f analysis  an d  low  re a g e n t c o n su m p tio n  as w ell as 
im p ro v ed  accu racy  a n d  p rec isio n  [10,11], M oreover, seq u en tia l 
in je c tio n -a n o d ic  s tr ip p in g  v o lta m m e try  (SI-ASV) can  be 
p e rfo rm e d  as a fully a u to m a te d  system . T he d e te c tio n  o f  m erc u ry  
in so lu tio n s  u sin g  an o d ic  s tr ip p in g  v o lta m m e try  (ASV) has b e en  
re p o rte d  using  severa l d iffe ren t e lec tro d es , inc lud ing  g ra p h ite  [1 2 ], 
c a rb o n  p a s te  [13], g lassy  c arb o n  [14], m od ified  g lassy  carb o n  [15],

s c re e n -p r in te d  ca rb o n  [16] and  go ld  [ 17], เท so m e  o f th e se  cases, 
e le c tro d e  p re p a ra tio n  tec h n iq u e s  such  as po lish in g , chem ical 
m od ifica tio n  o r  e le c tro d e  p re - t re a tm e n t  a re  e sse n tia l for th e  
d e te c tio n  o f  low  levels o f  m e rc u ry  o r  to  in crease  th e  re p ro d u c ib ility  
o f th e  d e te c tio n .

B o ro n -d o p ed  d ia m o n d  (BDD) th in  film  e le c tro d e s  h ave  b een  
increasing ly  u sed  in e le c tro c h em ica l a p p lic a tio n s  d u e  to  th e  
ch a rac te ris tic s  o f  d iam o n d , such  as its du rab ility , e lec trica l 
condu ctiv ity , and  co rro s io n  re s is ta n c e  [18,19], T he exce llen t 
chem ica l in e r tn e ss  c o m b in ed  w ith  th e  low  b ack g ro u n d  c u rre n t 
and  th e  large  p o te n tia l ran g e  b e tw e e n  th e  o n se t  o f  oxygen  and 
hy d ro g en  e v o lu tio n  m ak es th e  u se  o f  d iam o n d  p o p u la r  for th e  
d e te c tio n  o f  v a rie ty  o f  e le c tro a c tiv e  sp ec ies  [2 0 -2 2 ]. B o ron -dop ed  
d iam o n d  th in  film  e le c tro d e s  have a ttra c te d  c o n s id e rab le  a tte n tio n  
for u se  in th e  e le c tro a n a ly tic a l d e te c tio n  o f  a v a rie ty  o f analy tes 
inc lu d in g  m erc u ry  [23,24].

From  lite ra tu re  re v ie w s  re la te d  to  th e  e lec tro c h em ica l d e te c tio n  
o f  m ercury , w e  fou nd  th a t  c o p p e r  is th e  m a jo r in te rfe r in g  ion  in th e  
d e te rm in a tio n . In th e  p re sen ce  o f c o p p e r  ions, th e  p e a k  c u r re n t  o f 
m erc u ry  in c re a se d  w i th  in c re a sin g  c o n c e n tra tio n s  o f  c o p p e r  ions 
[25.26], B ased on  th is  idea  Borgo e t  al. re ce n tly  re p o rte d  th e  
d e te rm in a tio n  o f  H g(ll) by s tr ip p in g  v o lta m m e try  u s in g  an  
a n tim o n y  film  e le c tro d e  in th e  p re se n c e  o f  Cu(Il) [27]. H ow ever, 
th is  m e th o d  is a b a tc h  analysis  m e th o d . F u rth e rm o re , A shrafi and  
V ytras rev ea led  a m e th o d  in tro d u c in g  a d d itio n a l Cd(II) in to  th e  Hg 
( 11) u sing  an  a n tim o n y  film  m o d ified  ca rb o n  p a s te  e lec tro d e . 
H ow ever, th is  m e th o d  is h igh ly  tox ic  d u e  to  th e  Cd(Il) [28]. 
T herefo re , th e  a im  o f  th e  p re s e n t  w o rk  w as to  d e v e lo p  a h ighly  
sen sitiv e  a n d  a u to m a te d  m e th o d  for th e  d e te rm in a t io n  o f  Hg(ll) 
ions in th e  p re sen ce  o f  Cu(ll) to  o b ta in  a h igh  sen sitiv ity . T he BDD 
th in  film  e le c tro d e  w a s  se lec ted  b e ca u se  th is  e le c tro d e  p ro v ided  
th e  sen s itiv ity  to  d e te c t  Hg(ll). H ow ever, th e re  is no  re p o r t  o f  th e  
u se  o f a BDD th in  film  e le c tro d e  as a s e n so r  in a n  a u to m a te d  
system . T he d e v e lo p ed  m e th o d  w a s  su ccessfu lly  a p p lie d  for 
d e te rm in a tio n  o f  trac e  levels o f  Hg(ll) in  seaw a te r, sa lm o n , cockles, 
squ id  and  sea w e ed  sam p les.

2. Experimental

2.1. Reagents
A s ta n d a rd  so lu tio n  o f  Hg(II) w a s  p re p a re d  d a ily  by an  

a p p ro p ria te  d ilu tio n  o f  th e  sto ck  s ta n d a rd  so lu tio n s  o f  H g(N 0 3 )2 

( 1 0 0 0  m g L~’ a to m ic  a b so rp tio n  analysis  h y d ro c h lo ric  acid 
so lu tio n  o b ta in e d  fro m  Ajax, A ustralia). T he s to ck  s ta n d a rd  
so lu tio n s  o f  0.5 M Cu(II) so lu tio n  w e re  p re p a re d  by d isso lv in g  
C uS04 (BDH, E ngland) in  a 0.5 M h y d ro ch lo ric  ac id  so lu tio n . The 
0.5 M hy d ro ch lo ric  acid  so lu tio n , w h ic h  se rv ed  as a su p p o rtin g  
e lec tro ly te , w a s  p re p a re d  by th e  d ilu tio n  o f  c o n c e n tra te d  
hy droch lo ric  acid  (an a ly tica l re a g e n t g rad e , 37%, 1.19 g m L~’ ; 
M erck, G erm any ) w ith  m illi-Q .w ater. T he 1.0 M n itr ic  acid  so lu tio n

Table 1
Step sequence for the determination of Hg(II) by SI-ASV.

Step Description Position of selection Volume Flow rate Time Electrode potential
valve (m-L) (p-Ls-1) (ร) (V)

1 Aspirate sample solution into holding coil 1 1400 100 14 _

2 Aspirate Cu(ll) solution into holding coil 2 700 100 7 -
3 Dispense Cu(ll) solution and sample solution into flow cell for in situ plating of Cu 

(11) and metal ion
3 2100 14 150 -1.0

4 Equilibration 3 0 0 5 -1.05 Stripping and recording of valtammogram 3 0 0 10 -0.4 to 0.256 Aspirate 0.5 M HC1 into holding coil 4 200 100 2 -
7 Dispense 0.5 M HC1 into flow cell for electrode cleaning 3 200 20 10 +1.08 Aspirate 1.0 M HN03 into holding coil 5 1200 100 12 -
9 Dispense 1.0 M HNO3 into flow cell for electrode cleaning 3 1200 20 60 +1.0
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Fig. 1. Sequential injection-anodic stripping voltammograms (SI-ASV) of 50 ng 
๓ !-' Hg(II)on bare c c  (a), 200 ngmL-' Cu(ll) without Hgfll) (b), 200 ng ml.-' Cu(II) 
with 50ngmL"' Hg(II) on GC(c) and 200ngmL-' Cu(II) with 50ngmL-' Hg(II) on 
BDD (d). The deposition potential was -1.0 V; the deposition time. 150 ร; flow rate 
was set at !4fjcLร -,. Electrode areas: GC is 0.1413cm2 and BDD is 0.3406cm2.

w as p re p a re d  by th e  d ilu tio n  o f c o n c e n tra te d  n itr ic  acid  (ana ly tica l 
re a g e n t g rade , 65%, 1.39 g  m l/ - ’ ; M erck, G erm any ) w ith  m illi-Q  
w ater.

2.2. Apparatus
A se q u e n tia l  in je c tio n  sy s tem  for th e  d e te rm in a tio n  o f  Hg(II) by 

ASV c o n s is te d  o f  a sy rin g e  p u m p  (H am ilton , USA) and  an  8 -p o rt  
se lec tio n  valve (H am ilton , USA). PTFE tu b in g  w as u se d  for th e  flow  
lines (1.5 m m  i.d.) and  a h o ld in g  coil (1.5 m m  i.d., 2.5 m ). The 
sy s tem  w as c o m p u te r  c o n tro lle d  by a p ro g ram  w ri t te n  w ith  v isual 
basic  so ftw are . E lectrochem ica l m e a su re m e n ts  w e re  c arried  o u t in 
a th in - la y e r  flow  cell (B ioanaly tica l S ystem s, USA) u sin g  th e  
p o te n tio s ta t  (A utolab , T he N e th e rlan d ). T he th in - la y e r  flow  cell 
co n s is te d  o f  a g a sk e t as a spacer, a BDD e le c tro d e  as a w o rk in g  
e le c tro d e , an  Ag/AgCl e le c tro d e  (3 M KC1) as a  re fe re n c e  e lec tro d e , 
an d  a s ta in le ss -s te e l  tu b e  as a  c o u n te r  e le c tro d e  as w ell as a 
so lu tio n  o u tle t  o f  th e  flow  cell.

2.3. SI-ASV procedure
The s te p  se q u e n ce s  for th e  d e te rm in a tio n  o f  H gfll) a re  sh o w n  in 

Table 1. T he sam p le  an d  th e  Cu(ll) e n h a n c e r  so lu tio n  w ere  
s e q u e n tia lly  a sp ira te d  in to  th e  h o ld in g  coil and  d isp e n se d  in to  a 
th in - la y e r  flow  cell w h ile  a n  e le c tro d e  p o te n tia l o f  - l . o v  w as 
ap p lie d  for 150 ร in  w h ich  Cu(ll) an d  Hgfll) w e re  d e p o s ite d  o n to  th e  
e le c tro d e  (s te p s  1 -3 ) . A fter a 5 s e q u ilib ra tio n  t im e  w ith  a s to p p e d  
flow  (s te p  4), a sq u a re  w ave  v o lta m m o g ra m  u s in g  a freq u en cy  o f 
60  Hz, a s te p  p o te n tia l o f  10 mV, a n d  a p u lse  a m p litu d e  o f  50  mV 
w a s  re co rd ed  fro m  - 0 .4  V to  +0.25 V (s te p  5). Finally, th e  e le c tro d e  
w a s  c le an e d  a t  +1.0 V to  re m o v e  any  re m a in in g  a n a ly te  m eta ls  on  
th e  e le c tro d e  surface, and  0.5 M h y d ro ch lo ric  acid  w as flow ed for
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Fig. 2. Effect of optimized experimental conditions for the determinate Hg(II) such as concentration of HCI (A), deposition potential (B), deposition time (C) and flow rate (D). All other conditions were the same as those in Fig. 1.
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Fig. 3. SI -ASV of 50ngml~ ' Hg(ll) in various concentration of Cu(II). All other 
conditions were the same as those in Fig. 1.

10 ร and  1.0 M n itric  acid w as flow ed for 60  ร (s tep s  6 -9 ) . All o f  th e  
e x p e rim e n ts  w e re  p e rfo rm e d  a t  room  te m p e ra tu re .

2.4. Sample preparation
2.4.1. Preparation of seawater

The se a w a te r  sam p le  w as filtered  th ro u g h  m e m b ra n e s  
(0 .45 p,m ) to  rem o ve  th e  su sp e n d e d  partic le s. Five m illilite rs  o f 
th is  filtra te  v o lu m e  w as d ilu te d  to  25 mL w ith  0.5 M HC1. This 
so lu tio n  w as s to red  a t 4°c in a re frig era to r.

2.4.2. Preparation of salmon, cockle, squid and seaweed
Two g ra m s o f  sam p le  w e re  a cc u ra te ly  w e ig h ed  in to  a 100 mL 

borosil beaker, an'd a m ix tu re  o f  2 m L  HNO3 a n d  1 mL HCIO4 w as 
a d d e d  [29]. T he m ix tu re  w a s  th e n  h e a te d  a t  a te m p e ra tu re  o f 
100 °c u n til  th e  so lu tio n  w as clear. The so lu tio n  w as th e n  coo led  to 
ro o m  te m p e ra tu re , filtered  th ro u g h  a 0.45 |i,m  m e m b ra n e  filter and  
th e n  th e  filtra te  w as d ilu te d  to  a  to ta l vo lu m e  o f  10 mL w ith  0.5 M 
HC1.

3. Results and discussion

3.1 Behavior of mercury on bare cc and BDD electrodes
The m ajo r o b jectiv e  o f  th e  p re se n t w o rk  is to  d e te rm in e  th e  

m erc u ry  c o n te n t  u s ing  a BDD e lec tro d e . H ow ever, a co m p ariso n  
w a s  also p e rfo rm e d  u s in g  a b a re  g lassy  ca rb o n  (GC) e le c tro d e  to 
e m p h as ize  th e  u n iq u e  p ro p e rtie s  o f  th e  BDD e le c tro d e . From  Fig. 1, 
it can  be o b serv ed  th a t  th e re  is no v o lta m m e tr ic  re sp o n se  o f 
5 0 n g m L H g ( I I )  in 0.1 M HC1 a t  a GC e le c tro d e  (cu rve  a). Curve b 
sho w s th e  ox id a tio n  p eak  o b ta in e d  from  2 0 0  n g m L - 1  Cu(II) in 
0.1 M HC1 a t a GC e le c tro d e , and  th is  p e ak  w as fou nd  a t a p o te n tia l 
o f  -0 .1 0  V. As sh o w n  in cu rv e  c, 20 0  n g m L - 1  Cu(ll) w as a d d e d  to 
50 n g m L - 1  Hg(II), an d  th e y  w e re  th e n  s im u lta n e o u s ly  o n -lin e

Table 3
Tolerance ratio of interfering ions in the determination of 50 ng mL-1 of Hg(II).

Ions Tolerance ratio (พjoท/พHg(ip)
Na*. Ba2*, Co2*, NO3 -, CO3 2-, HPO4 2-, OH- , Br 2000
Fe2*, SO4 2 1500
น*, Ni2*. CI- . Mn2*, NOz- 1000
CH3 COO" 800
Mg2* 400
Zn2+ 200
Cd2*. Ag*. K* 100
As3*, Ca2* 20
CN, I- , Pb2‘ 10

d e p o s ite d  on  a GC. A Cu(Il) p e ak  w as fou nd  a t  a p o te n tia l o f -0 .1 5  V, 
a n d  a n e w  p e a k  o f  Hg(II) w a s  g e n e ra te d  a t a p o te n tia l o f  +0.10V. 
U sing th e  sam e  co n d itio n s  as curve  c ex ce p t for th e  GC e le c tro d e  
b e in g  re p la c ed  by a BDD e lec tro d e , a p e ak  o f  5 0 n g m L '1 Hg(ll) a t 
th e  BDD e le c tro d e  g re a tly  in c re a se d  (cu rve  d). T his su g g ests  th a t  a 
BDD e le c tro d e  can  im p ro v e  th e  sen s itiv ity  o f  th e  d e te rm in a t io n  o f 
m e rc u ry  in th is  a u to m a te d  system .

3.2. Optimization of the parameters
T he o p e ra tin g  c o n d itio n s  a n d  p a ra m e te rs , su ch  as th e  

su p p o rtin g  e lec tro ly te , c o n c e n tra tio n  o f  th e  su p p o rtin g  e lec tro ly te , 
d e p o s itio n  p o te n tia l, d e p o s itio n  tim e, c o n c e n tra tio n  o f  Cu(ll), and  
flow  ra te , w e re  su b se q u e n tly  investigated .

3.2.1 Effect of the supporting electrolyte
P re lim in a ry  e x p e rim e n ts  w e re  c arried  o u t w ith  fou r acids 

(HCl, HNO3 , HCIO4 an d  H2SO4) u sed  as th e  su p p o rtin g  e lec tro ly te , 
w ith  e ac h  b e in g  u sed  a t th e  sam e  c o n c e n tra tio n  o f  0.5 M. T hese  
e x p e rim e n ts  rev ea led  th a t  th e  h ig h e s t  p e ak  c u rre n ts  and  
w e ll-d e fin ed  p eak  sh a p e s  w e re  o b ta in e d  using  a 0.5 M HC1 
so lu tio n . T herefo re , HC1 w as ch o se n  as th e  o p tim a l su p p o rtin g  
e le c tro ly te  for th is  w o rk . N ext, th e  e ffec t o f v a ry in g  th e  HC1 
c o n c e n tra tio n  on  th e  o b ta in e d  c u rre n t  signal o f  Hg(ll) w as 
e v a lu a te d  w ith  0.01, 0.1, 0.5 1.0 a n d  5.0 M HC1. T he h ig h e s t 
s tr ip p in g  p e ak  c u rre n ts  o f  Hg(ll) w e re  o b ta in e d  by Sl-ASV using  
0.5 M HCl (Fig. 2A). It cou ld  be a c o n c e rn  th a t  a t  th is  e le c tro ly te  
c o n c e n tra tio n , th e  m ig ra tio n  c u r re n t  w as c o m p le te ly  su p p re sse d . 
H ow ever, a d e c re a se  in  th e  s tr ip p in g  signal o f  Hg(ll) o c c u rre d  a t 
h ig h e r c o n c e n tra tio n s  b e ca u se  o f  th e  g re a te r  e ffec t o f  h y drog en  
e v o lu tio n . T herefo re , 0.5 M HC1 w a s  se lec ted  as th e  o p tim u m  
su p p o rtin g  e le c tro ly te  fo r th e  p ro p o se d  m eth o d .

3.2.2. Effect of the deposition potential and deposition time
T he d e p e n d e n c e  o f  th e  s tr ip p in g  p e ak  c u rre n t  on  th e  d e p o s itio n  

p o te n tia l w as ex am in e d  o v er th e  range  - 0 .5  to  - 1.2 V. T he so lu tio n  
c o n s is te d  o f 5 0 n g m L -1 H g(ll) and  2 0 0 n g m L - 1  Cu(ll), an d  a fixed 
f lo w ra te  o f 1 4 p .L s-1 w a s  used . The re su lts  a re  p re se n te d  in Fig. 2B. 
T he s tr ip p in g  p eak  in cre a se s  rap id ly  as th e  d e p o s itio n  p o te n tia l 
b e co m e s m o re  nega tive . H ow ever, th e  p e ak  c u rre n t  leve led  o ff as 
th e  d e p o s itio n  p o te n tia l a p p ro a c h e d  - 1 .0  V and  d ro p p e d  w h e n  th e  
p o te n tia l w a s  m o re  neg a tiv e  th a n  - l . o v .  Thus, an  o p tim a l 
d e p o s itio n  p o te n tia l o f  - l . o v  w as se lec ted .

Table 2
Operating conditions and parameters for the determination Hg([I) by SI-ASV. 

Optimization parameter Range study
+0.5 to -1.2 V
HCI, HCIO4 . HNO3. H2S04 

0.1 -2 M
5-2000 ngmL'1 
2-16 p is" 1

Deposition potential 
Deposition time 
Supporting electrolyte 
Concentration supporting electrolyte 
Concentration of Cu(ll)
Flow rate

Selected
-l.ov
150s

50-200 ngmL-1 
14 p is - '
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E(V)vs. Ag/AgCl

E (V) VS. Ag/AgG
Fig. 4. (A) SI-ASV of the Hg(ll) + 50ngmL_1 Cu(li) with different concentration of Hg(ll), (a-g) 0.1, 0.5, 1.0, 5.0,10.0, 20.0, and 30.0ngmL~'. Calibration plots (insert) for 
increasing concentrations of Hg(II) under optimum conditions. (B) SI-ASV of the Hg(ll) + 200ngmL-1 Cu(ll) with different concentration of Hg(II), (a-g) 5,10, 20, 30,40, 50, 
and 60ngmL“‘. Calibration plots (insert) for increasing concentrations of Hg([I) under optimum conditions.

For th e  d e p o s itio n  tim e, th e  d e p e n d e n c e  o f th e  Hg(Il) p eak  
h e ig h ts  w as ex am in e d  o v er th e  ran g e  o f  3 0 -2 0 0  ร a t  a fixed flow  
ra te  o f  1 4 p ,L s~ ' in  th e  p re sen ce  o f  5 0 n g m L _1 Hg(II) and  
2 0 0 n g m L _ 1 Cu(ll). As illu s tra te d  in  Fig. 2C, th e  p e a k  c u rre n ts  
in cre a se d  a lm o s t lin early  w ith  th e  d e p o s itio n  tim e. T he c u rre n t 
s ignals in cre a se d  w ith  an  in c re a sin g  d e p o s itio n  tim e  up  to th e  
m ax im u m  s tu d ied  d e p o s itio n  tim e  o f  2 0 0  ร. To ba la n c e  th e

sen sitiv ity  and  analysis  tim e , a d e p o s itio n  tim e  o f  150 ร w as 
se lec ted  h e re  fo r all o f  th e  analyses.

3.2.3. Effect of the square-wave parameters
The sq u are  w av e  p a ra m e te rs  in v es tig a ted  w e re  th e  a m p litu d e , 

th e  frequency  and  th e  s te p  p o te n tia l. T hese  p a ra m e te rs  to g e th e r  
have an  e ffec t on  th e  p e ak  sh a p e  a n d  p e ak  c u rre n t  o f  th e  Hg(II)
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Table 4
Determination of mercury by electrochemical analysis.

Electrode Electrochemistry LOD
(ngmL-1)

System Deposition 
time (ร)

Ref.

Copper/antimony/glassy carbon electrode ASVa 0.39 Batch 120 [27]Thiophenol/single-walled carbon nanotubes/gold electrode ASV 0.6 Batch 120 [30]
Palladium oxide/graphite composite electrode DPASV1’ 3.87 Batch 180 131 )
Gold atomic cluster based nanocomposites/cetyl trimethyl ammonium bromide(CTAB)/ 

biopolymer/chitosan/gold electrode
DPASV 1.6x10 6 Batch 15 [32]

Platinum microelectrode FI-LAV( 112 Automatic - [33]
Solid gold and gold film electrode FI-ASV'1 0.05 Automatic 540 [34]
Gold film/screen-printed carbon electrode Sl-ASV' 0.22 Automatic 200 [16]
Copper/BDD SI-ASV 004 Automatic 150 This

work
1 ASV: anodic stripping voltammetry. 
b DPASV: differential pulse anodic stripping voltammetry, 
c FI-LSV: flow injection-linear scan voltammetry. 
d FI-ASV: flow injection-anodic stripping voltammetry. 
e SI-ASV: sequential injection-anodic stripping voltammetry.

re sp o n se . The p e ak  c u rre n ts  o f  Hg(Il) in creased  as th e  sq u are -w av e  
fre q u en cy  and  s te p  p o te n tia l increased , b u t a t  h igh  frequenc ies and  
s te p  p o te n tia ls , a n  in crease  in  th e  back g ro u n d  c u rre n t  w a s  also 
fou nd . This in crease  in th e  b ack g ro u n d  c u rre n t  re su lted  in a lo w er 
signal to  no ise  ra tio , w h ich  m ay  be du e  to  th a t  a t  a h igh  frequency  
a n d  s te p  p o ten tia l. T he cap ac itiv e  c h arg in g  c u rre n t  d o es n o t 
s ig n ifican tly  d ecay  and  c o n tr ib u te s  to th e  m e a su re d  resp o n se . The 
p e ak  c u rre n t  o f  Hg(II) in creases  w ith  an  in cre a se  in th e  sq u are - 
w ave  a m p litu d e  u p  to  50 mV. F u rth e r in c reasin g  th e  a m p litu d e  
d e c rea se s  a n d  b ro ad en s  th e  Hg(II) s tr ip p in g  peak . T hus, th e  
o p tim u m  a m p litu d e , freq u en cy  and  s te p  p o te n tia l se lec ted  for th e  
sq u are -w a v e  s tr ip p in g  v o lta m m e try  w e re  50 mV, 60  Hz and  10 mV, 
respectively , a n d  th e se  p a ra m e te rs  w e re  u sed  for all o f  th e  
su b se q u e n t m ea su re m e n ts .

3.2.4. Effect of the flow rate
T he flow  ra te  is an im p o r ta n t  p a ra m e te r  th a t  affec ts th e  

sen s itiv ity  and  analysis  tim e  o f  m erc u ry  ion d e te c tio n  by Sl-ASV. 
H ence, th e  in flu en ce  o f th e  flow  ra te  on  th e  s tr ip p in g  pe ak  c u rre n ts  
w as in v e s tig a ted  th ro u g h o u t th e  range  o f  2 -1 6  P -L s '1. T he

d e p o s itio n  tim e  w a s  fixed a t  150 ร, and  a ra tio  b e tw e e n  th e  
m erc u ry  ion  so lu tio n  a n d  Cu(Il) so lu tio n  o f 2:1 w as used . T he re su lt 
w as th a t  th e  p eak  c u rre n t o f  Hg(ll) in c re a se d  w ith  an in c re a sin g  
flow  ra te  up  to  a m ax im u m  flow  ra te  o f  16 (jlL ร-1 as sh o w n  in 
Fig. 2D. H ence, a flow  ra te  o f  1 4 |± L s_1 w as used  th ro u g h o u t  th is  
w o rk  b e ca u se  th is  flow  ra te  n o t  on ly  o ffers a h igh  sen s itiv ity  b u t 
also p ro v id ed  a lo w er c o n su m p tio n  o f th e  sam p le  and  reag en ts .

3.2.5. Effect of the Cu(II) enhancer
Prev ious re se a rc h  re p o rte d  th a t  Cu(ll) ions can in te rfe re  in  th e  

e lec tro c h em ica l d e te c tio n  o f  m ercu ry . In a d d itio n , w e  fo u n d  th a t  
Cu(ll) can  e n h a n c e  th e  Hg(ll) signal by a c o lo rim e tric  m e th o d  [26]. 
T herefo re , w e  a re  in te re s te d  in th e  u se  o f  Cu(U) as an  e n h an cer. 
From  th e  re su lts , it can  be o b serv ed  th a t  th e  Cu(II) e n h a n c e r  cou ld  
in cre a se  th e  signal o f  Hg(ll). T herefo re , th e  s tr ip p in g  p e a k  c u rre n ts  
a re  a ffec ted  by th e  c o n c e n tra tio n  o f  Cu(ll). T he e ffec t o f  v a ry in g  th e  
Cu(Il) c o n c e n tra tio n  w a s  in v e s tig a ted  o v er th e  ran g e  o f 
5 0 -2 0 0 0  n g m L " 1. T he s tr ip p in g  p e ak  c u rre n ts  o f Hg(II) an d  Cu 
(11) in cre a se d  w ith  in c re a sin g  Cu(II) c o n c e n tra tio n s , b u t th e  signal 
o f  Cu(II) o v e rlap p ed  w ith  th e  s tr ip p in g  p e ak  c u rre n ts  o f  Hg(Il) a t

Table 5
The intra- and inter-day precisions and recoveries of the proposed method.

Samples Concentration of Hg(Il) (ngmL-1) Intra-day Inter-day
Mean %recovery (±SD) RSD (%) Mean %recovery ( ±SD) RSD (%)

Seawater 1.0 82.25 ± 3.02 3.67 90.12 ± 14.18 15.735.0 95.19 ± 669 7.03 94.68 ± 5.31 5.6110.0 101.80 ± 2 81 2.76 102 22 ± 4 00 3.91300 100.11 ± 023 0.23 99 91 ± 0.41 0.41
Salmon 1.0 77.08 ± 11.62 15.08 79.86 ±5.07 6.355.0 96.09 ± 10.94 11.38 97.45 ±  10.37 10.6410.0 100.80 ± 4.51 4.47 99.00 ±6.06 10.47300 10004 ± 0.31 0.31 100.20 ±0.39 0.40
Squid 1.0 74. 73 ± 2.61 3.50 81.76 ±16.64 20.345.0 108.18 ± 7.58 7.01 100.57 ±19 60 19.49100 94.97 ± 4.45 4.69 96.71 ± 6.03 6.23300 100.58 ± 0.26 0.26 100.37 ±0.24 0.24
Cockle 1.0 80.37 ± 9.34 11.62 86.33 ± 4.45 5.155.0 97.60 ± 5.91 6.05 96.23 ±  5.96 6.2010.0 99.79 ± 622 623 97.74 ± 2.59 2.6530.0 100.10 ± 0.60 0.60 100.63 ± 0  57 0.57
Seaweed 1.0 80.27 ± 16.26 20.36 83.30 ±12.72 15.275.0 92.84 ± 13.78 4.07 88.88 ±10.54 11.8610.0 101.21 ± 1.13 1.12 102.83 ±2.53 2.4630.0 99.27 ± 1.68 169 100 02 ± 0  41 0.41
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Table 6
Determination of mercury in real samples.

Samples Added concentrations (ngmL-1) Founded concentrations 
Proposed method(ngmL_1) Standard method* (ngmL-1)

Seawater 0.0 ND ND
1.0 0.83 ±0.10 1.09 ±0.10
5.0 4.74 ±0.06 4.36 ±0.14

10 0 10.65 ±0  38 9.19 ±0.11
30.0 29.83 ±0.12 30.37 ±0.05

Salmon 0.0 ND ND
1.0 0.86 ±0.10 1.09 ±0.12
5.0 4 27 ± 0 03 5.17 ±0.33

10.0 10 60 ±0.42 9.76 ±0  55
30.0 29 93 ±013 30.05 ±0.20

Squid 0.0 ND ND
1.0 1.01 ±0.21 0.87 ±0.08
5.0 3 90 ±0  31 3.96 ±0.20

10.0 10 34 ±0  80 10.72 ±0.23
30.0 30.07 ±0.23 29 94 ±0.08

Cockle 0.0 ND ND
1.0 0.90 ±0.17 1.10 ±0.15
5.0 4.67 ±0.92 5.47 ±0.28

100 9.81 ±0.69 10.21 ±0.54
30.0 30.13 ±0.08 29 85 ±015

Seaweed 0.0 ND ND
1.0 0.66 ±0.10 1.03 ±0.08
5.0 5.01 ±0.19 4.72 ±0.33

10.0 9.99 ±0.53 9.48 ±0.36
30.0 30.01 ±0.17 30.22 ±0.08

a Inductively couple plasma-optical emission spectrometer (ICP-OES).

high  c o n c e n tra tio n s  o f  Cu(ll) (5 0 0 -2 0 0 0 n g m L _ I ) as sh o w n  in 
Fig. 3 . H ence, th e  o p tim u m  c o n c e n tra tio n  o f  th e  Cu(II) e n h a n c e r  for 
th e  d e te rm in a tio n  o f  Hg(II) by  SI-ASV is b e tw e e n  50 and  50 0  ng 
mir1.

3.2.6. Effect of the interference from other ions
V arious joins w e re  ex am in e d  re g a rd in g  th e ir  in te rfe ren ce  in th e  

d e te rm in a tio n  o f  Hg(II). Possib le in te rfe re n c e  w ith  th e  s tr ip p in g  
p e ak  c u rre n ts  o f  Hg(II) by  o th e r  ions w a s  in v estig a ted  by th e  
a d d itio n  o f th e  po ssib le  in te rfe rin g  ion  to  a so lu tio n  co n ta in in g  
50 ng mL_1 o f  Hg(ll) u n d e r  th e  o p tim ize d  c o n d itio n s  (su m m a riz ed  
in  Table 2). T he to le ra n ce  lim it w as d e fin ed  as th e  c o n c e n tra tio n  
th a t  gave an  e r ro r  o f  ±5.0% in th e  d e te rm in a tio n  o f  50  ng mL“ 1 Hg 
(II). T he re su lts  o f th is  s tu d y  a re  su m m a riz e d  in Table 3. A ccording 
to  th e  re su lts , ;no in te rfe re n c e  w as cau sed  by th e  in v estig a ted  
ca tio n s  and  an io n s ; h en ce , th e  p ro p o se d  m e th o d  offers a ve ry  high 
selec tiv ity .

3.2.7. Analytical characteristics
U n d er th e  e x p e rim e n ta l co n d itio n s  (Table 2 ), th e  s tr ip p in g  peak  

c u rre n ts  o f  Hg(II) p ro v id ed  a lin e a r re la tio n sh ip  w ith  th e  Hg(ll) 
c o n c e n tra tio n . The d y n am ic  ranges w e re  e x a m in e d  using  d iffe ren t 
c o n c e n tra tio n s  o f  Cu(Ii). T he ca lib ra tio n  cu rv es  o f  th e  p ro p o se d  
m e th o d  sh o w ed  tw o  d iffe ren t lin e a r ranges. The first ca lib ra tio n  
w a s  for h igh  c o n c e n tra tio n s  o f  Hg(II) o b ta in e d  th ro u g h o u t th e  
ran g e  o f  5 .0 -6 0  n g rn l / 1 (R2 = 0 .99 68) in  th e  p re sen ce  o f  a Cu(Il) 
c o n c e n tra tio n  o f  2 0 0  ng m l± 1 (Fig. 4A). The seco n d  c a lib ra tio n  w as 
fo r low  c o n c e n tra tio n s  o f  Hg(II) o b ta in e d  th ro u g h o u t th e  range  of
0.1 - 3 0  ng  mL“ ' (R2 = 0 .99 68) in th e  p re sen ce  o f  a Cu(ll) c o n c e n tra 
tio n  o f  50 ng m L” 1 (Fig. 4B). T he b e n e fit o f  d iffe ren t lin ear ran g es  is 
th a t  th e  m e th o d  can  d irec tly  d e te rm in e  th e  Hg(il) a t  h igh  
c o n c e n tra tio n s  w ith o u t  d ilu tio n  o r  a t  low  c o n c e n tra tio n s  w ith o u t  
p re -c o n c e n tra tio n  b e fo re  analysis. T he d e te c tio n  lim it and  
q u an tif ic a tio n  lim it, w h ic h  w e re  c a lcu la ted  b a sed  on  th re e  tim es 
(3 S/N) and  te n  tim es  (10 S/N) th e  signal o f  th e  b lank, w ere

40 .0  p g m L - '  a n d  135.0 p g m l r 1, respec tive ly , w h e re a s  re p e titiv e  
m e a su re m e n ts  y ie ld e d  a re la tive  s ta n d a rd  d e v ia tio n  (%RSD) o f  2.1% 
(20  n g m L " 1,ท = 10). W e have c o m p a re d  th is  m e th o d  w ith  som e 
o th e r  m e th o d s , an d  th e  re su lts  a re  lis ted  in Table 4 . As o b serv ed  
fro m  Table 4 , th e  p ro p o sed  m e th o d  has th e  h ig h e s t  sen sitiv ity  
a m o n g  all o f  th e  o th e r  m e th o d s . M oreover, w e  p ro p o se d  a m e th o d  
th a t  can  be  a u to m a te d  an d  w o rk  in  a c lo sed  sy stem , th u s  re d u c in g  
th e  risk  o f  m e rc u ry  toxicity.

3.2.8. The precision and accuracy
T he p re c is io n  and  accu racy  w e re  e v a lu a te d  u n d e r  th e  o p tim a l 

c o n d itio n s  to  v erify  th e  u se  o f  Sl-ASV fo r q u an tify in g  th e  Hg(ll) in 
re a l sam p le s  (seaw a te r, sa lm o n , cockle, squ id  an d  sea w e ed ) . The 
in tra -d a y  (ท = 3) an d  in te r-d a y  (3 days) e x p e rim e n ts  w e re  
p e rfo rm e d  an d  e v a lu a te d  u sin g  sam p le s  sp ik ed  w ith  fo u r levels 
(1.0, 5 .0 ,1 0 .0  and  30 .0  n g m L " 1) o f  Hg(II). As sh o w n  in Table 5, th e  
in tra -d a y /in te r-d a y  accu racy  fo r seaw a te r, sa lm o n , cock le, squ id  
an d  se a w e e d  sam p le s  w e re  in th e  ran g es  o f  82 .25-101.80% / 
90.12-102.22% , 77 .08-100 .80% /79 .86-100 .20% , 74 73-108.18% / 
81.76-100.57% , 80 .3 7 -l00 .10% /8 6 .33 -86 .33%  a n d  80 27-101.21% / 
83 .30-102.83% , resp ec tiv e ly  (ท = 3). T he p rec is io n s  (%RSD) for 
th e  seaw a te r, sa lm o n , cockle, squ id  an d  se a w e e d  sam p le s  w ere  
in th e  ran g es  o f  0 .2 3 -7.03% /0 41-15.73% , 0 .31-15.08% /
0.40-10.67% , 0 .26 -7 .01  % /0.24-20.34% , 0.60-11.62% /0.57-5.15%  
an d  1.12-20.36% /0.41-15.27% , respec tive ly . T his o u ts ta n d in g  p e r
fo rm a n c e  m ak es th e  d e v e lo p ed  m e th o d  a ttra c tiv e  for u se  as an 
a u to m a te d  a n a ly tica l sy s tem  for th e  analysis  o f  Hg(ll) in  real 
sam p les .

3.2.9. Analysis of real samples
U n d er th e  o p tim a l co n d itio n s , th e  p ro p o se d  m e th o d  w as 

a p p lie d  to  d e te rm in e  th e  Hg(II) c o n ta m in a tio n  in seaw a te r, 
sa lm o n , cock le , sq u id  and  sea w e ed  sam p les . T he u tility  o f  th is  
m e th o d  w as e v a lu a te d  by re co v ery  s tu d ie s  a t  sp ik e d  c o n c e n tra tio n  
levels  o f  1 ,5 ,1 0  a n d  30 ng  m L "1. Each c o n c e n tra tio n  w as b a sed  on
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th re e  re p lica te  run s. Results a re  sh o w n  in Table 6 . No Hg(ll) w as 
found  in th e  real sam p les . T he re la tive  reco veries and  %RSD va lues 
w e re  in  th e  ranges o f 74.73-108.18%  and  0.26-17.38% , respectively . 
To va lid a te  th e  p ro p o se d  m eth o d , th e  re su lts  o b ta in e d  by th is  
m e th o d  w e re  c o m p ared  to  th o se  o b ta in e d  from  th e  ICP-OES 
m eth o d . The c o m p ariso n  o f th e  re su lts  o b ta in e d  from  th e  tw o  
tec h n iq u e s  is sh o w n  in Table 6 . T hese  re su lts  sh o w ed  good 
a g re e m e n t w ith  th e  re su lts  o b ta in e d  by th e  s ta n d a rd  m eth o d , 
w h ich  m ean s th a t  th e  p ro p o se d  a lte rn a tiv e  m e th o d  can  be 
accep ted .

4. Conclusions

A highly  sen sitiv e, selec tive , rap id , a u to m a tic  a n d  lo w -co st 
e le c tro an a ly tica l m e th o d  w as successfu lly  d e v e lo p ed  for th e  
d e te rm in a tio n  o f  u ltra - tra c e  levels o f  m erc u ry  ions in food and  
e n v iro n m e n ta l sam p les. T his m e th o d  did  n o t re q u ire  any  se p a ra 
tio n  o r p re -c o n c e n tra tio n  s te p s  a n d  w as d irec tly  ap p lied  fo r th e  
d e te rm in a tio n  o f  h ltra - tra c e  levels o f  m erc u ry  ions in food and  
e n v iro n m e n ta l sam p les . T he m e th o d  ex h ib its  an  e x ce llen t lin e a r 
d y n am ic  range, w h ich  is d iv ided  in to  2  ran g es  th a t  o ffer th e  
o p p o rtu n ity  for a p p lic a tio n  for b o th  h igh  (5 .0 -6 0 .0  n g m l r 1) and  
low  (0 .1 -3 0 .0  n g m i r ' )  c o n c e n tra tio n s  o f  th e  analy te . A v ery  low  
d e te c tio n  lim it w ith  a n  a c c u m u la tio n  tim e  o f  150 ร w as o b ta in e d  
c o m p ared  to  th o se  o b ta in e d  in p rev ious w orks. The re su lts  sh o w ed  
th a t  th e  m e th o d  is sen sitiv e  and  a cc u ra te  for real sam p les, a n d  th e  
re su lts  for th e  sam p le s  w e re  in  good  a g re e m e n t w ith  th e  va lues 
o b ta in e d  using  ind u c tiv e ly  co u p le  p la sm a -o p tic a l  e m iss io n  
spectroscopy . O verall, th e  p re se n t m e th o d  is p ro m isin g  for th e  
e lec tro a n a ly s is  o f trac e  Hg(Il) u s in g  a n  e n v iro n m e n ta lly  frien d ly  
p ro ce d u re . T herefo re , th e  p ro p o sed  m e th o d  is re c o m m e n d e d  as an  
a lte rn a tiv e  o p tio n  for th e  analysis  o f  various p ro d u c ts  c o n ta m i
n a te d  w ith  m ercury .

Acknowledgments

T he a u th o rs  g ra te fu lly  a ckn ow ledg e  p a rtia lly  financial su p p o rt  
fro m  S rin a k h a rin w iro t U niversity  u n d e r  th e  G o v ern m en t B udget 
2 5 5 6  (G ran t No. 117/2556) a n d  th e  T hailand  R esearch Fund 
(RTA 5780005). T he Thai G o v ern m en t S tim u lus Package 
2 (TKK2555), u n d e r  th e  P ro ject for E sta b lish m e n t o f C o m p re h en 
sive C e n te r for Inn ova tive  Food Flealth P ro duc ts and  A gricu ltu re  
(PERFECTA).

References

[ใ] G.À. Drasch, Mercury, in: H.G. Seiler, A. Sigel (Eds.), Handbook on Metals in 
Clinical and Analytical Chemistry, Marcel Dekker Inc., New York, 1994.

[2] p. Krystek, R. Ritsema, Determination of methylmercury and inorganic 
mercury in shark fillets, Appl. Organomet. Chem. 18 (2004) 640-645.

[3] Z. Cu, M. Zhao. Y. Sheng, A. Bentolila, Y. Tang, Detection of mercury ion by 
infrared fluorescent protein and its hydrogel-based paper assay. Anal. Chem. 
83 (2011) 2324- 2329.

[4] http://water.epa.gov/drink/contaminants/bastcinformation/mercury.cfmS.[5] http://www.pcd.go.th/infolserv/en.,,.reg..std.water04.html[6] K. Leopold, L Harwardt, M. Schuster, G. Schlemmer, A new fully automated on
line digestion system for ultra-trace analysis of mercury in natural waters by 
means of Fl-CV-AFS, Talanta 76 (2008) 382-388.

[7] D.p. Torres, V.LA. Frescura. A.J. Curtius, Simple mercury fractionation in biological samples by cv AAS following microwave-assisted acid digestion or 
TMAH pre-treatment, Microchem. J. 93 (2009) 206-210.

[8] Y. พน, Y. Lee, L. พน, X. Hou, Simple mercury spéciation analysis by CVG-1CP- 
MS following TMAH pre-treatment and microwave-assisted digestion, 
Microchem. J. 103 (2012) 105-109.

[9] X. Chai, X. Chang, Z. HU. Q. He, Z. Tu. Z. Li. Solid phase extraction of trace Hg(ll) 
on silica gel modified with 2-(2-oxoethyl)hydrazine carbothioamide and 
determination by ICP-AES, Talanta 82 (2010) 1791-1796.

[10] H.J. Kim, D.w. Son. J.M. Park, D.Y. Hwang, C.Y. Mo, ร.พ. Park, G. Kim, J.B. Eun. 
Application of an in situ bismuth-coated glassy carbon electrode for 
electroanalytical determination of Cd(ll) and Pb(ll) in Korean polished rices. 
Food Sci. Biotechnol. 19 (2010) 1211-1217.[11] G.D. Christian, Sequential injection analysis for electrochemical measure
ments and process analysis, Analyst 119 (1994) 2309 2314.[12] E.A. Viltchinskaia, LL. Zeigmann, S.G. Morton. Application of stripping 
voltammetry for the determination of mercury, Electroanalysis 7 (1995) 
264-269.[13] z. Navratilova, p. Kula, Modified carbon paste electrodes for the study of metal- 
humic substances complexation, Anal. Chim. Acta 273 (1993) 305-311.

[14] ร. Meyer, F. Scholz, R.Trittler, Determination of inorganic ionic mercury down to 5x10 14 mol L 1 by differential-pulse anodic stripping voltammetry, 
Fresenius J. Anal. Chem. 356 (1996) 247-252.

[15] I. Svancara, M. Matousek. E. Sikora, K. Schachl, K. Kalcher, K. Vytras, Carbon 
paste electrodes plated with a gold film for the voltammetric determination of 
mercury(ll), Electroanalysis 9 (1997) 827-833.[16] E. Punrat,ร.Chuanuwatanakul,T. Kaneta, ร. Motomizu, 0. Chailapakul, Method 
development for the determination of mercury(U) by sequential injection/ 
anodic stripping voltammetry using an in situ gold-film screen-printed carbon 
electrode, J .Electroanal. Chem. 727 (2014) 78-83.

[17] M. Korolczuk, Sensitive and selective determination of mercury by differential pulse stripping voltammetry after accumulation of mercury vapour on a gold 
plated graphite electrode, Fresenius J. Anal. Chem. 357 (1997) 389-391.

[18] K.E. Spear, J.p. Dismukes (Eds.), Synthetic Diamond: Emerging CVD Science and 
Technology. John Wiley & Sons, Inc., New York, 1994.

[19] D. Pletcher, F.c. Walsh. Industrial Electrochemistry, 2nd ed.. Chapman and Hall. 
London, 1990.

[20] H.B. Martin, A. Argoitia, บ. Landau, A.B. Anderson, J.c. Angus. Hydrogen and 
oxygen evolution on boron-doped diamond electrodes, J. Electrochem. Soc. 
143 (1996) 133-136.

[21] G.M. Swain, The Susceptibility to surface corrosion in acidic fluoride media: a 
comparison of diamond, HOPG, and glassy carbon electrodes, J. Electrochem. 
Soc. 141 (1994) 3382-3393.

[22] J. พน, J. Zhu, L Shan, N. Cheng, Voltammetric and amperometric study of 
electrochemical activity of boron-doped polycrystalline diamond thin film 
electrodes, Anal. Chim. Acta 333 (1996) 125-130.

[23] A. Manivannan, M.s. Seehra, A. Fujishim, Detection of mercury at the ppb level 
in solution using boron-doped diamond electrodes. Fuel Process. Techno!. 85 
(2004) 513-519โ[24] A. Manivannan, L. Ramakrishnan, M.s. Seehra, E. Granite, J.E. Butler, D.A.Tryk, 
A. Fujishima, Trace analysis of mercury at boron-doped diamond electrodes, J. 
Electroanal. Chem. 577 (2005) 287-293.

[25] O. Fusun. F.N. Ertas. ILL Gokcel, H. Tural, Anodic stripping voltammetric 
behavior of mercury in chloride medium and its determination at a gold film 
electrode, Turk. J. Chem. 29 (2005) 355-366.

[26] A. Apilux, พ. Siangproh, N. Praphairaksit a, 0. Chailapakul, Simple and rapid 
colorimetric detection of Hg(U) by a paper-based device using silver 
nanoplates, Talanta 97 (2012)388-394.

[27] S.D. Borgo, V. Jovanovski, S.B. Hocevar, Antimony film electrode for stripping 
voltammetric measurement of Hg(II) in the presence of Cu(Il), Electrochim. Acta 88 (2013) 713-717.

[28] A.M. Ashrafi, K. Vytras, Stripping voltammetric determination of mercury(ll) at 
antimony-coated carbon paste electrode, Talanta 85 (2011) 2700-2702.

[29] L Tayebi, ร. Sobhanardakani, A. Farmany, M. Cheraghi, Mercury content in 
edible part of otolithes ruber marketed in Hamedan, Iran. WASET 5 (2011) 
11-20.

[30] J. Wei. D. Yang, H. Chen, Y. Gao. H. Li, Stripping voltammetric determination of 
mercury(Il) based on รพCNT-PhSH modified gold electrode, Sens. Actuators B 
Chem. 190 (2014) 968-974.

[31] F.E. Aroui, ร. Lahrich, A. Farahi, M. Achak, L.E. Gaini, B. Manoun, M. Bakasse, A. 
Bouzidi, M.A.E. Mhammedi, Electrochemical determination of mercury(H) in 
ambient water at palladium oxide/graphite composite electrodes, J. Taiwan Inst. Chem. E (2014) (In press).

[32] P.K. Aneesh, S.R. Nambiar, T.p. Rao, A. Ajayaghosh, Electrochemical synthesis of 
a gold atomic cluster-chitosan nanocomposite film modified gold electrode for ultra-trace determination of mercury. Phys. Chem. Chem. Phys. 16 (2014) 
8529-8535.

[33] R. Lai, E.L. Huang, F. Zhou, D.o. Wipf, Selective determination of methylmer
cury' by flow-injection fast-scan voltammetry, Electroanalysis 10 (1998) 926-930.

[34] p. Richter. M.I. Toral, B. Abbott, Anodic stripping voltammetric determination 
of mercury' in water by using a new electrochemical flow through cell, Electroanalysis 14 (2014) 1288-1293.

http://water.epa.gov/drink/contaminants/bastcinformation/mercury.cfmS
http://www.pcd.go.th/infolserv/en.,,.reg..std.water04.html


Talanta 150(2016) 198-205

.ร! VI HR

C o nten ts lists availab le  a t  ScienceD irect

Talanta

journal homepage: www.elsevier.com/locate/talanta

Polyaniline/graphene quantum dot-modified screen-printed carbon (j)crossMark 
electrode for the rapid determination of Cr(VI) using stopped-flow 
analysis coupled with voltammetric technique
Eakkasit Punrat'H Chakkarin Maksuk'’■๖, Suchada Chuanuwatanakul’,
Wanida W onsawat1'*, Orawon Chailapakul '’•**
a Electrochemistry and Optical Spectroscopy Research Unit, Department of Chemistry, Faculty of Science, Chulalongkom University, Phayathai Road, Pa 
thumwan, Bangkok 10330, Thailand
b Program in Biotechnology, Faculty of Science, Chulalongkom University, Phayathai Road, Pathumwan, Bangkok 10330, Thailand 
c Department of Chemistry, Faculty of Science and Technology, Suan Sunandha Rajabhat University, U-Thong Nok Road, Dusit, Bangkok 10300, Thailand

A R T I C L E  I N F O A B S T R A C T

Article history:
Received 17 September 2015 
Received in revised form 
10 December 2015 
Accepted 10 December 2015 
Available online 11 December 2015
Keywords:
Chromium(VI)
Polyaniline
Graphene quantum dot 
Stopped-flow analysis 
Voltammetry

Polyaniline/graphene quantum dots (PANI/GQDs) were used to modify a screen-printed carbon electrode 
(SPCE) in a flow-based system. A method for rapidly determining the Cr(VI) concentrations by using 
stopped-flow analysis has been developed using an Auto-Pret system coupled with linear-sweep vol
tammetry using the PANI/GQP-modified SPCE. The GQDs, synthesized in a botton-up manner from citric 
acid, were mixed with aniline monomer in an optimized ratio. The mixture was injected into an elec
trochemical flow cell in which electro-polymerization of the aniline monomer occurred. Under condi
tions optimized for determining Cr(VI), wide linearity was obtained in the range of 0.1-10 mg L-1 , with a 
detection limit of 0.097 mgL-1 . For a sample volume of 0.5 mL, the modified SPCE can be used con
tinuously with a sample-throughput of more than 90 samples per hour. เท addition, this proposed 
method was successfully applied to mineral water samples with acceptable accuracy, and the quanti
tative agreement was accomplished in deteriorated Cr-plating solutions with a standard traditional 
method for Cr(VI) detection.

ร) 2015 Elsevier B.v. All rights reserved.

1. Introduction

Since g ra p h e n e  w as iso la ted  from  h igh ly  o rien te d  pyrolytic  
g ra p h ite  u s ing  th e  m echanica l exfo lia tion  m e th o d  k n o w n  as th e  
‘‘S co tch -tap e  m e th o d ”, w h ich  w as re p o rte d  by G eim  and  N ovose
lov in 2 0 0 4  [1], re sea rch  in to  g ra p h e n e 's  charac te ris tic  a n d  p o 
ten tia l app lica tio n  has g ro w n  e x p o n en tia lly  d u e  to its exce llen t 
m echan ica l, th e rm a l, op tica l a n d  electrical p ro p e rtie s  [2]. Recently, 
g ra p h e n e -b a se d  n a n o m a te ria ls  such  as g ra p h e n e  ox ide (GO) [3], 
g ra p h e n e  n a n o rib b o n s  (GNRs) [4j and  g ra p h e n e  q u a n tu m  d o ts 
(GQDs) [5] have g a in ed  in te re s t  in various fields o f research . GQP 
especia lly  d isp lays u n iq u e  op tica l and  e lec trica l p ro p e rtie s  du e  to 
th e  q u a n tu m  c o n fin e m e n t effect [6 ]. GQD is a chem ically  in ert, low

‘ Corresponding author at: Department of Chemistry, Faculty of Science and 
Technology, Suan Sunandha Rajabhat University, ข-Thong Nok Road, Dusit, Bang
kok 10300, Thailand. Fax: +66 2 160 1146.
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0039-9140/© 2015 Elsevier B.v. Ail rights reserved.

tox icity  a n d  low  c o st n a n o m a te ria l c o m p ared  to  o th e r  n a n o m a 
terials . M oreover, it is a w a te r-so lu b le  n a n o c a rb o n  [7], T herefore, 
GQDs are  a ttrac tiv e  for u se  in analy tica l ch em is try  app lica tio ns, 
particu la rly  in  spectro sco p y  [8 - 1 1 ] and  e le c tro c h em is try  [1 2 ].

P olyaniline  (PAN!) is a c o n d u c tin g  p o ly m e r th a t  is ideal for 
im p rov ing  th e  sen sitiv ity  o f e lec trochem ica l d e te c tio n  becau se  it is 
easy  to  p re p a re , s tab le  and  p ro v ides good e lec trica l condu ctiv ity  
[13,14], T he cond u ctiv ity  o f po lyan iline  has m ad e  its com posite  
useful for app lica tio n  in so lar cells [15,16], su p er-cap ac ito rs  [17], 
a n d  analy tical sen so rs  [ 18-20],

C h rom ium  is ex tensively  used  and  exists a b u n d an tly  in tw o  
ox id a tio n  s ta te s  o f Cr(IIl) a n d  Cr(VI) w h ich  a re  b o th  toxic, b u t Cr 
(VI) is th e  p rim ary  su b je c t o f  co ncern  for v a rio us in te rn a tio n a l 
e n v iro n m e n ta l agen cies b ecause  it has m o re  m u tag e n ic  p ro p erties  
th a n  Cr(lll) [21,22], T he m ax im u m  p erm issib le  c o n c en tra tio n  o f  Cr 
(VI) in d rin k in g  w a te r  acco rd ing  to  th e  ชร E nv iron m en tal P ro tec
tio n  A gency is 0.1 m g L_ 1  [2 3 j, w h ich  is on e  reaso n  w h y  th e  ac
c u ra te  d e te rm in a tio n  o f  Cr(VI) levels is v ery  im p o r ta n t in  w a te r  
analysis.

S c ree n -p rin tin g  techno log y  has e m e rg e d  as an  exciting  tool for

http://www.elsevier.com/locate/talanta
mailto:corawan@chula.ac.th
http://dx.doi.Org/10.1016/j
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■ p rep a rin g  e lec tro d es  for e lec trochem ica l d e te c tio n  an d  has p ro 
vided a new  o p p o rtu n ity  to perform  e lectrochem ica l tech n iq u e s  
for en v iro n m e n ta l app lica tio ns o u ts id e  o f  a labo ratory . S creen 
p rin tin g  also lend s itse lf to  th e  m ass p ro d u c tio n  o f h igh ly  re 
p ro duc ib le  e le c tro d e s  w ith  co n s is te n t chem ical m ak eup . T he p re 
fe rred  m ateria l for th is  p u rp o se  is ca rb on  d u e  to its  low  price  and  
e ase  o f  p ro duc tion . A lthough  m an y  kinds o f  s c re e n -p r in te d  carb on  
e le c tro d e s  (SPCEs) are com m ercia lly  available, SPCEs can be easily  
fab rica ted  a t th e  lab o ra to ry  scale and  th e  SPCE surface  can be 
m odified  w ith  ease  to  fit th e  a im  o f  an  analysis re la te d  to  a specific 
analy te. O ver th e  p ast several years, SPCEs have b e en  successfully  
ap p lied  to im p rove  analysis by  in co rp o ra tin g  v ario us m odifiers 
in to  th e  surface, includ ing  enzy m es, im m u n o -re ag en ts , nob le  
m eta ls  and  ino rg an ic  nan o co m p o sites  [24 -3 0 ],

As m en tio n e d  above, PANI and  GQDs w e re  used  to  m odify  a 
SPCE in th is  re sea rch  for increasing  th e  e lec trochem ica l respon se , 
an d  th e  m odified  SPCE exhib its  d irec t e le c tro n  tra n s fe r [5], A flow - 
b ased  tec h n iq u e  using  an  A uto-P ret system  w as d e v e lo p ed  to 
p ro m o te  th e  a u to m a tio n  o f e le c tro d e  m odifica tion . T he A u to-P ret 
sy stem  is w ell k n o w n  as a seq u en tia l in jectio n  sy stem  th a t  p ro 
v ides high p rec isio n  and  com patib ility  w ith  severa l d e te c tio n  
m o d es [31-3.3]. U sing th e  A uto-P ret system , th e  sy n th esized  GQDs 
w e re  u sed  to  m odify  SPCEs by e le c tro -p o ly m e riza tio n  o f  po lyan i
line  com posites.

This is th e  f irs t re p o rt  on  th e  o n -lin e  d e te rm in a tio n  o f  Cr(VI) 
u s in g  o n -lin e  e le c tro -p o ly m e riza tio n  o f an ilin e  m o n o m e r and  
GQDs m ix tu re  o n  SPCE w ith  very  sh o rt  analysis tim e. T he a im  o f 
th is  s tu d y  w as to  deve lop  a rap id  m e th o d  for qu an tify in g  Cr(VI) 
c o n c en tra tio n s  w ith  good accuracy and  p rec isio n  by using  th e  
A u to -P re t sy s tem  coup led  w ith  e lec trochem ica l d e te c tio n  using  a 
novel PANI/GQD-modified SPCE. T he p ro p o sed  m e th o d  w a s  a p 
plied to th e  d e te rm in a tio n  o f th e  Cr(VI) co n c en tra tio n  in m in era l 
d rin k in g  w a te r  and  in d e te rio ra te d  C r-plating  sam ples.

2. Experimental

2.1. Chemicals and materials
Cr(Vl) s ta n d a rd  so lu tio n s  w e re  p re p a red  from  p o ta ss iu m  d i

c h ro m a te  (K2Cr20 7) p u rch ased  from  BDH L aboratory Supplies, 
England. P o tassium  ch lo rid e  (KC1), sod ium  hy drox id e  (NaOH) and  
sulfuric  acid (fu m in g  95-97%  H2 ร0 4) w ere  acq u ired  from  M erck, 
G erm any. Citric acid (99.8%) w as o b ta in e d  from  Farm italia  Carlo 
Erba, Italy. A niline m o n o m ers  w e re  p u rch ased  from  Sigm a, St. 
Louis, MO. In ad d itio n , in  th e  in te rfe ren ce  study, severa l cation  
so lu tio n s  w e re  p re p a re d  from  ch lo rid e  an d  su lfa te  salts inc lud ing  
NaCl, KC1, MgCl2, CaS04 - 2H 20 , CuS04, and  FeCl3 (S igm a-A ldrich, 
USA), w h ile  o th e rs  w e re  p re p a red  by d ilu tin g  s ta n d a rd  so lu tion s 
(a to m ic  a b so rp tio n  s ta n d a rd  so lu tion , 1000 m g L ~ \  BDH C hem i
cals, E ngland) o f Z n(N 03)2, P b(N 03)2, C d(N 03)2. A nion so lu tion s 
w e re  p re p a red  from  th e  fo llow ing sod ium  and  p o tass iu m  salts: 
NaCl, Na2S 0 4, K2C 0 3, NaH2 P 04, and  N aN 03 (S igm a-A ldrich, USA). 
U ltra pu rified  w a te r  (R >  18.2 MÜ2 c m - 1 , M illi-Q w ater from  M erck 
M illipore, S ingapore) w as used  th ro u g h o u t th e  e x p e rim e n ts .

S c ree n -p rin te d  carb o n  e lec tro d es  (SPCEs) u sed  in th is  re sea rch  
w e re  p re p a re d  in -h o u se  by sc ree n -p rin tin g  c arb o n  ink  (E lectrodag  
PF-407C, A cheson, USA) o n to  a PVC su b stra te . T he SPCEs, as sh o w n  
in Fig. 1, w e re  d ried  in  an  oven  a t  55 °C for 1 h. Next, th e  sc reen - 
p rin tin g  a n d  d ry in g  s tep s  w ere  re p e a ted  again  to o b ta in  th e  SPCE 
th a t  w as su b seq u en tly  m odified  w ith  p o ly a n ilin e /g rap h en e  q u a n 
tu m  d o ts (PANI/GQDs) by e lec tro -p o ly m eriza tio n  u sin g  th e  A uto- 
P re t system . Next, th e  PANI/GQD-modified SPCE w as used  as a 
w o rk in g  e le c tro d e  for Cr(VI) de tectio n .
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Fig. 1. Screen-printed carbon electrodes (SPCEs).

2.2. Apparatus
T he A u to-P ret system  w ith  th e  MGC A uto-P ret M P-014S m odel 

(MGC Japan), w h ich  consists  o f  a 2.5 mL sy ring e  p u m p  w ith  a 
3 -w ay  syringe valve, an  8 -p o rt  se lec tion  valve, a 6 -p o r t  sw itch in g  
valve (n o t u sed  in th is research ), a 3.0 mL PTFE h o ld ing  coil 
(0.8 m m  i.d.), an d  PTFE tu b in g  (0.8 m m  i.d.) w ith  PEEK co nnec to rs, 
w as used  for th e  o n -lin e  m od ifica tion  o f th e  e le c tro d e s  and  th e  
d e te rm in a tio n  o f Cr(Vl). T he A u to-P ret sy s tem  w as c o m p u ter- 
con tro lled  by SIA MPV v e r 5.0 so ftw are  (MGC Jap an ). All e le c tro 
chem ical m e a su re m e n ts  w ere  carried  o u t in a c o m p le te  flowcell 
(cross-flow  M F-1093, B ioanalytical System  Inc., USA) using  a po r
tab le  910 PSTAT M ini p o te n tio s ta t  (M etro h m  A utolab, S w itzer
land). T he c o m p le te  flow cell consisted  o f  a 0.5 m m  th ick  silicone 
gask e t as a spacer, and  a th re e -e le c tro d e  c o n fig u ra tio n  o f a PANI/ 
G Q D -m odified SPCE, an  Ag/AgCl e le c tro d e  (3 M NaCl) a n d  sta in less 
s tee l o u tle t  tu b e  as a w o rk in g  e lec trode , a re fe ren ce  e le c tro d e  and  
a c o u n te r  e lec tro d e , respectively .

A sch em atic  d iag ram  o f  th e  A uto-P ret system  coup led  w ith  th e  
e lec trochem ica l d e tec tio n  m e th o d  for th e  m od ifica tion  o f PANI/ 
GQDs on a SPCE and  th e  d e te rm in a tio n  o f th e  Cr(VI) c o n c en tra tio n  
is sh o w n  in Fig. 2. The e x p e rim e n ts  w e re  p e rfo rm e d  u n d e r  air- 
c o n d itio n ed  roo m  te m p e ra tu re  ( ~ 2 5  °C).

2.3. Preparation of graphene quantum dots (GQDs)
The GQDs w e re  p re p a red  by an  easy  b o tto m -u p  m e th o d  using  

th e  pyrolysis o f  c itric  acid [6 [. Briefly, 2 g o f c itric  acid w as h ea ted  
and  m elted  by a h e a tin g  m an tle  a t  2 0 0  °C. A fter 30  m in  o f heating , 
th e  m elted  c itric  acid becam e  o ran g e  d u e  to th e  fo rm a tio n  o f  th e  
GQDs. T he liquid w as instilled  in to  100 mL o f 10 m g m L - 1  NaOH 
so lu tio n  d ro p  by d ro p  w h ile  v igorous stirring . Next, th e  so lu tion  
w as ad ju ste d  to  pH 4  w ith  a 1.0 M H2S 0 4 so lu tio n  an d  d ilu te d  to  
25 0 .00  mL in a v o lu m etric  flask w ith  u ltra -p u rif ie d  w ate r. The 
o b ta in e d  GQDs so lu tio n  w as k e p t re frig era ted  a t  4  °c.

2.4. On-line modification of PANI/GQDs on a SPCE
T he e le c tro d e -m o d ify in g  so lu tio n  w as a m ix tu re  o f an ilin e  

m o n o m er and  GQD so lu tion  th a t  w as p re p a red  as follow s. A 90 pL 
a liq u o t o f an ilin e  m o n o m e r w as p ip e tted  in to  a 10.00 mL v o lu 
m etric  flask an d  360  pL o f  GQD so lu tion  w as ad d e d . T he m ix tu re  
w a s  th e n  so n ic a ted  for 5 m in  b e fo re  ad d in g  2.50 mL o f 4  M H2ร0 4 

an d  d ilu tin g  th e  so lu tio n  to th e  final vo lu m e  o f  10.00 mL w ith  
M illi-Q  w ater. The re su lt w as an  e le c tro d e -m o d ify in g  so lu tion  
co n ta in in g  1:4 v /v  an ilin e  m o n o m er and  GQD so lu tio n  in 1 M 
H2ร0 4.

T he s te p  seq u en ce  for o n -lin e  m odifica tion  o f PANI/GQDs on  a 
SPCE using  th e  A u to-P ret sy stem  coupled  w ith  th e  p o te n tio s ta t  is
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Fig. 2. Schematic diagram of the Auto-Pret system coupled with electrochemical detection for on-line modification of the SPCE with PANI/GQD and the determination of Cr 
(VI) concentrations.

Table 1
Step sequence for on-line modification of PANI/GQD on a SPCE by electro-polymerization using the Auto-Pret system coupled with a potentiostat.

Step Operating description Auto-Pret system
Selection valve 
position

Syringe pump 
status

Volume (pL) Flow rate (pL ร', )
Potentiostat Time (ร)

1 Aspirate an electrode-modifying solution into the 
holding coil

Port 2: Aniline/ 
GQ.D

Aspirate 500 100 Standby 5
2 Dispense the electrode-modifying solution into the 

flow cell
Port 1 : Flow 
cell

Dispense 500 50 Standby 10
3 Apply cyclic voltammetry for modification of PAN1/ 

GQP on the SPCE by electro-polymerization (Scan 
rate of 50 mV ร- , , 10 cycles)

Stop Potential applied in the 
range of - 1.3 V and 
+0.8 V

840

4 Aspirate cleaning solution into the holding coil Port 4: 1 M HCI Aspirate 500 100 Standby 5
5 Rinse the PANI/GQD-modified SPCE with the clean

ing solution
Port 1 : Flow 
cell

Dispense 500 50 Standby 10

Table 2
Step sequence for the determination of Cr(VI) concentration by stopped-flow analysis with the Auto-Pret system coupled with linear sweep voltammetry using PANI/GQD- 
modified SPCE.

Step Operating description Auto-Pret system
Selection valve 
position

Syringe pump 
status

Volume (pL) Flow rate 
(b L s+

Potentiostat Time (ร)

1 Aspirate a sample solution into the holding 
coil

Port 3: Sample Aspirate 500 100 Standby 5
2 Dispense the sample solution into the flow 

cell
Port 1 ะ Flow cell Dispense 500 50 Standby 10

3 Apply the accumulation potential to the 
electrochemical flow cell - Stop - - Potential applied at +0.5 V 5

4 Record the linear sweep voltammogram (scan 
rate of 50 mV ร-1) - Stop - Potential applied from +0.7 V 

to -0.2 V
18

sh o w n  in Table ไ. A vo lu m e  o f  5 0 0  pL o f th e  e lec trode -m od ify ing  
so lu tion  w as a sp ira ted  in to  th e  h o ld ing  coil and  su b seq u en tly  in 
je c te d  th ro u g h  th e  fiow cell, resu ltin g  in th e  e n tire  SPCE surface  
b e in g  covered  w ith  th e  so lu tion . Next, th e  flow  w as s to pped , th e  
PANI/GQD c o m p o site  w as p rep a red , an d  th e  c om posited  w as ac
cu m u la ted  on th e  SPCE by o n e -s te p  e le c tro -p o ly m e riza tio n  using  
cyclic v o ltam m etry . Cyclic v o ltam m etry  w as carried  o u t for 10 
cycles w ith  a scan  ra te  o f 5 0 m V s ~ ' by  scan n in g  th e  po ten tia l 
b e tw e e n  —1.3 an d  + 0 .8  V vs Ag/AgCl, and  th e  an ilin e  m o n o m er 
w as po ly m erized  a t an o d ic  po ten tia ls  (34], Finally, th e  PANi/GQD- 
m odified  SPCE w as rin sed  w ith  50 0  pL o f  1 M HC1. The PAN1/GQD- 
m odified  SPCE w as th e n  capab le  for being  used  to qu an tify  Cr(Vl) 
levels severa l tim es ov er w ith o u t  renew al o r  re -m od ifica tio n  o f th e  
e lectrode .

2.5. Determination of Cr(VI) by stopped-flow analysis
To d e te rm in e  c o n c en tra tio n s  o f Cr(Vl), a 50 0  |iL a liq u o t o f  the  

C r(V I)-containing sam p le  o r  s ta n d a rd  so lu tion  w a s  a sp ira te d  in to  
th e  h o ld ing  coil, an d  su b seq u en tly  in jec ted  in to  th e  flow cell. A fter 
th e  flow  s to p p ed , an a ccu m u la tio n  p o ten tia l o f  + 0 .5  V vs Ag/AgCl 
w as app lied  for 5 ร, and  th e n  a lin e ar sw eep  v o lta m m e try  w as 
execu ted  using  p o ten tia ls  sca n n ed  in th e  c a th o d ic  d irec tio n  from  
+ 0 .7  V to  - 0 . 2  V vs Ag/AgCl w ith  a scan  ra te  o f  50  m V ร- , . The 
step  seq u en ce  is sh o w n  in Table 2. Due to th e  excess vo lu m e  o f 
sa m p le /s ta n d a rd  so lu tio n  (w h ich  can be a scribed  to  a 20 0  pL-void 
in jectio n  vo lum e), th is  p ro ce d u re  can be p e rfo rm e d  con tin u o u sly  
for Cr(VI) d e te rm in a tio n  in o th e r  sam p les  w ith o u t  em p lo y in g  an 
e lec tro d e  c lean ing  process. T he h ig h e s t sam p le  th ro u g h p u t w as
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Fig. 3. Effects of the aniline monomer concentration (A) and the aniline monomer 
solution: GQD solution volume ratio (B) used to modify the SPCE on the Cr(Vi) 
cathodic peak height measured for a solution containing 5 mg L“ 1 Cr(VI) in 1 M 
HC1.

g re a te r  th a n  90  sam p le s  p e r hour.

3. Results and discussion

3.ใ. Electrochemical detection of Cr(VI)
C h aracteriza tio n  o f th e  e lec trochem ica l process o f  Cr(VI) o n  th e  

SPCE w as carried  o u t by cyclic v o ltam m etry  o f 5 m g L- 1  Cr(VI) in 
1 M HCI a t a scan n ed  po ten tia l b e tw e e n  —0.5 and  + 0 .8  V and 
w ith  v ario us p o te n tia l scan  ra tes o f 5 ,10 , 50 ,1 0 0 , and  50 0  mV ร- 1 . 
T he o b ta in e d  v o ltam m o g ram s exh ib ited  a cathodic  peak  c o rre 
sp o n d in g  to Cr(Vl) a t  ap p ro x im a te ly  + 0 .3  V, w hile  no  anod ic  peak 
o f  Cr(VI) w as found . T herefo re, th e  e lec trochem ica l p ro cess o f  Cr 
(VI) w as irrev ers ib le  a t  th e  scann ed  p o ten tia ls . T he e le c tro 
chem ica l p ro cess w as found  to be lim ited  by d iffusion p ro cess du e  
to  th e  lin e a r re la tio n sh ip  (R2 = 0.9979) b e tw e e n  th e  ca th o d ic  peak  
c u rre n t and  th e  sq u are  ro o t o f th e  po ten tia l scan ra te  135]. This 
re su lt p ro ved  th a t  o th e r  p rocesses, like ad so rp tio n  th a t  can  cause  
e le c tro d e  fouling, d id  n o t occur. The m o st w ell defin ed  cathod ic  
p eak  o f Cr(VI) w as o b ta in e d  by using  a po ten tia l scan  ra te  of 
50  mV ร"'1, w h ich  w as ch o se n  for c o n d u c tin g  fu r th e r ex p e rim e n ts .

3.2. Optimization of the conditions for PANI/CQP modification on 
SPCE Fig. 4. SEM images of a bare SPCE (A), a PANI-modified SPCE (B), and a PANI/GQD- 

modified SPCE (C).
B ecause o f th e  irrev ersib le  e lec trochem ica l reac tion , linear 

sw e ep  v o lta m m e try  w as se lec ted  in stead  o f cv to  qu an tify  Cr(VI).
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Fig. 5. Typical linear-sweep voltammograms of an 1 M HCI solution (dot line) and a 
solution containing 5 mg L-1 Cr(VI) in 1 M HCI on various electrodes: a bare SPCE 
(short-dashed line), a PANl-modified SPCE (long-dashed line), and a PANI/GQD- 
modified SPCE (solid line).

First, th e  co n c en tra tio n  o f an ilin e  m o n o m er used  for th e  m o d 
ification o f th e  SPCE w as s tu d ied  across a ran g e  o f  10 -100  mM . The 
re su lts  a re  sh o w n  in Fig. 3A. It w as found  th a t  th e  ca th o d ic  p eak  
h e ig h t o f Cr(Vi) in creased  w h e n  h ig h e r c o n cen tra tio n s  o f  an iline  
m o n o m e r w e re  used , becau se  po lyan iiine  (PANI) is a c o n d u c tin g  
po lym er. H ow ever, an ilin e  m o n o m er w as d ifficult to  d issolve  a t  
c o n c en tra tio n s  h ig h e r th a n  100 mM. The o p tim u m  c o n c en tra tio n  
o f an ilin e  m o n o m er w as th e re fo re  100 mM . Next, th e  effect o f  th e  
c o n c en tra tio n  o f  GQDs w as investigated . M ixtures, in w h ich  th e  
final c o n c en tra tio n  o f an ilin e  m o n o m er w as held  a t 100 mM, w ere  
varied  w ith  an ilin e  m o n o m er and  sy n th esized  GQDs ra tios o f  2:1, 
1:1, 1:2, 1:4, 1:8, and  1:16 v /v  for SPCE m odifica tion . The

Applied potential (V)
Fig. 7. Representative linear-sweep voltammograms and calibration graph (inset) 
of Cr(VI) standard solutions at concentrations between 0.1 and 10 mg L~' in 1 M 
HCi by stopped-flow analysis using a PANI/GQDs- modified SPCE.

v o ltam m o g ram s o f  5 m g L _ 1  Cr(Vl) w e re  re co rd ed  using  th e  
m odified  SPCEs. The re su lta n t Cr(Vl) ca th o d ic  p e a k  h e ig h ts  a re  
sh o w n  in Fig. 3B. T he o b ta in e d  p e a k  h e ig h t in c reased  w h e n  th e  
v o lum e o f  GQDs in creased  up  to 1 :4  v /v  o f  an ilin e  m onom er:G Q D  
d u e  to  th e  in c re m e n t o f  e le c tro d e 's  su rface  a rea  by GQDs. H ow 
ever, w h e n  using  h ig h e r v o lu m e  ra tio  o f  GQDs, GQD can partia lly  
coag u la te  increasing  th e  surface  a rea . T he so lu tio n  co n ta in in g  1:4 
v /v  an ilin e  m o n o m er and  GQDs w as ch o sen  as th e  su ita b le  e lec
tro d e -m o d ify in g  solu tion .

3.3. Characterization of PANI/GQD-modified SPCE
T he e le c tro d e  surface  o f a PANI/GQD-m odified SPCE w as ch a r

ac te rized  using  scan n in g  e le c tro n  m icroscopy  (SEM), as w e re  a

-0.5 -0.3 -0.1 0.1 0J 0.5 0.7
Accumulation potential (V)

0 10 20 30 40 50 60
Accumulation time (ร)

Fig. 6. Effects of type of electrolyte solution (A), concentration of HCI electrolyte solution (B), accumulation potential (C). and accumulation time (D) on the cathodic peak 
height of Cr(VI) of a solution containing 1 mg L_ 1 of Cr(VI) in 1 M of each electrolyte on a PANI/GQDs-modified SPCE. (Accumulation time (D) was studied in 0.1 mg L" ' of Cr 
(VI) solution.).
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Table 3
Comparison of analytical performances between screen-printed electrodes for Cr(Vl) detection developed by different authors.

Working electrode Electrochemical technique Quantitative range 
(mg L“ 1 )

Detection limit 
(mg L"1)

Approximate time of 
analysis

Ref.

PANl/GQD-modified SPCE Linear sweep cathodic voltammetry 0.1-10 0.097 < 1 min This work
Quercetin/multi walled carbon nano- Differential pulse cathodic 0.05-10 0.016 15 min 140]

tubes-modified SPCE 
Glucose oxidase-modified SPCE

voltammetry
Chronoamperometry 0.005-0.04 0.005 10 min [411

Thick-film SPCE Amperometry 0.2-300 0.05 5 min [421
Screen-printed gold electrode Differential pulse cathodic 0.1-10 0.05 No report 143]
Gold nanoparticle-modified SPCE

voltammetry
Square wave voltammetry 0.01-5 0.005 2 min [44 ร

Table 4
Tolerance ratios of various interfering ions for the determination of Cr(VI) by using 
stopped-flow analysis coupled with linear-sweep voltammetry.

Cations Tolerance ratios Anions Tolerance ratios
K+ > 100 c r > 1000
Na+ > 100 SO42” >1000
Mg2 + > 100 CO,2- >1000
Ca2+ > 100 P0 4 >1000
Zn2+ >100 no3" > 1000
Cd2+ > 100
Cr3 + >100
Pb2 + > 10
Cu2 + > 10pe3 + > 1

Table 5
Determination of Cr(VI) in mineral drinking water by stopped-flow analysis cou
pled with linear-sweep voltammetry.

Samples Cr(Vl) concentration (mg L-1) 
Spiked Found

Recovery (%) RSD (%)

Mineral water 1 0.00 Not detect _ _
050 0.43 ± 0.03 85.1 7.0
200 1.61 ±0.04 80.3 2.5
4.00 3.90 + 0.09 97.5 23

Mineral water 2 000 Not detect - -
0.50 0.41 + 0.03 81.7 7.3
2.00 1.64 ± 0.08 82.0 4.9
4.00 4.25 + 0.07 106 1.6

Mineral water 3 000 Not detect - -
2.00 1.96 + 0.02 98.1 1.0
500 4.51 ±0  01 90.2 0.2
8.00 7.22 ± 0.06 90.3 08

b are  SPCE an d  a PANI-modified SPCE for com parison . As sh o w n  in 
Fig. 4, th e  aniline  m o n o m er w as e le c tro -p o ly m erized  as a PAN1 
film  on  a SPCE th a t  p re sen te d  a sm o o th  surface  and  th e  su rface  o f 
PA N l/G Q P-m odified SPCE. A lthough th e  PANI-modified and  PANI/ 
G Q D -m odified SPCEs did n o t a p p e a r d iffe ren t from  th e  m icro 
scopic im ages, th e  re d u c tio n  o f Cr(Vi) o n to  th e  m odified  SPCEs w as 
e a s ie r  th a n  o n to  b a re  SPCE, as sh o w n  by th e  fact th a t  th e  ca th o d ic  
p e ak  o f Cr(Vl) on  th e  m odified  SPCEs a p p e a re d  a t a m o re  positive  
p o te n tia l as sh o w n  in Fig. 5. เท add itio n , th e  e lec trochem ica l

re sp o n se  o f  th e  PANl/GQD -modified SPCE w as c learly  h ig h e r th a n  
th a t  o b ta in e d  from  a PANI-m odified SPCE becau se  GQD h as a high 
surface  a rea  th a t  can  ad d itio n a lly  im p rove  th e  sen sitiv ity  as sh o w n  
in th e  su p p le m e n ta ry  Fig. S I.

3.4. Optimization of conditions for the Cr(VI) determination
T he e lec tro ly te  so lu tion , a crucia l fac to r in Cr(VI) q u an tita tio n , 

w as o p tim ize d  by s tu d y in g  sev era l ty p es  o f  acid so lu tio n s  th a t  
w e re  ch o sen  b ecause  PANI is e lec trica lly  c o n d u c tiv e  in acidic 
m ed ia  [36]. Five acid, H2S 0 4, HC1, H N 03, HCIO4 an d  H3PO4, w e re  
exam in ed . L inear-sw eep  v o ltam m o g ram s o f 1 m g  L" 1 Cr(VI) using  
a PA N l/G Q P-m odified SPCE w e re  re co rd ed  in  trip lica te , a n d  th e  
typical v o ltam m o g ram s a re  sh o w n  in th e  su p p le m e n ta ry  Fig. S2. 
T he Cr(VI) p eak  h e ig h ts  w e re  m e a su re d  as sh o w n  in Fig. 6 A. The 
h ig h e s t p e ak  w as o b ta in e d  w ith  HC1 as an  e lec tro ly te , b ecause  
ch lo rid e  ion  from  HC1 could  im p ro v e  th e  s ig n a l-to -n o ise  c h a r
acteris tic  o f Cr(VI) d e te c tio n  [37], in  a g re e m e n t w ith  th e  w o rk  o f  
C om pton  e t  al. [38]. T he effec ts  o f  th e  c o n c en tra tio n  o f  th e  HC1 
so lu tio n  w e re  investig a ted  by ana ly z in g  1 m g L- ' Cr(Vl) in various 
HCI c o n c en tra tio n s  ran g in g  from  0.2 to  2.0 M. T he re su lts  in  Fig. 6 B 
sho w s th a t  th e  m o s t su ita b le  e lec tro ly te  so lu tio n  fo r d e te rm in in g  
Cr(VI) w as 1 M HCI.

To im p rove  sensitiv ity , an  a c c u m u la tio n  p o te n tia l w as app lied  
b efo re  th e  acc u m u la ted  an a ly te  on  th e  e le c tro d e  su rface  w as re 
d u ced  in th e  m ea su rin g  step . T he acc u m u la tio n  tim e  w as varied  
from  5 ร to  60  ร, a n d  th e  a c c u m u la tio n  p o te n tia l w a s  tu n e d  to 
various v a lu es b e tw e e n  - 0 . 3  a n d  + 0 .7  V vs Ag/AgCl. As d escribed  
in Fig. 6 C an d  D, o p tim a l a c c u m u la tio n  w as ach iev ed  by ap p ly in g  a 
p o te n tia l o f  + 0 .7  V for 5 ร p ro v id in g  good  sen sitiv ity  w ith  little  
im p ac t on  tim e  o f  analysis.

3.5. Analytical performance of the developed method
A c a lib ra tio n  cu rve  w as e s tab lish e d  by p lo ttin g  Cr(VI) co n 

c en tra tio n s  an d  cath o d ic  p e ak  h e ig h ts, as o b ta in e d  by s to p p e d -  
flow  analysis  w ith  lin e a r sw e e p  v o lta m m e try  u sin g  a PANI/GQD- 
m odified  SPCE u n d e r  th e  o p tim a l cond ition s . T he re la tio n sh ip  w as 
lin ear across a w ide  ran g e  from  0.1 to  lO m g L - 1  Cr(Vl) w ith  a 
slo pe  o f  2.059 +  0.110 pA L m g ~ ’ a n d  an  R2 o f 0 .9983 (Fig. 7). The 
re la tive  s ta n d a rd  d e v ia tio n  (RSD) o f 10 rep lica tes for Cr(VI) c o n 
c en tra tio n s  o f  0.1, 4.0 an d  10.0 m g L - 1  w e re  6 .6 , 0.81 and  0.40%,

Table 6
Comparison of the Cr(VI) concentration in deteriorated Cr-plating solution determined by stopped-flow analysis coupled with linear-sweep voltammetry and the DPC 
standard method.

Samples Found Cr(VI) concentration (mg L-1 ) t-value of the two method (̂ critical, two-tails, 0=0.05=3.182)
This method DPC standard method

Cr-plating solution ไ 11.9 + 0.7- 15.6 + 4.9 2.33
Cr-plating solution 2 10.3 ± 1.2 11.2 ±  8.5 0.15
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respectively . T he re p e a tab ility  o f th is p ro posed  m eth o d , there fo re , 
w as accep tab le  acco rd ing  to th e  AOAC G uideline  (%RSD <  8 ) [39], 
To investigate  th e  o p e ra tio n  stability , a PA NI/GQP-m odified SPCE 
w as used  to m ea su re  a s ta n d ard  so lu tio n  co n ta in in g  2 m g  L_ l  Cr 
(VI) 100 tim es. T he RSD for the  100 rep lica tes w as found  to  be on ly 
4.9%. It show s th a t  th e  PANI/GQD-modified SPCE can  be used  a t 
least 1 0 0  t im es w ith  no sign ifican t effect on  th e  sensitiv ity .

T he lim it o f d e te c tio n  (LOD; th e  co n c en tra tio n  c o rre sp o n d in g  to 
3 tim es th e  s ta n d ard  dev ia tio n  (SD) o f  th e  ob ta in ed  b lan k  signal, 
ท =  10) and  th e  lim it o f  q u an tif ica tion  (LOQ; th e  c o n c en tra tio n  
c o rresp o n d in g  to 10 tim es th e  SD o f th e  o b ta in e d  b lan k  signal, 
ท =  10) w e re  0.097 and  0.32 m g L_1, respectively . T he LOD w as in 
th e  pg/L range w h ich  w as sim ilar to  th e  re su lts  o b ta in e d  from  
p rev ious resea rch es  (4 0 -4 4 ), how ever, o u r m e th o d  w as p e rfo rm ed  
w ith  very  sh o rt  analysis tim e  com p ared  w ith  o th e rs  as sh o w n  in 
Table 3.

3.6. Interference study
The p resen ce  o f o th e r  cations and  an io ns in a sam p le  could 

p o ten tia lly  in te rfe re  w ith  th e  d eve lop ed  m eth o d , th e re fo re  th e  
to le ran ce  ra tio  te s ts  o f  several p o ten tia l in te rfe rin g  cation s and  
an io n s w e re  p e rfo rm ed  by reco rd in g  s to p p e d -f lo w  lin ear-sw eep  
v o ltam m o g ram s o f  a so lu tion  c o n ta in in g  1 m g L- 1  Cr(VI) in  1 M 
HC1 in th e  p resen ce  o f each  in te rfe rin g  ion. A c o n c en tra tio n  o f  such 
ions th a t  chan ged  cathod ic  peak  h e ig h t by m ore  th a n  5% w as 
con sid ered  to be in te rfe rin g . T he resu lts  o f th is  s tu d y  a re  lis ted  in 
Table 4.

W h en  th e  in te rfe rin g  cation s w ere  in tro d u c ed  in 1 0 0 -fo ld e x 
cess, th e  re su lts  varied  significantly: th e  p re sen ce  o f  Pb(Il) d e 
c reased  an a ly te  p eak  h e ig h t b u t Cu(II) a n d  Fe(lll) b o th  in creased  
th e  peak  heigh t, w h ile  th e  o th e r  ca tion s in c lu d in g  Cr(lll) had  no 
sign ifican t effect. T he Fe(Ill) re d u c tio n  p e ak  ov erlap p ed  th e  Cr(VI) 
peak , ev en  w h e n  th e  c o n c en tra tio n  ra tio  w as as low  as 1:1. F u ture  
w ork , there fo re , w ill n e ed  to ad d re ss  Fe(lII) rem oval from  th e  
analysis so lu tion  by using  add itio n a l p ro ced u res  such  as e le c tro 
co ag u la tion  [45 -47 ], ad so rp tio n  [48,49] an d  so lv en t e x trac tio n  
[50], T he in te rfe ren ce  o f  anions, m eanw h ile , w as s tu d ied  a t  a h igh 
c o n c en tra tio n  o f  1 0 0 0 -fo ld excess b ecause  th is  is likely th e  c o n 
c e n tra tio n  o f such  an io ns in en v iro n m e n ta l sam ples. It w as found  
th a t  ev en  a t th is  c o n c en tra tio n  ratio  th e re  a re  no a p p rec iab le  in 
te rfe ren ces  o b serv ed  fro m  th ese  an ion ic  species.

3.7. Real sample analysis
To d e m o n s tra te  th e  app licab ility  o f th is  m eth o d , s to p p e d -f lo w  

analysis coupled  w ith  lin ear-sw eep  v o ltam m etry  using  th e  PAN1/ 
G Q D -m odified SPCE w as used  to ev a lu a te  Cr(Vl) levels in  m in era l 
d rin k in g  w a te r  sam ples. The w a te r  sam p les w e re  sp iked  w ith  Cr 
(VI) a t v a rio us co n cen tra tio n s , and  w e re  d ilu ted  w ith  4  M HC1 
(3:1 v/v), so th a t  th e  w ork in g  so lu tio n s  w ere  in 1 M HC1 e le c tro 
lyte. Each so lu tion  w as analyzed  in trip lica te  u sing  th e  s ta n d a rd  
ad d itio n  m eth o d , and  th e  analytical resu lts  a re  su m m ariz ed  in 
Table 5. T he recoveries o f  th e  spiked sam p les  ranged  from  8 0 .3 -  
106%, w ith  RSDs (ท= 3 )  b e lo w  8 %, ind ica ting  th a t  th e  accuracy  and  
prec isio n  o f  th is  m e th o d  w e re  accep tab le  [39].

C om plicated  sam p les  o f  d e te rio ra te d  C r-p lating  so lu tio n s  w e re  
also analyzed  by using  th e  p ro posed  m eth o d . The sam p les  w e re  
d ilu te d  by a facto r o f  1 0  to be w ith in  th e  a p p ro p ria te  c o n c en tra tio n  
range, a n d  w e re  th e n  analyzed  using  th e  s ta n d a rd  a d d itio n  
m e th o d . T he re su lts  o f  th is  m e th o d  w e re  c o m p ared  w ith  th o se  
o b ta in e d  by th e  trad itio n a l m e th o d  for th e  d e te c tio n  o f  Cr(Vl); th a t  
is, by sp ectroscopy  using  1 ,5-d iphenylcarbazide  (DPC) as a re ag en t 
(51,52). T he sam p les w e re  d ilu ted  1000-fold  before  b e in g  m e a 
su re d  by th e  DPC m eth o d . T he resu lts  w e re  c o rrec ted  by m u lti
p lication  w ith  th e  d ilu tio n  factors. To ev a lu a te  th e  tw o  d iffe ren t

m ethod s, th e  s tu d e n t's  t- te s t  w as used. As sh o w n  in Table 6 , the  
ca lcu la ted  t-values w e re  sm a lle r  th a n  th e  tcriticai-value, th e re fo re , it 
can  be  con c lu d ed  th a t  th e re  is no  s ig n ifican t d iffe ren ce  a t  a con 
fidence  level o f 95% b e tw e e n  th e  trad itio n a l m e th o d  an d  the  
m e th o d  p ro p o sed  here.

4. Conclusion

A rap id  m e th o d  for th e  d e te rm in a tio n  o f Cr(VI) by  s to p p e d -f lo w  
analysis co u p led  w ith  l in e a r-sw ee p  v o lta m m e try  u sin g  a PAN1/ 
G Q D -m odified SPCE has b e en  successfu lly  d eve lop ed . T he m e th o d  
w as fully c o m p u te r-co n tro lled  w ith  accu ra te  sy n ch ro n iza tio n  b e 
tw e e n  th e  A uto-P ret sy stem  and  th e  p o te n tio s ta t. T he PANI/GQD- 
m odified  SPCE w as p re p a re d  u s in g  a s im p le  tw o -s te p  m e th o d  and  
a low -co st sc re e n -p r in tin g  te c h n iq u e  to  fabrica te  th e  SPCE a n d  o n 
line  m od ifica tion  o f th e  SPCE w ith  PANI/GQD. T he m odified  SPCE 
could  be used  severa l tim es w ith o u t any renew al pro cesses. U nder 
op tim ized  cond ition s, th e  p ro p o sed  m e th o d  p ro v ided  accep tab le  
accuracy and  prec isio n  for th e  rap id  d e te rm in a tio n  o f  Cr(Vl) co n 
c en tra tio n s  in aq u eo u s sam p le s  w ith  th ro u g h p u t o f  m o re  th a n  90 
sam p les  p e r hour. T he p ro p o sed  m e th o d  has b e e n  successfully  
app lied  to  m in era l d rin k in g  w a te r  an d  d e te r io ra te d  C r-plating  
so lu tions, and  th e  re su lts  o f th e  la t te r  w e re  sta tis tica lly  eq u iv a le n t 
to th o se  o b ta in e d  by th e  tra d itio n a l sp ec tro sco p ic  m e th o d . This 
m eth o d , m oreover, p ro v ided  h igh  sen sitiv ity  w ith  a d e te c tio n  lim it 
as low  as 0.097 m g L- 1 .
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Appendix A. Supplementary material
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Abstract: The proposed chemically modified electrode 
was graphene oxide that was synthesized via Hummer’s 
method followed by reduction of antimony film by in -s itu  
electrodeposition. The experimental process could be 
concluded in three main steps: preparation of antimony 
film, reduction of analyte ions on the electrode surface 
and stripping step under the conditions of square wave 
anodic stripping voltammetry (SWASV). A simple and 
rapid approach was developed for the determination of 
heavy metals simultaneously based on a sequential 
injection (SI), an automated flow-based system, coupled 
with voltammetric method using antimony-graphene

oxide modified screen-printed carbon electrode (SbF-GO- 
SPCE). The effects of main parameters involved with 
graphene oxide, antimony and measurement parameters 
were also investigated. Using SI-SWASV under the 
optimal conditions, the proposed electrode platform has 
exhibited linear range from 0.1 to 1.5 M. Calculated limits 
of detection were 0.054, 0.026, 0.060, and 0.066 pM for Cd 
(บ), Pb(II), Cu(II) and Hg(II), respectively. In addition, 
the optimized method has been successfully applied to 
determine heavy metals in real water samples with accept
able accuracy of 94.29 -  113.42% recovery.

K eywords: G rap h en e  oxide • A ntim o ny  film • H eavy m etal • Screen-p rin ted  e lec trode  • Sequentia l in jection  analysis

1 Introduction
The use of the chemically modified electrode extremely 
improves the sensitivity of the quantitative electrochem
ical measurements. Recently, the discovery of nanotech
nology reveal that these outstanding nanomaterial were 
interesting to use as a modifier of electrode. The nano
materials have attached much interest for the modifica
tion of electrodes due to their great chemical and 
electronic properties in comparison with conventional 
materials. Especially, graphene is a relatively new material 
discovered in 2004. The incredible electrical natures of 
graphene have been widely studied and used in electrical 
devices, composites, and sensors [1], Graphene oxide, 
which is one of derivatives of graphene [2], has functional 
groups such as hydroxyl and carbonyl, which are advanta
geous for adsorbing heavy metal ions. The decorated 
oxygen groups allowed GO to produce stable dispersion 
in various non polar and polar solvents such as water 
which is commonly used as solvents for supporting 
electrolyte. Moreover, it is stable under both acidic and 
basic conditions [2b], Interestingly, very few reports on 
the graphene oxide decorated with metal film or metal 
oxides nanoparticles could be found in electrochemical 
detecting of heavy metal ions. Huang and coworkers [3] 
reported that the Sn02/reduced graphene oxide nano
composite modified glassy carbon could be used for the 
simultaneous and sensitive electrochemical detection of 
Cd(II), Pb(II), Cu(II), and Hg(II) in drinking water. This

modified electrode showed a very great sensitivity and 
selectivity upon heavy metal ions using square wave 
anodic stripping voltammetry (SWASV). However, the 
synthesis of nanoparticles was complicated, time consum
ing and under extreme conditions.

On the other hand, the traditional material that is very 
popularly used for determination of heavy metal ions is 
mercury because of superior electroanalytical perform
ance. Unfortunately, mercury is very toxic, therefore it is 
hard to handling, storage, and disposal. Alternative 
materials which have the same capability to mercury are 
bismuth and antimony due to intermetallic compounds of 
analytes and these materials. Because the bismuth film 
modified electrode was not suitable for determination of 
copper(II) and mercury(II) ions [4], antimony film 
modified electrode [5] became an attractive material for 
simultaneous detection of cadmium(II), lead(II), copper 
(II), and mercury(II). Hocevar and coworkers [6] reported 
the in -s i tu  antimony film carbon paste electrode (SbF- 
CPE) as an electrochemical sensor. The comparison of
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different modified electrodes showed that the antimony 
film modified electrode has a lower baseline and the 
better peak shape. This modified electrode revealed a 
great stripping current responses of Cd(II) and Pb(II) ions 
using SWASV. Antimony film was proved to be potential 
for detection of heavy metal ions in the same way as 
mercury did with lower toxicity [7]. The synergistic 
influence of GO which can increase electrode surface area 
and higher heavy metal ion adsorption and antimony 
which help formation of intermetallic compounds of 
analytes would be a good combination for improvement 
of sensitivity because only antimony is not enough to 
increasing detectable signal [8],

To make the determination more automatic, a sequen
tial injection (SI) system is used as an automated 
approach to sample handling that allows automating in 
s t i l l antimony film modification of electrode and SWASV 
procedures in a rapid, precise, and efficient manner. Small 
solution zones are manipulated under controlled disper
sion conditions in narrow bore tubing. This system will 
reduce human’s error, glassware and risk of health 
problems of the operator on direct contact with toxic 
metal ions. Guzsvâny, Imato and coworkers [9] reported 
the alternative applying of antimony-film modified glassy 
carbon electrode เท SI system for determination of Pb(II) 
and Cd(II) by ASV. The antimony film was electro- 
deposited from an antimony(III) solution onto the elec
trode surface after that analyte metals were deposited 
from a sample solution automatically under SI system. 
This modified electrode performed a great reproducibility. 
The developed SI-ASV process was practically used in a 
tap water sample. In order to achieve more convenient 
usage, screen-printed electrodes (SPEs) were a promising 
candidate as a platform to modify and combine with SIA 
system because of their reproducibility, mass production, 
disposable, and miniaturized size which provide a chance 
to be a part of portable instrumentation [10].

The aim of this work was to improve the sensitivity of 
simultaneous quantification of heavy metal ions by the 
use of antimony film in combination with graphene oxide 
to increase the electron transfer rate in the system and 
enhance the adsorption of heavy metal ions at the 
electrode surface.

F u l l  P a p e r

2 Experimental
2.1 Chemicals and Reagents
All reagents used in this study were analytical reagent 
grade and were used without further purification. Ultra- 
pure water from Milli-Q water purification system (Milli- 
pore, Bedford, USA) of 18 MQ cm resistivity was used to 
prepare reagents and solutions. Antimony, cadmium, lead, 
copper and mercury standard stock solutions (1000  mg 
L~', atomic absorption standard solution) were obtained 
from BDH (BDH, UK). Hydrochloric acid (HC1) were 
purchased from Merck (Merck, Germany). Graphite 
powder (particle size < 20 pm) was from Sigma-Aldrich.

For the interferences study, five cations stock solutions 
were prepared by dilution from each standard stock 
solution (1000 mg IT 1) which are NaCl, KC1, MgCl2, 
CaCl2, and A1C13 (analytical grade, Wako Pure Chemical 
Industries, Japan). And seven anions stock solutions of 
each anion were prepared by dissolving the following 
sodium salts (analytical grade, Wako Pure Chemical 
Industries, Japan) which are NaF, NaBr, NaN03, NaH- 
CO:„ Na2C 0 3, and Na2S 0 4.

2.2 Instrumentations
A sequential injection (SI) system (MGC Auto-Pret MP- 
014S, MGC, Japan) comprising of a 8-port selection valve, 
a 6-port switching valve (not be used in this work), a 
2.5 mL syringe pump and 5.74 mL holding coil was used. 
This system was controlled via SIA MPV Lite ver. 2.50 
software (MGC, Japan). The electrochemical measure
ments were carried out at room temperature in a trans
parent in-house developed flow cell with the antimony 
film-graphene oxide modified screen-printed carbon elec
trode (SbF-GO-SPCE) as the working electrode, a 
stainless steel tube counter electrode and a Ag/AgCl 
(3 mol L-1 NaCl) reference electrode (RE-3 V model, 
Bioanalytical System Inc., USA). All measurements were 
performed using a potentiostat, PGSTAT 101 instrument 
(Autolab Eco Chemie, The Netherlands) attached to a 
personal computer with data acquisition software (NOVA 
version 1.11.2, Eco Chemie). The surface morphology 
characterization was carried out by a scanning electron 
microscope JSM-5410LV (JEOL, Japan).

2.3 Preparation of the Modified Electrode
Graphene oxide was first synthesized by Hummers’ 
method [11]. Then, the graphene oxide modified screen- 
printed carbon electrodes (GO-SPCEs) were fabricated in 
house using carbon ink (Electrodag 1PF-407C, Acheson, 
USA) mixed with graphene oxide at appropriate amount 
on PVC substrate. After that, electrodes were baked to 
dry in an oven at 55 ° c  for 1 hour. The SbF-GO-SPCE 
was prepared by on-line in -s i tu  electrodepositing the 
antimony film from a solution consisting of Sb(III) and 
HC1, at optimum conditions.

2.4 Analytical Procedure
The in -s i tu  antimony film modification of the GO-SPCE 
and SWASV measuring steps are shown in Table 1. The 
sample solution and the Sb(III) solution were sequentially 
aspirated into the holding coil. Next, the deposition 
potential was set at -1.4 V vs Ag/AgCl while solutions 
were flowed directly to the flow cell as electrodeposition 
of antimony film and the preconcentration of analytes. 
Then, the flow was stop for 10 ร as equilibration. Square 
wave voltammogram with a frequency of 50 Hz, a step 
potential of 6 mV, and an amplitude of 40 mV was 
recorded from -1.4 V to +0.4 V vs Ag/AgCl. Lastly, the
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Table 1. S tep  sequence for the  Sb film m odification of the G O -S P C E  and  the  de te rm in ation  o f heavy m etal ions by SI-SWASV.

Step D escrip tion Valve posi
tion

Flow  ra te  (pL  
ร ,)

D u ra tio n
(ร)

E lec tro d e  Po ten tial
(V)

1 A sp ira te  sam ple solu tion  in to  ho lding coil 5 20 0 5 +  0.4
2 A spirate  S b(III) so lu tion  in to  ho lding coil 6 20 0 2.5 +  0.4
3 D ispense Sb(III) so lu tion  and sam ple solu tion  into flow 

cell
8 10 150 -1.4

4 E quilib ra tion 8 0 1 0 -1.4
5 Stripping and recording of vo ltam m ogram 8 0 5 -1.0 to + 0 .4
6 A spirate  0.5 M HC1 in to  holding coil 4 20 0 2.5 -
7 D ispense  0.5 M HC1 in to  flow cell for e lec trode  cleaning 8 30 17 -

electrode was cleaned to remove any remaining analyte 
metals and antimony film in flowing supporting electro
lyte at flow rate of 30 pL ร-1 for 17 seconds without any 
applied potential. One measurement cycle for 4 analytes 
including Cd(II), Pb(II), Cu(II), and Hg(II) is about 
3 min. A 0.5 M HC1 solution was used as a supporting 
electrolyte for all steps. Every experiment was performed 
without removing oxygen from the solutions.

2.5 Sample Preparation
For real sample analysis, water samples were prepared by 
mixing 0.05 mL of sample solution and specific volume of 
metal standard solutions. Then, the prepared solutions 
were diluted with the supporting electrolyte which is 
0.5 M HC1 to the final volume of 10 mL. After that, the 
concentration from standard addition method and the 
percent recovery from spiked sample solutions were 
calculated by analytical curve. 3

3 Results and Discussion
3.1 Characterization of Synthesized Graphene Oxide
Graphene oxide was obtained 6.27 grams from 4.0 grams 
of graphite powder. The Attenuated Total Reflectance 
Fourier Transform infrared (ATR-FTIR) spectra of graph
ite and graphene oxide are shown in Figure SI. It can be 
seen that a characteristic peaks of graphene oxide are O - 
H stretching vibration at 3208 cm-1, 0 = 0  stretching 
vibration at 1717 cm-1 and the remaining sp2 stretching 
vibration at 1617 cm-1 [2a, 12].

UV-visible spectroscopy was also used to characterize 
graphene oxide (Figure S2). The spectrum of graphene 
oxide has an absorption peak at 232 nm. This peak is 
attributed to JI —> JI* transition of aromatic C-C bond, 
and a shoulder at about 300 nm can be assigned to the JI 
-»  JI* transition of (3=0 bonds. Also, this result, which is 
consistent with the result by ATR-FTIR, confirms the 
existence of oxygen-containing functional groups in gra
phene oxide [13].

3.2 Comparison of Working Electrodes
The SWASV response towards metals detection using 
various modified electrodes was compared including bare 
electrodes (SPCE), GO-SPCEs, SbF-SPCEs, and SbF- 
GO-SPCEs as shown in Figure 1. The result showed that, 
when using SbF-GO-SPCE, the anodic current was raised 
by 5 to 7 times higher than SPCE. We believed that the 
increase of electrochemical response is due to the 
synergistic influence of GO and SbF. These electrode 
modifiers were an interesting combination because GO 
can increase active electrode surface of working electrode 
and SbF can improve SWASV performance due to the 
intermetallic formation between antimony and these 
metals of interest during accumulation step of SWASV. 
Therefore, the proposed SbF-GO-SPCE was chosen as an 
electrochemical detector in sequential injection system for 
the further experiment.

Potential (vs. Ag.'AgCl). V
Fig. 1. C om parison  of S P C E  (d o t line), S bF -SPC E  (dash line), 
G O -S P C E  (dash do t line) and  S bF -G O -S P C E  (solid line) upon 
the  stripp ing  vo ltam m etric  respon se  a t 100 pg L - 1  o f P b (II), Cd 
(II) , C u (II), and  H g(II). O th e r  conditions: supporting  e lec tro ly te  
o f 0.5 M HC1, deposition  po ten tia l o f - 1 . 4 V  vs. A g/A gC l, 
frequency o f 50 Hz, am p litud e  o f 40 mV. E lec tro d e  conditions: 
1 % (พ/พ) o f G O , 500 pg L 1 o f Sb(III) solution .

To investigate the morphology of electrode, scanning 
electron microscopy (SEM) was performed. The SEM

www.electroanalysis.wiley-vch.de © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 20า7, 29, 1022-ไ030 ใ 024

http://www.electroanalysis.wiley-vch.de


images illustrated that the electrodeposited antimony film 
was successfully covered the area of the electrode (Fig
ure S3b) compared to GO-SPCE (Figure S3a). Moreover, 
the SEM images of antimony film present the different 
shape from GO-SPCE. The results indicate that the SbF 
and GO can be an alternative electrode modifier which 
can enhance the electrochemical performance of the 
detector in in sequential injection system.

To understand more about the factor that improve 
proposed method, the evaluation of effective areas of 
SbF-GO-SPCEs, GO-SPCEs and SPCEs were calculated 
by using Randles-Sevcik equation [14]. The slope of the 
relationship between Ipa versus v1/2 for each electrode 
were obtained. For a reversible process,
Ip. = (2 .69  X 10s) ท2/3 Aeff D1/2 v1/2 c 0

For 5 mM K3[Fe(CN)6], ท =  1, D (diffusion coeffi
cient) =7.6 X 1CT6 cm2 ร-1, the effective surface areas were 
shown in Table 2.

F u l l  P a p e r

Table 2. T he calcu lated  effective e lec trode  surface area.
E lectrodes Slope (A  ร,,2 V - 1*) Aeff (cm 2)
SPC Es 1.05 X 10~5 7.08 X 10“u
G O -SP C E s 1.37 X 10~5 9.24 X 10"u
SbF -G O -SPC E s 2.06 X 1 0 's 13.9 X 10~n

From the results showed that after modified SPCEs 
with GO, the effective surface area increased which 
consistent to the SEM image that illustrate roughly 
surface. Moreover, when coated GO-SPCEs with anti
mony film, the surface area also increased. This result 
suggested that the synergistic influence of GO and SbF 
was achieved by increasing both surface area and co
electrodeposition into antimony film.

3.3 Optimization of Parameters and Conditions
3 .3 .1  A m o u n t  o f  G r a p h e n e  O x id e  in  C a r b o n  I n k
GO-SPCEs were fabricated from mixtures of graphene 
oxide and carbon ink. GO was chosen as an electrode 
modifier because of their high electrical conductivity and 
high surface area which provide greater potential for 
heavy metal analysis. However, they generate a higher 
background current than bare SPCEs. In order to achieve 
the highest signal-to-noise ratio for heavy metal detection, 
the percentages of GO to carbon ink with 0%, 1%, 2%, 
3%, and 4% (พ/พ) were investigated by SI-SWASV. 
Square wave anodic stripping voltammograms of 100 |jg 
L 1 Cd(II), Pb(II), Cu(II), and Hg(II) on SbF GO-SPCEs 
at various percentages of GO are illustrated in Figure 2a. 
It can be seen that peak current of both heavy metals 
decreased with increasing percentage of GO. Owing to 
increase the electrode surface area of GO could be the
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A m ount o f  graphene oxide, %WAV

0 ---------------- 1---------------- 1---------------- T---------------- 1
() 250 500 750 1000

S b(III) concen tra tion , |ig  l . ' 1

Fig. 2. E ffect o f the am o un t o f G O  (a), co n cen tra tion  o f S b(III) 
(b), and  co n cen tra tion  of HC1 (supporting  e lec tro ly te ) (c) in SbF- 
G O -S P C E  upon  the stripp ing  vo ltam m etric  response  a t to o  pg 
L ' 1 o f P b (II), C d(II), C u(II), and H g(II).

result of the larger background current [la, 15]. Therefore, 
1 % (พ/พ) was selected as optimum amount of GO.

3 .3 .2  C o n c e n tr a t io n  o f  A n t im o n y ( I I I )
Antimony film was selected to modify on GO-SPCE by 
on-line in situ electrodepositing between each analysis. Sb 
(III) solution was introduced into the flow system
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followed by aspiration of sample solution into the holding 
coil. Then, all solutions were dispensed to detection zone 
in the flow cell in order that the antimony was electro- 
deposited first, followed by the heavy metals in the sample 
solution. After finished each detection, the Sb film was 
cleaned by flowing supporting electrolyte without applied 
any potential for 17 ร. The concentration of Sb(III) was 
optimized by varying concentration from 0 to 1000 pg L 1 
while the volume of Sb(lll) solution remained constant. 
The peak current increased when increased Sb(lll) 
concentration and then reached the highest value at 500 
pg L_1 of Sb(III) solution with small standard deviation 
for all heavy metal ions. After that, the signals remained 
rather constant for Pb(II), Hg(II), and Cu(Il) and slightly 
decreased for Cd(II), as shown in Figure 2b. Therefore, 
500 pg IA1 of Sb(IIl) solution was selected as optimum 
concentration to minimize the amount of Sb(III).

3 .3 .3  C o n c e n tr a t io n  o f  S u p p o r t in g  E le c tr o ly te
There has been widely reported that HC1 is a good 
supporting electrolyte for heavy metal analysis [9,16], The 
optimization of concentration of HC1 as supporting 
electrolyte was carried out at different concentration from 
0.01 to 1.00 M. The results showed that signal of all 
analytes increased with increasing HC1 concentration and 
slightly decreased after 0.50 M of HC1 due to hydrogen 
evolution at highly negative potential (Figure 2c). The 
standard deviations for all heavy metal ions at 0.50 M HC1 
were small. Moreover, at this concentration, it is enough 
amount of HC1 to be a supporting electrolyte and the 
electrode can be cleaned, therefore 0.50 M of HC1 was 
selected as optimum concentration of supporting electro
lyte solution.

3 .3 .4  E le c tr o c h e m ic a l  P a r a m e te r s
In order to obtain the best detection and good reproduci
bility, parameters of SWASV were studied including 
deposition potential, square wave frequency, square wave 
amplitude and increment potential. Thus, all conditions 
were investigated under previous optimized SbF-GO- 
SPCE and 0.50 M HC1 as supporting electrolyte. To begin 
with, the effect of deposition potential was evaluated from 
—1.6 to -1.0 V with frequency of 50 Hz, amplitude of 40 
mV and increment potential of 6 mV (Figure S4a). For all 
of heavy metal ions determination, the maximum anodic 
peak current was achieved with a deposition potential of 
-1.4 V vs. Ag/AgCl. For other deposition potential, the 
peaks current were lower and poorer reproducibility 
(bigger standard deviation). Thus, -1.4 V vs. Ag/AgCl 
was selected as optimum deposition potential.

The frequency affected to the scan rate of determi
nation system and was evaluated from 10 to 90 Hz at 
-1.4 V vs. Ag/AgCl as deposition potential, amplitude of 
20 mV and increment potential of 4 mV (Figure ร4b). The 
results showed that at 50 Hz high peak current with small 
standard deviation, well-separated peak shape for all
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heavy metal ions and fast determination were achieved. 
Therefore, optimum frequency of 50 Hz was selected.

Next, square wave amplitude was studied from 20 to 
100 mV, with -1.4 V vs. Ag/AgCl as deposition potential, 
frequency of 50 Hz and increment potential of 4 mV 
(Figure ร4c). The signals of all heavy metals were steadily 
increased and after 80 mV, signal were started to decrease. 
Increasing of amplitude also increased all signals for both 
background and analytes therefore the shape of peaks 
should be considered. For this reason, amplitude of 40 mV 
was selected.

Finally, the influence of increment potential was 
investigated from 2 to 10 mV, with deposition potential of 
-1.4 V vs. Ag/AgCl, frequency of 50 Hz and amplitude of 
4 mV (Figure S4d). The increasing of increment potential 
would lower the number of points of measurement graph 
(lower precision of determined peak current position). 
However, at high increment potential, the signal obtained 
was high thus the peak current and number of data point 
must be considered. As a result, increment potential of 6 
mV shown enough point for forming the graph and small 
standard deviation of peak for all heavy metal ions was 
selected.

3 .3 .5  P a r a m e te r s  o f  F lo w - B a s e d  O p e r a t io n
The other factors that influence the sensitivity and 
analysis time of each SWASV detection in flow-based 
analysis are sample volume and flow rate of the solution 
in the electrodeposition step. These parameters are 
related to deposition time, changing the sample volume 
and/or the flow rate will affect to the deposition time. 
Hence, the sample volume was set at 1.0 mL. The effect of 
flow rate was studied in the range of 5 to 40 pL ร-1 and at 
different deposition times (Figure 3a). It can be seen that 
the peak current decreased when the flow rate was 
increased. The highest signal was obtained at 5 pL ร-1 
however at that speed the analysis was time-consuming 
and had poor reproducibility. Thus, the flow rate of 10 pL 
ร-1 preformed high current, smaller standard deviation for 
all heavy metal ions and shorter analysis time was 
selected.

After finish each analysis, the antimony film and all 
deposited metal was cleaned by flowing 0.5 M HC1 which 
was the supporting electrolyte. To reduce waste, cleaning 
solution volume was investigated. The results showed that 
at 300 pL of 0.5 M HC1 a small peak at around +0.05 V 
was still observed, whereas 500 pL of 0.5 M HC1 can clean 
the electrode surface for all heavy metal ions (Figure 3b). 
Therefore, 500 pL of 0.5 M HC1 was selected as optimum 
volume of cleaning solution.

3.4 Analytical Performance
Under the optimized conditions, the calibration data for 
the simultaneous detection of the heavy metal ions was 
studied in the concentration range of 0.1 to 1.5 pM 
(Figure 4). The peak currents were found to be directly
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0 10 20 30 40
Flow Rate, pL ร' 1

Fig. 3. E ffect o f the  flow ra te  during deposition  (a) and  0.5 M HC1 
a t 500 pL  (dash  do t line) and  300 pL  (solid line) of cleaning 
so lu tion  (b) in  S bF /G O /S P C E  upon  th e  stripp ing  vo ltam m etric  
response  at 100 pg L " 1 o f P b (II), C d (II), C u (II), and  H g(Il).

proportional to the concentration of all analytes, with 
good linear regression correlation coefficients (R2) of 
0.996. The limit of detection (LOD) and limit of 
quantitation (LOQ) were achieved from 3o/S and 1 0 a /s ,  

where a is the standard deviation of the blank measure
ment (ท = 10) and ร is the slope of curve. Summary of 
analytical data are presented in Table 3.

T able 3. T he analytical perfo rm ance  o f  sim ultaneous d e te rm in a 
tion o f heavy m etal ions by SI-SW A SV  using S bF -G O -S P C E  
u n der op tim ized conditions.
M etal ion L inear range 

(pM )
R 2 L O D

(pM )
L O Q
(pM )

C d (II) 0.3-1.5 0.9974 0.054 0.178
Pb(II) 0.1-1.3 0.9971 0.026 0.087
C u(II) 0.3-1.5 0.9969 0.060 0 .2 0 2

H g(II) 0.1-1.3 0.9983 0.066 0 .2 2 2

Moreover, under the same optimal conditions, each of 
heavy metal was analyzed separately. The relationship of 
anodic peak currents and the concentration was obtained 
(Figure S5). Analytical characteristics for individual deter
mination of heavy metal ions are summarized in Table SI. 
Under the same condition, it can be seen that LOD of Cd 
(II), Pb(II) and Cu(II) for individual detection were better 
when compared to simultaneous detection, however, the 
LOD of Hg(II) under simultaneous detection was better 
than that of individual detection. This phenomenon could 
be explaining by the intermetallic compounds [17] formed 
among the four target heavy metal ions and the competi
tion for the limited area of active site on the modified 
electrode, although, the exactly reason for how these ions 
influence on each other is remain vague at present. 
Moreover, the activity of each metal is different from 
each other, thus single determination of Hg(II) was 
poorer performance because mercury can [17a] form 
intermetallic compound with the other heavy metal ions 
and commonly used to improve the sensitivity in heavy 
metal ions detection. Absent of other metal ions caused 
the lower sensitivity of Hg(ll) as well. Nevertheless, the 
separation between the anodic stripping peaks is big 
enough, hence the simultaneous or selective detection 
using SbF-GO-SPCE is practicable.

The comparison of electrodes reported by several 
publications for the determination of the analytes are 
shown in Table 4. Even though the sensitivity of this 
modified electrode was not the best when compared with 
some work reported before, SbF-GO-SPCE can be easily 
fabricated and provided simultaneous analysis of four 
analytes. Besides, SbF-GO-SPCE could use repeatedly 
with renewable of electrode surface between successive 
detection and can also be used for a long total exper
imental time.

3.5 Interference Study
To analyze these target heavy metal ions in real water 
sample, various ions in such that water can be found. 
Hence, the interference of many cations (Na+, K+, Mg2+, 
Ca2+ and Al3+) and some of anions (F- , Br“, NO3T HCO3", CO32" and SO42”) that might be found in sewage 
or sea water were investigated. The concentration of all 
interference was 100-fold higher than analyte concentra
tion. The recovery of all target metal ions was in the range 
of 95.0 -  105.0% which was acceptable according to 
Guidelines for Dietary Supplements and Botanicals. The 
results showed that none of the selected ions were 
considered interfered with the voltammograms of the 
solution of all heavy metal ions.

3.6 Real Sample Applications
To evaluate the proposed method, this system was applied 
under optimized conditions for the simultaneous quantifi
cation of all target ions in sewage, fertilizer waste and sea 
water. All sample solutions were prepared by mixed 50 pL
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Potential (vs, Ag/AgCl), V <u*> ew f.5#Concentration. }tM

Fig. 4. SI-SW A SV  signals of the  SbF /G O /S P C E  a t d iffe ren t concen tra tion  of C d(II), P b (II), C u (II) and  H g(II) on  0.5 M  HC1, 
sim ultaneously. In se t is the  calib ration  p lo t o f signal and the  heavy m etal concen tration .

Table 4. T he com parison  o f analytical perform ances from  several 
e lectrodes fo r the  de te rm in a tio n  o f th e  m etal ions.
E lectrodes M eth od L inear range (pM ) L O D  

(nM )
Ref.

G /C e C y G C E D PA SV C d (II), 0.2-2.5 0 .1 [18]
P b (II), 0.2-2.5 0 .2

C u (II), 0.2-2.5 0 .2

H g(II), 0.2-2.5 0.3
N G /G C E D PSV C d (II), 0.05-1008 50 [19]

P b (II), 0 .01-9 5
C u (II), 0 .01-5 5
H g(II), 0 .2-9 50

M W C N T's/ D PA SV C d (II), 0 .๓ 9-2 .7 2 [2 0 ]
po ly(PC V )/ P b(II), 0.005-1 2

B i/G C E
S n 0 2/R G O / SW ASV C d (II), 0.3-1 .2 0 .1 [3]
G  C E P b (II), 0.3-1.2 0 .2

C u (II), 0.3-1 .2 0 .2

H g(II), 0 .3-1 .2 0.3
B i/G R /IL -S P C E SW ASV C d (II), 0.009-0.7 0.7 [2 1 ]

P b (II), 0.005-0.4 0.5
in-situ Sb/SPC E D PA SV C d (II), 0.1-0.6 30 [7a]

P b(II), 0.08-0.3 20

C u (II), 0.08-1.6 20

N /S bF /G C E A dS V C d(II), 0.009-0.1 4 [5]
P b (II), 0.005-0.06 2

SbF /G O / SW ASV C d (II), 0-1—1.5 54 T his w ork
SPC E P b(II), 0.1-1.5 26

C u (II), 0.1—1.5 60
H g(II), 0.1—1.5 66

of each filtered water sample with 0.5 M HC1 which was a 
supporting electrolyte to final volume of 10 mL. Prepared 
samples were introduced to determination system without 
any further pretreatment.

For sewage and fertilizer waste from a metal-plating 
factory in Thailand, preliminary testing found that only 
Cu(II) was detected. Thus, standard addition method was 
used to quantify concentration of copper solely. The 
average concentration of Cu(II) in sewage and fertilizer 
were found to be 38.02 pM and 68.70 pM, respectively 
(Figure S6). In addition, the calculated standard devia
tions were relatively small, which suggested an acceptable 
level of reproducibility. To validate the proposed method, 
the results were compared with standard method obtained 
by AAS. A paired /-test with degrees of freedom of 4 was 
achieved on the data obtained. The calculated /-values 
between the two pairs of methods were 0.8369 for sewage 
and 0.2466 for fertilizer waste. Statistical analysis shown 
that the /-value for 4 degree of freedom at 95% 
confidence interval (2.7764) was greatly larger than the 
above-mentioned experimental /-values. The results indi
cated that there was no significant difference between two 
methodologies for the heavy metals determination. It can 
be concluded that the purposed method is successful and 
suggesting that these results are reliable and acceptable.

For sea water, the concentration of target ions was 
studied by calibration method without pretreatment. No 
anodic peak current of heavy metal ions was obtained in 
the unspiked sea water sample. The average concentra
tions of analytes in spiked samples were detected to be
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Table 5. D e te rm in a tio n  of the  heavy m etal ion concen tra tions in sp iked sea w ate r sam ples by SI-SW A SV  using S bF -G O -S P C E  under 
op tim ized  conditions.

Spiked concen tra tion  (pM ) F ound  co n cen tra tion  (pM ) 
C d (II) P b (II) C u(II) H g(II)

0.00 N ot detected N ot d e tected N ot d e tected N o t d e tected
0.30 0 32 ±  0.03 0.32 ±  0.08 0.33 ±  0.03 0.34 ±  0.14
0.50 0 54 ±  0.06 0.52 ±  0.17 0.47 ±  0.05 0.50 ±  0.14
1 .0 0 1.05 ±  0.12 1 .0 1  ± 0 .2 8 1.00 ± 0 .1 7 1.08 ±  0.16

slightly higher than expected amount, with a 94.29 -  
113.42% recovery when spiked at 0.30, 0.50, 1.00 pM 
(Figure ร?). However, the reproducibility represented by 
standard deviations was reliable, which suggested by 
relatively low standard deviation (Table 5).

3.6 Conclusions
In this study, we successfully developed a new electro
chemical platform using in -s itu  antimony film and gra
phene oxide modified screen-printed electrode coupled 
with automated SI-SWASV. The purposed system pro
vides relatively low-cost, rapid, selective, and sensitive 
quantification method for Cd(II), Pb(II), Cu(II) and Hg 
(II) individually and simultaneously. This method can 
analyze 18 samples per hour with high precision and small 
sample consumption over batch analysis system. Finally, it 
could be shown that applications of real water samples 
monitoring for heavy metal ion detection was achieved.
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A method for the determination of Ni(II) using ion-transfer to a hydroxide medium has been developed by the 
sequential injection-electrochemical analysis (SIECA), a combination between an automated flow-based 
analysis and electrochemical techniques with a homemade screen-printed carbon electrode (SPCE). A 
sample/standard solution was introduced into an electrochemical flow cell where the Ni(II) in the solution 
was electrochemically reduced and accumulated on the SPCE. The accumulated Ni was then oxidized to Ni(II) in 
a hydroxide medium, which led to the formation of nickel hydroxide (Ni(OH)2) and nickel oxyhydroxide 
(NiOOH) on the SPCE. The electrochemical response associated with Ni(OH)2 and NiOOH was subsequently 
determined by square-wave voltammetry to account for Ni(II). Under optimal conditions, the proposed method 
provides a low detection limit of 0.02 mg mL-1. This method was further applied to determine the Ni(II) content 
of standard-spiked mineral water samples with satisfactory results.

1. Introduction

Nickel (Ni) is a silvery-white m etallic elem ent found in the  Earth 's 
crust. This elem ent is one of the m etals th a t hum ans have exploited for 
daily life since its discovery in 1751 [1]. Because o f its properties, 
which include good corrosion resistance and  strength , nickel is 
com m only used to m ake coins, stain less steels, m agnets, jewelry, 
electronic devices, and even catalyst [2]. Consequently, these industries 
are com mon sources of nickel pollution, which can be released into the 
environm ent a t ppm-level concentration [3J. A large am ount o f nickel 
in  any environm ental com partm ent m ust be considered life threatening 
if it exposes living organism s to the m etal. To be m ore precise, 
prolonged contact w ith nickel can cause derm atitis and nasopharyngeal 
carcinom a [4]. On the basis of the hazards o f nickel, the W orld H ealth 
Organization (WHO) has set the  Ni concen tration lim it in  drinking 
w ater to not exceed 0.07 m g L- 1  [5], Hence, a rapid, sensitive, selective, 
inexpensive and  sim ple m ethod for determ in ing o f Ni needs to be 
developed to m onitor and  control the am ount of Ni in the environm ent.

Atomic absorption spectroscopy (AAS) and inductively coupled 
plasm a (ICP) techniques are well-known s tand ard  m ethods for the 
determ ination  o f Ni in w ater sam ple [6,7], o th e r  m ethods, including 
UV-visible absorption spectroscopy [8 ] and capillary electrophoresis 
[9,10], have also been extensively used for Ni detection. However, these 
techniques are tim e-consum ing, expensive in  term s o f in stru m en ta

tions and  m aintenance costs, and  non-portable, which m akes them  
inconvenient for fieldwork m onitoring. An electrochem ical m ethod is a 
viable alternative for fieldwork m onitoring and  on-line analysis because 
it can be m iniaturized using relatively low-cost devices; it also features 
high sensitivity, good selectivity, simplicity, and  a sho rt analysis tim e.

S tripping voltam m etry is one o f the  m ost powerful electrochem ical 
m ethod for the  de term ination  of trace m etal ions, including Ni(II), in 
environm ental and biological sam ples because of its excellent lim its of 
detection, high selectivity and suitability for autom ated analysis 
[11,12]. However, the  conventional s tripp ing voltam m etry provides a 
low electrochem ical signal for Ni because the electrochem ical reaction 
o f the  N i(s)/N i(II) redox couple is an irreversible reduction a t a highly 
negative potential of m ore th a n  -1 .1  V us SCE [13]. The adsorptive 
m ode of stripping voltam m etry overcom es these problem s by incorpor
ating dimethylglyoxime (DMG), a chelating agent, into th e  solution to 
improve the  sensitivity, as reported  in several publications [1 4 -1 6 ]. 
However, the  chelating agent and  its Ni complex are toxic. To avoid any 
chelating agents, th is w ork therefore proposes an alternative stripp ing 
voltam m etric m ethod using ion-transfer to a hydroxide m edium . 
Instead of the m easuring the  N i(s)/N i(II) redox couple, N i(s) is 
oxidized in a hydroxide solution at a highly positive potential to form 
nickeloxyhydroxide (NiOOH) and  th en  the  electrochem ical response of 
the N i(II)/N i(III) redox couple is subsequently recorded by vo ltam 
m etry. To achieve a convenient and  low-cost m ethod, a disposable
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electrode specifically, a screen-printed carbon electrode (SPCE) was 
selected because it is easily m ass produced at the  laboratory scale and 
because its surface can be easily modified to fit the  aim  of the analysis 
related to a specific analyte.

To autom atically replace a sam ple solution with hydroxide solution 
in the stripping step, sequential injection analysis (SLA.) is used as an 
autom ated approach because of its h igh-throughput, precision and 
accuracy com pared to batch analysis. This system requires a  sm all 
volum e of sam ple and  reagents, and the  solution zones can be 
m anipulated in narrow -bore tubing. M oreover, SIA can reduce hum an 
and glassware erro rs and  m itigate health risks associated with direct 
contact with toxic chemicals.

Hence, the aim  of th is work is to  develop a  chelating-agent-free 
m ethod for the autom ated determ ination  of N i(II) ion content through 
the electrochem ical response of a N i(II)/N i(III) redox couple by ion- 
transfer to  a hydroxide m edium  using sequential injection-electroche
mical analysis (SIECA).

2. Experimental

2.1. Chemicals
All chem icals were of analytical grade and  used w ithout fu rther 

purification. N i(II) s tand ard  solution (999 m g L_1, stand ard  solution 
for AAS) was ob tained from  Fluka Analytical, New York, USA. Sodium 
hydroxide (NaOH) and hydrochloric acid (fuming 37% HC1) were 
purchased from Merck, Germany. Sodium chloride (NaCl) was ac
quired from  Carlo Erba, France. All aqueous solutions were p repared 
w ith u ltrapu re  w ater (resistivity of 18 MO cm) from a Milli-Q® w ater 
purification system  (Merck-Millipore, Singapore). For the interference 
study, several solutions o f heavy-m etal ions Pb(II), Cd(II), Zn(II), 
Cu(II) and  Au(III) were p repared  from  th e ir respective standard  
solution (1000 mg L*1, analytical g rade for AAS, VWR International, 
Belgium).

2.2. Electrodes and electrochemical flow cell
In-house SPCEs used as a working electrode were fabricated by 

screen-printing carbon sensor paste (C2030519P4, Gwent Group, 
Singapore) on to  a PVC substra te  (0.3 m m  thick). The p rin ted  PVC 
plate  were baked in an oven for 1 h a t 55 °c to  dry the  carbon paste. 
The carbon paste was p rin ted  onto the  PVC plate  and baked under the 
sam e conditions again to  ob tain SPCEs. The SPCEs were sto red  in a 
desiccator a t room  tem perature.

A cross-flow cell, m odel M F-1093, was purchased from 
Bioanalytical Systems Inc. (USA). T he flow cell consisted of a 1.0- 
m m -thick silicone gasket as a spacer and a  three-electrode system  in 
which a SPCE was used as the working electrode instead of a 
com mercial glassy carbon electrode. An Ag/AgCl electrode (RE-3V, 
ALS, Jap an ) and a stainless steel outlet tube of the flow cell were used 
as the  reference electrode and the auxiliary electrode, respectively.

2.3. Instrumentations
A schem atic of SIECA for the determ ination  of N i(II) ion by ion- 

transfer to  a hydroxide m edium  is show n in  Fig. 1. All electrochem ical 
techniques were carried ou t using a  portable potentiostat, PalmSens3 
(Palm Sens BV, T he N etherlands) th a t was controlled via a laptop with 
PSTrace 4.4 software. The sequential injection system  used in th is work 
was an MGC A uto-Pret M P-014S (MGC Jap an ) which consisted of a
5.0 mL syringe pum p with a syringe valve (PSD /4, H am ilton, USA), a 
5.3 mL PTFE holding coil (0.8 mm i.d.), an 8 -po rt selection valve 
(HVXM 8-5, H am ilton, USA), and  a 0.5 m m  i.d. PTFE tubing with 
PEEK connectors. This system was controlled via SIA MPV Ver. 5.0 
software (MGC Jap an ) which included a special com m and to s ta rt the 
PSTrace 4.4 software. Therefore, the  sequential injection system  and

'■ Computer

Fig. 1. Schematic of the sequential injection-electrochemical analysis (SIECA) for the 
determination of Ni(II) concentration by ion-transfer to hydroxide medium.

the  po tentiostat were completely synchronized for the flow analysis 
using electrochem ical techniques.

2.4. Analytical procedure
To determ ine Ni(II) concentration by ion-transfer to  hydroxide 

m edium  using SIECA, the  step sequence including im p ortan t p ara 
m eters show n in Table I was followed. T he m ethod can be divided into 
5 steps: the  initial, deposition, oxidation, m easurem ent, and cleaning 
steps. Five hu ndred  m icroliters of a  0.6 M NaOH solution and 1800 pL 
of sam ple solution were sequentially asp irated into the holding coil in 
the  initial step. In  th e  deposition step, the asp irated solutions were 
injected in the reverse direction into the flow cell in which the 
deposition potential (Edep) was applied at -2 .0  V vs Ag/AgCl. The 
N i(II) in  the  sam ple solution was reduced to N i(0), w hich accum ulated 
on the  electrode surface. Then, the  NaOH solution was injected to  push 
the  rem aining sam ple solution ou t of th e  flow cell. In  th e  oxidation 
step, 900 pL of a NaOH solution was injected into the  flow cell while 
the oxidation potential (Eox) of +1.0 V vs Ag/AgCl was sim ultaneously 
applied to  oxidize the accum ulated Ni in the  hydroxide m edium  to form 
nickel oxyhydroxide (NiOOH) and nickel hydroxide (Ni(OH)2) which 
was oxidized again to NiOOH because of the  highly positive potential; 
th is step  is called the ion-transfer step. Next, square-w ave voltam m etry 
(ร พ V) was carried  ou t to  record the  electrochem ical response o f the 
N i(II)/N i(III) redox couple by scanning the potential from  +0.0 to 
+0.8 V vs Ag/AgCl with square wave param eters o f 50 Hz frequency, 
50 mV am plitude and  6 mV potential step. Finally, the  electrode was 
cleaned with 0.5 M HC1 solution th a t flowed through  the flow cell a t a 
high flow ra te  of 50 pL ร- 1  while th e  cleaning potential was applied a t 
+1.0 V vs Ag/AgCl. The end  o f the  flow stream  was a  b lank  solution of 
0.4 M NaCl for conditioning the  flow cell for the  next m easurem ent. All 
experim ents were perform ed a t room  tem perature  ( -2 5  °C). The 
overall m echanism s are as follows:
Ni(II)+2e~-»Ni(0) : Deposition step

N i(0)+2O H _->Ni(OH)2+2e~ ะ Ion -transfer step

N i(0)+3O H - ->NiOOH+H2O+3e-  : Ion -transfer step 
Ni(OH)2+  OH“ +Î. NiOOH +  H20  + e~: Measurement step

3. Results and discussion

3.1. Electrochemical behavior of Ni(II)/Ni(ni) redox couple in 
hydroxide medium

According to the  step sequence in Table 1, a solution containing
1.00 m g L- 1  N i(II) in 0.4 M NaCl was determ ined  by ion-transfer to a 
hydroxide m edium  (0.4 M NaOH); hydroxyl com pounds o f N i(II) and
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Table 1
Step sequence for the determination of Ni(II) concentration by ion-transfer to hydroxide medium using SIECA.

Step Operating description Selection valve 
position"

Syringe pump 
status

Volume (pL) Flow rate (pLs-1) Electrochemical potential (V)

1
Initial step
Aspirate a NaOH solution into the holding coil Port 6 Aspirate 500 100 Standby

2 Aspirate a sample solution into the holding coil Port 3 Aspirate 1800 100
3

Deposition step
Inject the sample solution into the flow cell for Port 1 Dispense 1800 10 -2.0

4
electrochemical reduction of Ni(II) ion.
Push the remaining sample solution out of the flow cell. Port 1 Dispense 500 50

5
Ion-transfer/oxidation step
Aspirate a NaOH solution into the holding coil Port 6 Aspirate 900 100 +1.0

6 Inject the NaOH solution into the flow cell Port 1 Dispense 900 30
7

Measurement step
Record a square wave voltammogramb . Stop _ _ +0.0 to +0.8

8
Cleaning step
Aspirate a NaCl solution into the holding coil Port 2 Aspirate 500 100 +1.0 V

9 Aspirate 0.5 M HC1 solution into the holding coil Port 5 Aspirate 3000 200
10 Clean the electrode and the flow cell Port 1 Dispense 3500 50
a See the description of each port of the selection valve in Pig. 1. 
b Potential step=6 mV; frequency=50 Hz; amplitude=50 mV.

to hydroxide medium (0.4 M NaOH) using SIECA (solid line). The voltammogram of a 
blank solution, 0.4 M NaCl (dashed line) on a screen-printed carbon electrode is included 
for comparison.

Ni(III) were form ed as Ni(OH )2 and NiOOH, respectively. The 
electrochemical behavior of the  N i(II)/N i(III) redox couple was in
vestigated by cyclic voltam m etry in the  m easurem ent step. Using a 
potential scan ra te  o f 0.1 V ร-1, we collected cyclic voltam m ogram s of 
the blank solution (0.4 M NaCI) and the s tand ard  solution; the results 
are shown in Fig. 2. The electrochem ical process of th e  N i(II)/N i(III) 
redox couple in the  hydroxide m edium  represented  a quasi-reversible 
transform ation; two well-defined peaks, a cathodic peak and an  anodic 
peak at +0.34 and  +0.46 V, respectively, were observed.

3.2. Conditions of deposition step
According to the literatu res, sodium  chloride (NaCl) has been 

widely used in several applications as an electrolyte solution for 
N i(II) detection by stripp ing vo ltam m etiy due to its good electrical 
conductivity, ease of uses and  preparation , and green chem ical p roper
ties [17 -1 9 ]. Therefore, a  NaCl solution was used as th e  electrolyte 
solution in the p resen t work. The deposition potential and  the 
concentration of NaCl for the detection of N i(II) using SIECA were 
optim ized by traditional square-wave anodic stripp ing voltam m etry 
(SWASV) w ithout an  ion-transfer technique.

The constant deposition potential was investigated in the range 
from -1 .4  to -2 .0  V us Ag/AgCl. A s tand ard  solution of 1.00 mg L" 1

Ni(II) in 0.6 M NaCl was injected through the  flow cell w ith 200 ร 
deposition tim e to reduce Ni(II) to  Ni(0). Next, the electrochemical 
response of the  Ni(o) oxidation was recorded by SWASV with a 
potential step of 5 mV, a square-w ave am plitude of 10 mV and  a 
square-wave frequency of 25 Hz. The effect of the  deposition potentials 
are show n in Fig. 3a. No peak was observed a t the  deposition potential 
of -1 .4  V, indicating th a t the  potential was no t sufficient for reducing 
Ni(II). The highest peak w ith the  lowest s tan d ard  deviation was
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Fig. 3. Effect of the deposition potential (a) and NaCl concentration (b) on the obtained 
peak current of a standard solution containing 1.00 mg L-1 Ni(II) in an NaCl electrolyte 
solution using the traditional SWASV on a SPCE via SIECA.
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obtained using a  highly negative potential; therefore, a deposition 
potential of -2 .0  V was chosen.

In addition, the  concentration of the  NaCl electrolyte solution was 
also varied in  the range from  0.01 to 1.0 M; the  results are show n in 
Fig. 3b. The obtained peak current increased w hen the concentration of 
NaCl was increased to  0.4 M because of the  increase in the  electrical 
conductivity of the  solution; however, the  peak current decreased when 
the concentration of NaCl was increased fu rther because the viscosity 
of the resulting solution lim ited the ion mobility. Hence, an NaCl 
concentration of 0.4 M was used in subsequent experim ents.

3.3. Parameters of square-wave voltammetric detection
In  this part, the  step sequence shown in Table 1 was carried ou t to 

determ ine Ni(II) concentration in a standard  solution containing
1.00 m g L- 1  N i(II) and 0.4 M NaCl by ion-transfer to  a hydroxide 
m edium  using SIECA. Square-wave voltam m etry was perform ed in the 
m easurem ent step to record the electrochem ical response of the  N i(II)/ 
N i(III) redox couple in the  hydroxide m edium  with varying frequency, 
am plitude and  step potential param eters.

First, the frequency was evaluated in the  range from 25 to 100 Hz 
w ith an am plitude of 100 mV and a step potential of 10 mV. The 
h ighest peak current w ith a well-defined peak shape and  a small 
s tand ard  deviation was achieved at a frequency of 50 Hz (Fig. S la ). 
Therefore, th is frequency was chosen to optim ize the next param eter, 
the  square-wave am plitude, which was varied between 10 and 100 mV. 
The obtained peak currents increased w hen a higher am plitude was 
used; however, the  stand ard  deviations were larger (Fig. s ib ) .  The 
suitable am plitude th a t provided a  high response with good precision 
was 50 mV. Lastly, the  step potential was also investigated from  2 to 
10 mV. Using a h igher step potential theoretically provided a higher 
peak current (Fig. s ic )  bu t the  lowered a num ber of data  points in  the 
voltam m ogram . Because the  num ber of d a ta  po int m ust be considered, 
the  optim al step potential for th is proposed m ethod with the highest 
peak current was 6  mV.
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Fig. 4. Effect of the volume of 0.4 M NaOH (a) and the flow rate of NaOH injection (b) 
on the obtained peak current of a standard solution containing 1.00 mg L"1 NiCI!) in 
0.4 M NaCl electrolyte solution by ion-transfer to hydroxide medium using SIECA.

3.4. Conditions of ion-transfer to hydroxide medium
In the oxidation step, 0.4 M NaOH was injected into the  flow cell 

while an oxidation potential of +1.0 V vs Ag/AgCl was applied. The 
flow-based operation of the NaOH injection was considered; hence, 
flow param eters, including the flow ra te  and the  volume of the NaOH 
solution, were investigated. Because these param eters were also related 
to  the  oxidation tim e, the  oxidation tim e was studied by varying the 
volum e of the NaOH solution in the  range from  500 to 2500 pL with a 
fixed flow ra te  of 50 pL ร- 1  such th a t the oxidation tim es were betw een 
15 and  55 ร (including 5 ร asp iration  tim e). The results in  Fig. 4a show 
th a t the ob tained peak curren ts m oderately rose when the  volum e of 
the NaOH solution was increased to 1500 pL (oxidation tim e o f 35 ร) 
and  then  rem ained constan t when a larger volum e was used. Therefore, 
the  NaOH volum e of 1500 pL and the oxidation tim e of 35 ร were 
determ ined to be suitable for the analysis.

Furtherm ore, to reduce reagent consum ption, the flow ra te  of 
NaOH injection was lowered from  50 to 10 pL ร- 1  w hereas the 
oxidation tim e was fixed at 35 ร; therefore, the volume o f the  NaOH 
solution varied betw een 300 and  1500 pL. The effect of the  flow ra te  is 
show n in Fig. 4b. The optim al NaOH solution flow rate th a t provided 
the  highest peak cu rren t was 30 pL ร-1.

3.5. Analytical performance
U nder the optim ized condition for the determ ination  of N i(II) 

concentration by ion-transfer to  hydroxide m edium  with SIECA using 
the  step sequence in Table 1, th e  relationship betw een the obtained 
peak current and  the N i(II) concentration was studied  over a wide 
concentration range. A linear calibration curve with R2 =0.9930 was

Fig. 5. Typical square-wave voltammograms of standard solutions containing different 
concentration of Ni(II) in 0.4 M NaCl by ion-transfer to hydroxide medium using SIECA. 
The inset shows the linear relationship between the Ni(II) concentration and the 
obtained peak current from the determination of Ni(II).

established in the  range from  0.10 to  1.00 mg L" 1 Ni(II), as show n in 
Fig. 5. Good sensitivity was achieved a t a slope of 1.21 pA L m g-1. We 
investigated the  repeatability  by analyzing a stand ard  solutions. Three 
stand ard  solutions w ith N i(II) levels of 0.10, 0.50 and  1.00 mg L- 1  

were determ ined using the  proposed m ethod (ion-transfer to hydroxide 
m edium  using SIECA) in replicates o f 10 tim es; the relative standard  
deviations (RSDs) were 13%, 7.4% and  3.9%, respectively, which are 
acceptable according to  the Association of Analytical Com munities
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Table 2
Determination of Ni(II) concentration in mineral water samples by ion-transfer to 
hydroxide medium using SIECA.

Sample Concentration of Ni (II) (mg L-1) %Recovery
Spiked Found

Mineral water I 0.00 Not detected -

0.10 0.094 ±0.019 94
0.50 0.496 ±0.050 99

Mineral water II 0.00 Not detected -

0.20 0.194 ±0.003 97
0.40 0.378 ±0.008 94

(AOAC)’s guidelines for dietary supplem ents and botanicals [20]. The 
reproducibility of the proposed m ethod using different SPCEs was also 
investigated in term s o f the sensitivity RSD obtained from the slope of 
the linear calibration curve. The average slope from  three calibration 
curves was 1.08 ± 0.12 pA L mg - 1  w ith an acceptable RSD of 11%.

The lim it of detection (LOD), th e  concentration corresponding to 
3 a /s ,  was 0.02 mg L-1; where a  is the  s tand ard  deviation (ท=10) of the 
signal from  a stand ard  solution containing the  lowest concentration in 
the  linear range, 0.10 mg LT1 Ni(II), and  ร is the  slope of the 
calibration curve for the  sam e SPCE.

In  addition, th e  interference effect of som e m etal ions, including 
Pb(II), Cd(II), Zn(II), Cu(II) and Au(III), was studied. The results 
indicated th a t the  signals for N i(II) did no t significantly change a t 95% 
confidence intervals w hen the  s tand ard  solutions were contam inated 
until the  concentrations of the foreign ions were m ore than  1 0 0  tim es 
the  N i(II) concentration.

3.6. Real water sample analysis
The proposed m ethod for the  determ ination  of N i(II) by ion- 

transfer to  a hydroxide m edium  using SIECA was evaluated under 
th e  optim ized conditions by determ ining the  N i(II) concentration in 
m ineral w ater sam ples. The sam ples were filtered w ithout fu rther 
purification and were then  spiked with various concentrations of Ni(II). 
The spiked sam ples were dilu ted w ith 2 M NaCl (4:1 w /v) to obtain 
working solutions w ith 0.4 M NaCl electrolyte. The sam ples were then 
analyzed by a stand ard  addition m ethod in triplicates. Table 2 sum 
m arizes the  results, w hich indicate th a t th e  accuracy of the proposed 
m ethod was very good, w ith recovery in th e  range from 94% to 99%.

4. Conclusions

An alternative m ethod for the  de term ination  of N i(II) ion concen
tra tion  through the  electrochem ical response of the N i(II)/N i(III) 
redox couple has been achieved by ion-transfer to a hydroxide m edium  
using SIECA, which is a perfect com bination of an autom ated flow- 
based system  and  a highly sensitive electrochem ical techniques. An 
inexpensive sensor, i.e., a hom em ade SPCE, was also successfully used 
in this proposed m ethod. U nder the  optim ized conditions, the  m ethod 
provided good linearity  over the  concen tration range from 0 .1 0  to
1.00 mg L_1 and a low detection lim it o f 0.02 mg L"1. In addition, the 
proposed m ethods was successfully applied to the determ ination  of 
N i(II) concentrations in standard-spiked w ater sam ples, w ith good 
accuracy.
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Chapter V

Conclusions

We are successful in the development of novelty in analytical chemistry for innovation 

of detection as following our objectives set for this project. First, we obtained novel 

nanomaterial-based chemical sensors for electrochemical and/or colorimetric detection. The 

methods were successfully applied for analysis of many important analytes in real samples. 

Second, the paper-based analytical sensors were successfully designed and applied for 

detection target analytes in real samples. These devices could be a low-cost and disposable 

alternative tool for rapid screening and detecting in various applications. Third, the automatic 

and sensitive microfluidic and sequential injection system coupled with electrochemical 

detection for the determination of metals and organic compound were developed. They 

were successfully applied for the determination of target analytes in real samples, with results 

comparable to those obtained by the comparison procedures. Moreover, the proposed 

methodologies are less laborious, inexpensive, reliable, and more rapid when compared to 

the conventional methods.

With mentioned satisfying results, all developed systems obtained from this project 

could be a choice for routine assessment of clinical, food and environmental detection as an 

alternative way to the conventional procedures. These lead to analytical systems that are 

more portable than comparable systems, which make these systems especially suitable for 

on field analysis. Its future use in portable and/or automatic tool for screening and



determination of various predictors of health status or disease risk or environmental safety in

humans can be visualized.
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