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THAI ABSTRACT 

มนัสวี จั่นรอด : การพัฒนาตัวรับรู้ออกซาเลตโดยใช้อุปกรณ์วิเคราะห์ฐานกระดาษ (DEVELOPMENT OF 
OXALATE SENSOR USING PAPER-BASED ANALYTICAL DEVICE) อ.ท่ีปรึกษาวิทยานิพนธ์หลัก: ดร.มนพิชา 
ศรีสะอาด, อ.ท่ีปรึกษาวิทยานิพนธ์ร่วม: ศ. ดร.อรวรรณ ชัยลภากุล{, 87 หน้า. 

งานวิจัยน้ีได้พัฒนาตัวรับรู้ออกซาเลตโดยใช้อุปกรณ์วิเคราะห์ฐานกระดาษร่วมกับการตรวจวัดทางเคมีไฟฟ้าและ
การตรวจวัดด้วยสี ส าหรับการวิเคราะห์หาปริมาณออกซาเลตโดยใช้การตรวจวัดทางเคมีไฟฟ้าท าได้โดยการตรวจวัดผ่าน
ไฮโดรเจนเปอร์ออกไซด์ท่ีเกิดขึ้นจากปฏิกิริยาระหว่างออกซาเลตกับเอนไซม์ออกซาเลตออกซิเดสท่ีได้จากชุดตรวจออกซาเลต
ส าเร็จรูป ขั้วไฟฟ้าคาร์บอนเพตท่ีใช้เป็นขั้วไฟฟ้าใช้งานจะถูกดัดแปรด้วยอนุภาคเงินระดับนาโนเมตร  และท่อนาโนคาร์บอน
แบบผนังหลายชั้นเพื่อเพิ่มสัญญาณทางเคมีไฟฟ้าของไฮโดรเจนเปอร์ออกไซด์ ขั้วไฟฟ้าคาร์บอนเพตจะประกอบด้วยส่วนท่ี
เป็นน้ ามันซ่ึงใช้น้ ามันแร่และพีดีเอ็มเอส กับผงแกรไฟต์ในอัตราส่วน 50 เปอร์เซ็นต์โดยน้ าหนัก ขั้วไฟฟ้าคาร์บอนเพตจะถูก
ดัดแปรด้วยอนุภาคเงินระดับนาโนเมตร ความเข้มข้น 10 กรัมต่อลิตร ปริมาตร 400 ไมโครลิตร และท่อนาโนคาร์บอนแบบ
ผนังหลายชั้น ปริมาณ 1 เปอร์เซ็นต์โดยน้ าหนัก เมื่อน าขั้วไฟฟ้าท่ีพัฒนาขึ้นไปตรวจวัดไฮโดรเจนเปอร์ออกไซด์โดยใช้เทคนิค
แอมเพอโรเมตรีท่ีความต่างศักย์ -0.6 โวลต์ พบว่าให้ช่วงความเป็นเส้นตรงสองช่วงคือ 0.05-10 และ 10-1,000 มิลลิโมลาร์ 
จากช่วงความเป็นเส้นตรงช่วงแรก พบว่าขีดจ ากัดการตรวจวัดและขีดจ ากัดการวิเคราะห์เชิงปริมาณเท่ากับ 0.02 และ 0.08 
มิลลิโมลาร ์ตามล าดับ การตรวจวัดออกซาเลตโดยใช้ขั้วไฟฟ้าท่ีพัฒนาขึ้นท าได้โดยให้ออกซาเลตท าปฏิกิริยากับเอนไซม์ออก
ซาเลตออกซิเดสจากรีเอเจนต์บีซ่ึงประกอบด้วยเอนไซม์ออกซาเลตออกซิเดส และเอนไซม์ฮอสราดิชเปอร์ออกซิเดส อย่างไรก็
ตามพบว่าไม่ปรากฏสัญญาณทางเคมีไฟฟ้าเกิดขึ้น ท้ังน้ีอาจเน่ืองมาจากไฮโดรเจนเปอร์ออกไซด์ท่ีเกิดขึ้นจากปฏิกิริยาของ
เอนไซม์อาจจะไปท าปฏิกิริยากับเอนไซม์ฮอสราดิชเปอร์ออกซิเดสท่ีผสมอยู่ในรีเอเจนต์บี  ดังน้ันจึงไม่ประสบความส าเร็จใน
การตรวจวัดออกซาเลตโดยใช้อุปกรณ์วิเคราะห์ฐานกระดาษร่วมกับการวิเคราะห์ทางเคมีไฟฟ้า 

นอกจากน้ียังได้พัฒนาตัวรับรู้ออกซาเลตโดยใช้อุปกรณ์วิเคราะห์ฐานกระดาษร่วมกับการตรวจวัดด้วยสีโดยใช้
ปฏิกิริยาของเอนไซม์แบบเดิม ไฮโดรเจนเปอร์ออกไซด์ท่ีเกิดขึ้นจะไปท าปฏิกิริยากับ 3-(Dimethylamino) benzoic acid 
(DMAB) และ 3-Methyl-2-benzothiazolinine (MBTH) เกิดเป็นสีน้ าเงินของ Indamine ซ่ึงความเข้มของสีท่ีเกิดขึ้นจะ
สัมพันธ์กับปริมาณของออกซาเลตในสารตัวอย่าง การรบกวนการตรวจวัดออกซาเลตจากกรดแอสคอบิกท่ีมีอยู่ในปัสสาวะจะ
ถูกท าให้ลดลงโดยการเติมสารบดบังท่ีประกอบด้วยคอปเปอร์ซัลเฟต, กรดบอริก และโซเดียมไฮดรอกไซด์ เพื่อไปท าปฏิกิริยา
กับกรดแอสคอบิกเป็นเวลา 30 นาที ปริมาณสารต่าง ๆ ท่ีเหมาะสมในการวิเคราะห์ออกซาเลตคือการใช้เอนไซม์ออกซาเลต
ออกซิเดส, ฮอสราดิชเปอร์ออกซิเดส, DMAB และ MBTH เท่ากับ 3 x 10-3 ยูนิตต่อลิตร, 1 x 10-4 ยูนิตต่อลิตร, 2.4 มิลลิโม
ลาร์ และ 0.0176 มิลลิโมลาร์ ตามล าดับ โดยให้ท าปฏิกิริยากับออกซาเลตเป็นเวลา 10 นาทีก่อนท่ีจะวัดความเข้มสี ช่วง
ความเป็นเส้นตรงของการตรวจวัดออกซาเลตอยู่ในช่วง 5-50 มิลลิกรัมต่อลิตร มีขีดจ ากัดการตรวจวัดและขีดจ ากัดการการ
วิเคราะห์เชิงปริมาณเท่ากับ 3.38 และ 11.27 มิลลิกรัมต่อลิตรตามล าดับ จากการทดลองพบว่าตัวรับรู้ออกซาเลตท่ีใช้
อุปกรณ์วิเคราะห์ฐานกระดาษร่วมกับการตรวจวัดด้วยสีการตรวจวัดด้วยสีสามารถตรวจวัดออกซาเลตในตัวอย่างปัสสาวะได้
อย่างมีความแม่นและความเท่ียงสูง โดยมีร้อยละการกลับคืนของออกซาเลตท่ีเติมในปัสสาวะอยู่ในช่วง 80.7-110.0% และมี
เปอร์เซ็นต์ส่วนเบี่ยงเบนมาตรฐานสัมพัทธ์ของการวิเคราะห์ปริมาณออกซาเลตภายในวันเดียวกันและต่างวันกันน้อยกว่า 5% 
ดังน้ันตัวรับรู้ออกซาเลตท่ีใช้อุปกรณ์วิเคราะห์ฐานกระดาษท่ีพัฒนาขึ้นเหมาะท่ีจะเป็นอุปกรณ์ท่ีใช้ง่าย  ใช้ปริมาณสารน้อย 
น่าเชื่อถือและพกพาสะดวกส าหรับการตรวจวัดออกซาเลต โดยเฉพาะอย่างยิ่งการวิเคราะห์นอกสถานท่ี     
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ENGLISH ABSTRACT 

# # 5772105123 : MAJOR CHEMISTRY 
KEYWORDS: OXALATE / PAPER-BASED ANALYTICAL DEVICE / AMPEROMETRY/ COLORIMETRY 

MANASSAWEE JANROD: DEVELOPMENT OF OXALATE SENSOR USING PAPER-BASED ANALYTICAL DEVICE. 
ADVISOR: MONPICHAR SRISA-ART, Ph.D., CO-ADVISOR: PROF. ORAWON CHAILAPAKUL, Ph.D. {, 87 pp. 

Herein, oxalate sensors were developed using paper-based analytical devices (PADs) coupled with 
electrochemical and colorimetric detection. For electrochemical paper-based analytical device (ePAD), the 
amount of oxalate in the solution was determined through the measurement of hydrogen peroxide (H2O2) 
produced from the enzymatic reaction between oxalate and oxalate oxidase (OxOx) obtained from an oxalate 
test kit. A carbon paste electrode (CPE) as a working electrode (WE) was modified with silver nanoparticles (AgNPs) 
and multi-walled carbon nanotubes (MWCNTs) to enhance electrochemical signal of H2O2. A CPE was composed 
of 50% w/w oil phase (mineral oil and PDMS) and 50% w/w graphite powder. The CPE was modified with 400 µL 
of 10,000 ppm AgNPs and 1% w/w MWCNTs. The AgNPs-MWCNTs-CPE was used to measure H2O2 using 
amperometric detection with an applied potential of -0.6 V. The linear ranges of the method for determination of 
H2O2 were in the ranges of 0.05-10 and 10-1,000 mM. From the first linear range, limit of detection (LOD) and limit 
of quantitation (LOQ) were found to be 0.02 and 0.08 mM, respectively. For detection of oxalate using the AgNPs-
MWCNTs-CPE, oxalate solution was reacted with OxOx in a reagent B consisting of OxOx and horseradish 
peroxidase (HRP). However, electrochemical signal was not observed, which could be because the produced H2O2 
was reacted with HRP from the reagent B. Therefore, the electrochemical determination of oxalate using ePADs 
was not successful. 

In addition, a PAD was developed with colorimetric detection as an oxalate sensor using the same 
enzymatic reaction. The produced H2O2 was reacted with 3-(Dimethylamino) benzoic acid (DMAB) and 3-Methyl-2-
benzothiazolinine (MBTH) to produce an indamine dye which is a blue color. The color intensity corresponded to 
the amount of oxalate in the solution. Interfering effect of AA contained in urine was minimized by adding a 
masking reagent (CuSO4, H3BO3 and NaOH) to react with AA for 30 min. The optimized amounts of OxOx, HRP, 
DMAB and MBTH were 3 x 10-3 u L-1, 1 x 10-4 u L-1, 2.4 mM and 0.0176 mM, respectively, which were used to react 
with oxalate for 10 min before measuring color intensity. The linearity of the method was in the range of 5-50 
ppm. LOD and LOQ were found to be 3.38 and 11.27 ppm, respectively. The developed oxalate sensor based on 
PADs with colorimetric detection was successful to determine oxalate in urine with high accuracy and precision, in 
which %recovery of spiked oxalate in urine was found in the range of 80.7-110.0% and %RSD values of the 
amounts of oxalate from intra and inter-day measurements were lower than 5%. Therefore, the developed 
oxalate sensor based on PADs will hold a great promise to be a simple, low-sample and reagent volume, reliable 
and portable tool for determination of oxalate, especially for on-site measurements.  
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CHAPTER I 
INTRODUCTION 

 

1.1  Introduction 

Kidney stone is one of the health problems worldwide. In Thailand, the 
disease is mostly found in the northeast of Thailand and caused by the formation of 
mineral crystalline in the urinary system. The amount of mineral crystalline at high 
levels can form stones in the urinary tract system, such as kidney, ureter and urinary 
bladder, which leads to backache, blood in urine, uroschesis and renal deterioration. 
Therefore, determination of oxalate in the urine excretion is necessary for medical 
diagnosis and treatment. Although there are many stone types, such as calcium 
oxalate, calcium phosphate, uric acid, struvite and cystine stones, calcium oxalate is 
the major stone type found in patients. For healthy people, the amount of oxalate in 
urine of is not over 40 ppm [1, 2].  

Various analytical methods have been developed to determine the amount 
of oxalate in urine, such as capillary electrophoresis (CE) [3], high-performance liquid 
chromatography (HPLC) [4], ion chromatography (IC) [5], liquid chromatography (LC) 
[6], spectrophotometry [7], gas chromatography (GC) [8] and fluorescence [9]. 
However, these methods have many disadvantages, such as expensive and 
complicated instrumentation, time consuming, less sensitive, large reagent and 
sample volume consumption, requirement of highly trained staff and difficulty for 
remote area [10]. 

Oxalate biosensors based on the enzymatic reaction between oxalate and 
oxalate oxidase (OxOx) [10, 11] is an interesting method to determine oxalate due to 
its selectivity, reliability, sensitivity and rapidity. The analysis is usually determined 
from products generated by the enzymatic reaction in the presence of oxygen as 
follows: 



 

 

2 

H2C2O4 + O2 
 x x
→  2CO2 + H2O2 (1.1) 

 

According to Equation 1.1, the amount of oxalate can be indirectly 
determined by measuring pH, which corresponds to the amount of CO2 generated 
from the enzymatic reaction. Furthermore, oxalate concentration can be indirectly 
measured from the amount of generated H2O2 which can be measured using various 
methods, such as spectrophotometry [12] and electrochemistry [13]. Electrochemical 
detection is mostly used because it can directly determine the produced H2O2. 

Mishra et al. [10] reported the development of a biosensor by immobilizing 
OxOx onto a carbon paste electrode (CPE) as a working electrode (WE). Oxalate was 
reacted with the immobilized OxOx to generate H2O2, as shown in Equation 1.1. 
When applying a potential of 0.4 V for amperometric measurements, the generated 
H2O2 was oxidized to be hydrogen ions, oxygen and electrons, as shown in Equation 
1.2. The current signal obtained from the flow of electrons corresponded to the 
amount of oxalate in the solution. The limit of detection (LOD) was found to be 3.5 
ppm, which was lower than that of glassy carbon electrode modified with OxOx [14]. 

 

H2O2 
 .4  
→  2H+ + O2 + 2e- (1.2) 

 

Rodriguez et al. [11] reported the development of an oxalate sensor for 
determination of oxalate in urine using the combination of biosensor and sequential 
injection analysis (SIA) based on the enzymatic reaction. OxOx was immobilizied onto 
magnetic solid on the electrode surface, which was modified with an Fe(III)-tris(2-
thiopyridone)borate complex as a mediator. The LOD was found to be 1.0 ppm. 

Furthermore, solid electrodes were also used as a WE for determination of 
oxalate in urine, such as Au [15, 16] and Pt [17]. Although an Au electrode is mostly 
used, it is an expensive metal. Gold nanoparticles (AuNPs) are interesting materials to 
be used to modify a WE for determination of oxalate in urine [18, 19]. This was 
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because a WE modified with nanoparticles could enhance electrochemical signal due 
to its higher electrode surface area. 

Afraz et al. [20] reported the development of H2O2 sensor using silver 
nanoparticles (Ag-NPs) and multi-walled carbon nanotube (CNT) modified on a glassy 
carbon (GC) electrode. Although the electrochemical signal of H2O2 was enhanced 
when using Ag-NPs/GC or CNT/GC as a WE, Ag-NP/CNT/GC provided the highest 
electrochemical signal of H2O2, as shown in Figure 1.1. This was because of the 
synergistic effect of the mixed composition of MWCNTs and AgNPs [21]. 

 

 
 

Figure 1.1 Cyclic voltammograms of 1.5 mM H2O2 in PBS at a bare GC, CNT/GC, Ag-
NPs/GC and Ag-NPs/CNT/GC using a scan rate of 50 mV s-1. Reproduced 
from reference [20]. 

 

Nowadays, paper-based analytical devices (PADs) have been developed for 
analysis in various fields, such as diagnostic test [22], food safety control [23], drug 
analysis [24], cell analysis [25] and environmental monitoring [26]. This is because of 
many advantages of PADs, such as low cost, easy process, rapid analysis, reliability, 
low reagent and sample volume consumption, disposability, and portability [27]. 
Furthermore, solution can flow without external force by capillary force through the 
paper as a hydrophilic material. Therefore, PADs are suitable devices to be used in 
developing countries and remote areas. Various detection methods have been 
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developed for PADs, such as colorimetry [28], electrochemistry [29], 
chemiluminescence (CL) [30], fluorescence [31] and electrochemiluminescence (ECL) 
[32]. Electrochemistry and colorimetry were widely used as detection methods for 
PADs because they are suitable to combine with PADs for on-site measurements [27].   

Canales et al. [33] reported the development of a point-of-care device or 
oxometer from a commercial glucometer for determination of oxalate in synthetic 
urine. Glucose test strips, which were made from paper, were impregnated with OxOx 
and then dipped into synthetic urine in a cuvette containing various concentrations 
of oxalate. Oxalate was reacted with OxOx in the presence of O2 to generate CO2 and 
H2O2, as shown in Equation 1.1. After that, the generated H2O2 was reacted with 
tetramethylbenzidine (TMBZ) dye in the presence of horseradish peroxidase (HRP) to 
produce a dimer of oxidized TMBZ, which provided blue-green color, as shown in 
Equation 1.3. The obtained color intensity corresponded to the amount of oxalate in 
the sample solution. 

 

H2O2 + Tetramethylbenzidine (TMBZ) 
H  
→  Oxidized TMBZ dimer (blue-green) (1.3) 

 

Although paper could use as a substrate for determination of oxalate in urine 
in previous work, there was no report on development of PADs for determination of 
oxalate in urine. In this work, PADs coupled with electrochemical and colorimetric 
detection were developed for determination of oxalate in urine. An oxalate kit was 
used as a source of the enzyme OxOx for determination of oxalate. 

PADs with electrochemical detection was developed using screen printed 
CPEs for determination of oxalate through H2O2 produced from the enzymatic 
reaction. CPEs were used because of the advantages including small size, easy 
fabrication, low cost, wide potential window and easy modification with other 
materials [34]. In addition, the smaller size of CPE provided less analysis time 
because the mass transfer rates was higher when measuring low current and lower 
resistance [35]. CPEs were modified with AgNPs and MWCNTs, which were reported 
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previously that they could enhance electrochemical signal of H2O2 because they 
increase the electrode surface area [20]. 

Furthermore, PADs coupled with colorimetric detection was also developed 
based on the same enzymatic reaction. The mixed solutions of MBTH and DMAB 
were used to react with H2O2 generated from the enzymatic reaction in the presence 
of HRP to form an indamine dye (blue color). The obtained color intensity 
corresponded to the amount of oxalate in the solution. Therefore, quantitative 
analysis of oxalate was performed using the measurement of color intensity from the 
enzymatic reaction. 

 

1.2 Objectives of This Work 

1. To develop an oxalate sensor using paper-based analytical devices 
coupled with electrochemical or colorimetric detection. 

2. To apply the developed oxalate sensor for determination of oxalate in 
urine. 

 

1.3 Scope of This Work 

PADs for determination of oxalate in urine based on the enzymatic reaction 
were developed using colorimetric and electrochemical detection. 

For determination of oxalate in urine using electrochemical detection, 
electrochemical paper-based analytical devices (ePADs) were fabricated using a 
screen printed CPE. Then, the CPE was modified with AgNPs and MWCNTs as a 
working electrode (WE) for determination of H2O2 produced from the enzymatic 
reaction between oxalate and OxOx. The ratio of oil phase and graphite powder 
mixture and the amounts of AgNPs and MWCNTs were optimized for electrode 
fabrication. An applied potential for amperometric measurements was also studied. 
In addition, the analytical performance of this method, including linearity, limit of 
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detection and limit of quantitation, was studied using amperometric measurements. 
After that, the proposed ePADs were applied to detect oxalate in urine. 

Furthermore, an oxalate sensor based on PADs coupled with colorimetric 
detection was also developed using the same enzymatic reaction. The experimental 
parameters were studied to obtain the best condition for colorimetric determination 
of oxalate. After that, the analytical performance, including linearity, limit of 
detection, limit of quantitation, accuracy and precision, was studied. The selectivity 
of this method was also investigated. Finally, the developed oxalate sensor based on 
PADs with colorimetric detection was used to determine the amount of oxalate in 
urine samples. 
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CHAPTER II 
THEORY  

 

2.1 Paper-Based Analytical Device  

Paper-based analytical devices (PADs) were first introduced in 2007 by 
Whitesides and co-workers [36]. The use of paper as a substrate of analytical devices 
is interesting due to its properties, such as flexibility, lightweight, fibrous and porous 
structure, high surface-to-volume ratio, compatible with biological samples and 
biodegradable materials [37]. Therefore, PADs provide many advantages, such as low 
cost, easy use, portability, rapid analysis and repeatability. In addition, the paper 
surface can be modified with several function groups for a variety of applications and 
fluid can flow freely without mechanical pumping due to the wicking property of the 
porous texture of paper [27, 38]. These advantages result in the applications of PADs 
in many fields, such as clinical diagnostics [22], environmental monitoring [26] and 
food safety control [23]. 

 

2.2 Fabrication Method 

The fabrication of PADs is based on the creation of hydrophobic barrier into 
paper as a hydrophilic substrate to obtain micron-scale (100-1,000 µm) capillary 
channels for reagents flowing and detection [27, 37, 39]. Currently, various fabrication 
methods have been developed to fabricate PADs, including wax drawing [40], 
polymer ink drawing/stamping [41], wax stamping [42], wax dipping [43], 
photolithography [44], wax screen-printing [45], wax printing [46], inkjet etching [47], 
inkjet printing [48], flexographic printing [49], craft cutter [50] and laser cutter [51]. 
The schematics of each fabrication method are shown in Figure 2.1. 
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Figure 2.1 Schematics of device fabrication using various fabrication methods, which 
are (A) wax drawing, (B) polymer ink drawing/stamping, (C) wax stamping, 
(D) wax dipping, (E) photolithography, (F) wax screen-printing, (G) wax 
printing, (H) inkjet etching, (I) inkjet printing, (J) flexographic printing, (K) 
craft cutter and (L) laser cutter. Reproduced from reference [52]. 

 

In this work, wax printing was selected as a fabrication method for PADs. Wax 
printing is a simple fabrication method based on printing wax on paper and melting 
the printed wax through the porous of paper. Initially, the designed pattern was 
printed onto filter paper using a wax printer and then the printed paper was then 
placed on a hot plate to melt wax. The wax was diffused through the paper and 
formed as a hydrophobic barrier, whereas the other area is hydrophilic. The whole 
fabrication procedure is shown in Figure 2.2. The wax printing method has the 
following advantages; a simple and rapid process (only printing and melting wax 
which is approximately 5-10 min in total), inexpensive and environmentally friendly 
method because the process does not use organic solvents [38]. 
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Figure 2.2 Schematic represents a wax printing process. Reproduced from reference 
[53]. 

 

2.3  Detector for PADs 

Detection methods widely used for PADs are colorimetric [28] and 
electrochemical (EC) [29] detection methods. 

 

2.3.1 Colorimetric Detection 

Colorimetric detection is the simplest detection method to be 
coupled with PADs due to its flexibility and easy process. The color change obtained 
from the enzymatic or chemical reactions is monitored. In the past, the use of PADs 
coupled with colorimetric detection has been widely used for semi-quantitative 
analysis. For quantitative analysis, the color intensity change can be measured using 
a digital camera, camera phone or scanner and then interpreted using imaging 
software, such as Adobe Photoshop and ImageJ. An example of colorimetric 
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detection process is shown in Figure 2.3. Therefore, PADs coupled with colorimetric 
detection are suitable to be used in remote areas or developing countries [27, 54]. 

 

 
 

Figure 2.3 An example of colorimetric detection procedure for the determination of 
glucose and protein using Adobe Photoshop for color intensity 
interpretation. Reproduced from reference [54]. 
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However, colorimetric detection is not sufficiently accurate because 
various parameters affect the color intensity, such as external light, dry or wet 
solutions, illumination area and background selection [54]. Therefore, 
electrochemical detection is an alternative to be coupled with PADs for quantitative 
analysis because this method provides higher accuracy and selectivity when 
compared with colorimetric detection. 

 

2.3.2 Electrochemical Detection 

Although it is more expensive than colorimetric detection, many 
advantages of electrochemical detection are still interesting, such as less analysis 
time and high sensitivity and selectivity [55]. Electrochemical detection can be 
chosen from various modes, such as potentiometry, vomtammetry, coulometry and 
amperometry [56]. In this work, cyclic voltammetry (CV) and amperometry were used 
for optimization of all parameters for electrode fabrication and sample 
measurements, respectively. 

 

2.3.2.1 Cyclic Voltammetry 

Cyclic voltammetry (CV) is an important and widely used 
electroanalytical technique [57, 58]. Generally, CV is widely used for qualitative 
analysis, such as the study of redox redaction of electroactive species. The principle 
of CV is varying applied potential as a triangular wave format in both forward and 
reverse directions, as shown in Figure 2.4 (a), and measuring the current. The scanned 
potential can be one or several cycles of triangular waveform. The initial scan 
direction can be negative or positive depending on sample composition. Important 
parameters for CV consist of cathodic peak potential (Epc), anodic peak potential 
(Epa), cathodic peak current (ipc) and anodic peak current (ipa), as shown in Figure 2.4 
(b). Reduction reactions occur when using negatively applied potentials and provide 
Epc and ipc. Similar to reduction reaction, oxidation reactions occur when using 
positively applied potentials and provide Epa and ipa. For a reversible reaction, the 
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absolute values of ipc and ipa should be equal but opposite in sign. In addition, the 
difference of peak potential (∆Ep) between Epa and Epc of a reversible reaction at 25 
oC is expected to be 0.059/n, as shown in Equation 2.1, where n is the number of 
electron involved in the half reaction: 

 

∆Ep = | Epa - Epc | = 0.059/n (2.1) 
 

 
 

 
 

Figure 2.4 (a) Cyclic voltammogram waveforms and (b) a cyclic voltammogram of a 
reversible reaction. Reproduce from references [59] and [60], respectively. 

 

 



 

 

13 

At 25 oC, the peak current corresponds to the concentration of 
analyte according to the Randles-Sevcik equation as follow: 

 

ip = 2.686 x 105n3/2ACD1/2 1/2 (2.2) 
 

Where ip =   peak current (A) 

 n =   number of electron 

 A =   electrode area (cm2) 

 C =   concentration (mol cm-3) 

 D =   diffusion coefficient (cm2 s-1) 

   =   scan rate (V s-1) 

 

2.3.2.2 Amperometry 

Amperometric detection has been widely used as an 
electrochemical detection method [10, 15-17]. The principle of amperometry is 
applying a constant potential and measuring the output current as a function of time 
[61, 62]. The current output is proportional to the amount of analyte in the solution. 
The optimum applied potential is obtained from a hydrodynamic voltammogram, 
which is constructed by plotting signal/background (S/B) ratio as a function of applied 
potential. The applied potential provides the highest S/B ratio is selected as an 
optimum applied potential for amperometric measurements. This technique 
provides good selectivity due to the selection of an applied potential, which 
minimizes the interfering effect from background and interference responses. 
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CHAPTER III 
EXPERIMENTAL 

 

3.1 Instrument and Equipment 

Table 3.1 List of Instruments and equipment. 
 

Instruments and equipment Companies 

1. Whatman filter paper (Grade No. 1) 

2. Xerox Color Qube 8570 wax printer 

3. Hotplate 

4. Laser cutter 

5. Adhesive tape 

6. Double-sided adhesive tape 

7. Membrane double-sided adhesive tape 

   (3.2 mm thick) 

8. Syringe needle 

9. Puncher (8 mm diameter) 

10. Potentiostat (ED410, 410-088) 

11. Micropipette (10, 100 and 1000 µL) 

12. Safe-lock tubes (200 µL and 1.5 mL) 

13. Analytical balance (5 digit) 

14. pH meter 

15. Rubber 

GE Healthcare (UK) 

Xerox (Japan) 

IKA (Thailand) 

OHM LASER & CUTTING TOOL (China) 

Scotch Industrial Co., Ltd., (Thailand) 

Scotch Industrial Co., Ltd., (Thailand) 

Scotch Industrial Co., Ltd., (Thailand) 

 

NIPRO (Thailand) 

Robbins Instruments, Inc. (India) 

Eppendorf (Thailand) 

Eppendorf (Thailand) 

Eppendorf (Thailand) 

METTLER (Canada) 

Mettler Toledo (Canada) 

Chaiyaboon Brother Co.,Ltd. (Thailand) 
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Instruments and equipment Companies 

16. Volumetric flask 

17. Digital camera (Nikon DSLR D5300) 

18. Studio lightbox 

19. Sonicator 

20. Nylon Syringe filter (0.2 µm) 

PVG INTERNATIONAL (India) 

Nikon (Thailand) 

UDIOBOX (Thailand) 

Ultrasonic steri-cleaner 

FILTREX 

 

3.2 Chemicals 

Table 3.2 List of chemicals. 
 

Chemicals Companies 

1. Sodium oxalate (Na2C2O4) 

2. Oxalate kit 

    Reagent A 

        3.2 mM 3-(Dimethylamino) benzoic acid (DMAB) 

        0.22 mM 3-Methyl-2-benzothiazolinine (MBTH) 

    Regent B 

        3000 u L-1 Oxalate oxidase (OxOx, Barley) 

        100 u L-1 Horseradish Peroxidase (HRP) 

3. Phosphate buffer saline (PBS)  

4. Urea 

5. L-Ascorbic acid (AA) 

6. Uric acid (UA) 

7. Citric acid (CA) 

Baker Analyzed (USA) 

Trinity Biotech (Ireland) 

 

 

 

 

 

  

Sigma-Aldrich (Singapore) 

Sigma-Aldrich (Singapore) 

BDH Analar (England) 

Wako (Japan) 

Riedel-de Haën (China) 
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Chemicals Companies 

8. Creatinine (Cr) 

9. Bovine serum albumin (BSA) 

10. Copper(II) sulphate (CuSO4) 

11. Hydrochloric acid (HCl) 

12. Boric acid (H3BO3) 

13. Sodium hydroxide (NaOH) 

14. Mineral oil 

15. Poly dimethyl siloxane (PDMS) 

16. Graphite powder (≤100 µm) 

17. Silver nanoparticles (AgNPs, 10,000 ppm) 

 

18. Multi-walled carbon nanotubes (MWCNTs) 

 

19. Silver/silver chloride (Ag/AgCl) ink 

20. Nitric acid (HNO3) 

21. Sodium chloride (NaCl) 

22. Potassium chloride (KCl) 

23. Sodium hydrogen phosphate (Na2HPO4) 

24. Potassium dihydrogen phosphate (KH2PO4) 

 

25. Deionized water (Milli-Q Gradient) 

26. Hydrogen peroxide (H2O2) 

Sigma-Aldrich (Singapore) 

Sigma-Aldrich (Singapore) 

BDH Analar (UK) 

Merck (Germany) 

Merck (Germany) 

Merck (Germany) 

Perkin Elmer (Thailand) 

Dow Corning Coporation (USA) 

Sigma-Aldrich (Singapore) 

Prime Nanotechnology Co.,  

Ltd. (Thailand) 

Chiangmai University  

(Thailand) 

Gwent Group (UK) 

Merck (Germany) 

Merck (Germany) 

Merck (Germany) 

Merck (Germany) 

Carlo Erba Reagenti-SpA  

(France) 

Millipore (Thailand) 

Merck (Germany) 
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To activate the surface of MWCNTs, an acid washing method was used to 
prepare MWCNTs for electrode modification. The MWCNTs were immersed in 2 M 
HNO3 and stirred for 20 h. After that, the solution was filtered through No.1 Whatman 
filter paper and washed using Milli-Q water until the filtrate was neutralized. The 
MWCNTs were dried in an oven at 80 oC for 24 hr. 
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Part I Electrochemical Detection 

 

3.3 Fabrication of Electrochemical Paper-Based Analytical Devices (ePADs) 

The patterns of ePADs and masks were designed by CorelDraw X7 program 
with a dimension of 1.5 x 4.32 cm. 

 

3.3.1 Mask Fabrication 

A mask was fabricated for electrode screening onto ePADs. The 
designed mask consisted of a working electrode (WE) positioned opposite to a 
reference electrode (RE) and a counter electrode (CE), as shown in Figure 3.1 (a). The 
designed masks were laser printed onto a transparency film. After that, the black 
area of the masks on the transparency film was cut off using a laser cutter. 

 
3.3.2 ePAD Fabrication  

The pattern of an ePAD consisting of 1 cm diameter hydrophilic 
reservoirs (white area) surrounded by a hydrophobic barrier (black area), as shown in 
Figure 3.1 (b). The designed ePADs were wax printed onto No.1 Whatman filter paper. 
The printed ePADs were heated using a hotplate at 150 oC for 15 s to melt wax 
through the filter paper to be a hydrophilic barrier. The backside of the heated 
ePADs was attached with an adhesive tape to prevent solution leakage. After that, 
Ag/AgCl ink and carbon paste were screened onto the ePADs in the same reservoir to 
serves as a RE and a CE, respectively. Carbon paste was also screened onto the other 
reservoir of the ePAD to serve as a WE. The ePADs with screen printed electrodes 
(SPEs) were heated in the oven at 55.5 oC for 2 hr to dry these electrodes. The paper 
area between RE and CE was punched using a needle to create a 1 mm diameter 
hole for adding solution. The ePAD was folded in half and double-sided adhesive 
tape was used to stick both halves of the ePADs. Before folding, the tape was 
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punched to have a 0.8 mm diameter hole to create a reservoir. The overall 
fabrications of ePADs for determination of oxalate are shown in Figure 3.2. 

 

 
 

Figure 3.1 Composition of an ePAD designed using CorelDraw X7. (a) A mask for 
electrode fabrication and (b) reservoirs of an ePAD. 

 

 
 

Figure 3.2 A schematic representation of the fabrication of ePADs. 
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3.4 Experimental Setup of Oxalate Sensor 

As shown in Figure 3.3, the fabricated electrodes on an ePAD were connected 
to a potentiostat using alligator clips. All solutions were pipetted through a hole of 
an ePAD into the reservoir. After that, electrochemical measurements were 
performed using the optimized conditions to measure current signal. 

 

 
 

Figure 3.3 Experimental procedures of an oxalate sensor based on ePADs with 
electrochemical detection. 

 

3.5  Solution Preparation 

3.5.1 0.1 M KCl 

A KCl solution at a concentration of 0.1 M was prepared by dissolving 
6.6 mg KCl in Milli-Q water. The total volume was adjusted to 100 mL in a volumetric 
flask. 

 

3.5.2 Potassium Hexacyanoferrate(III) (K3Fe(CN)6) 

A K3Fe(CN)6 stock standard solution at a concentration of 100 mM was 
prepared by dissolving 32.92 mg K3Fe(CN)6 in 0.1 M KCl. The total volume was 
adjusted to 1 mL in a safe-lock tube. 

For preparation of 10 mM K3Fe(CN)6, 100 µL of the K3Fe(CN)6 stock 
standard solution was pipetted into a safe-lock tube. The total volume was adjusted 
to 1 mL using 0.1 M KCl. 
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3.5.3 Phosphate Buffer Saline (PBS) 

In this work, PBS was prepared at a concentration of 0.1 M. To prepare 
PBS, 4.00 g NaCl, 0.10 g KCl, 0.072 g Na2HPO4 and 0.12 g KH2PO4 were dissolved in 
Milli-Q water. The pH was adjusted to 7.4 using 0.1 M HCl or NaOH. 

  

3.5.4 Hydrogen Peroxide (H2O2) Standard Solution 

H2O2 stock standard solutions at concentrations of 20 and 0.1 mM 
were separately prepared by pipetting 2.04 and 0.1 µL of 30% H2O2, respectively, into 
safe-lock tubes. The total volume was adjusted to 1 mL using 0.1 M PBS pH 7.4. In 
addition, H2O2 standard solutions at the concentration range of 0.001 to 1000 mM 
were prepared in 0.1 M PBS pH 7.4, as shown in Table 3.3, to determine a linear 
range and construct a calibration curve. 

 

Table 3.3 Preparation of H2O2 standard solutions at different concentrations. 
 

H2O2 (mM) 
H2O2 stock standard solution 

PBS (µL) 
Concentration (mM) Volume (µL) 

0.001 

0.005 

0.01 

0.05 

0.1 

0.5 

1 

10 

0.1 

0.1 

0.1 

0.1 

20 

20 

20 

20 

10 

50 

100 

500 

5 

25 

50 

500 

990 

950 

900 

500 

995 

975 

950 

500 
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H2O2 (mM) 
H2O2 stock standard solution 

PBS (µL) 
Concentration (mM) Volume (µL) 

50 

100 

500 

1,000 

10,000 

10,000 

10,000 

10,000 

5 

10 

50 

100 

995 

990 

950 

900 

 

3.6 Electrode Optimization and Modification  

3.6.1 CPE Optimization 

Mineral oil, PDMS and graphite powder were mixed as carbon paste in 
a container until homogeneous texture was obtained before being screen-printed on 
an ePAD to fabricate WE and CE. The paste was prepared at different ratios (% w/w), 
whereas an oil phase was composed of the equal amounts of mineral oil and PDMS, 
as shown in Table 3.4. To compare these fabricated electrodes, the prepared ePADs 
at different ratios of paste were used to measure current of 10 mM K3Fe(CN)6 in 0.1 
M KCl using CV with a potential range of -1.5 to 1.5 V and a scan rate of 50 mV s-1. 

 

Table 3.4 The ratios of oil phase and graphite powder to prepare CPEs. The total 
amount is 100 % w/w. 

 

Oil 
Graphite powder 

Mineral oil PDMS 

20 

25 

30 

20 

25 

30 

60 

50 

40 
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3.6.2 AgNPs and MWCNTs Modified CPE 

Initially, AgNPs at a concentration of 10,000 ppm was used in the 
volume range of 0-1,000 µL with an interval of 200 µL. AgNPs were mixed with 0.5, 
0.25 and 0.25 g of 1% w/w MWCNTs, mineral oil and PDMS, respectively, until 
homogeneous texture was obtained. Each CPE modified with AgNPs and MWCNTs 
(AgNPs-MWCNTs-CPE) was used to measure 20 mM H2O2 in 0.1 M PBS pH 7.4 using CV 
with the potential range of -1.5 to 1.5 V and a scan rate of 100 mV s-1. After that, the 
amount of AgNPs which provided the highest current of 20 mM H2O2 was used to 
vary the amount of MWCNTs in the range of 0-2% w/w with an interval of 0.5% w/w. 
To modify CPE with MWCNTs, the MWCNTs were prepared separately in the range of 
0-2% w/w, as shown in Table 3.5. Then, the CV measurements of the H2O2 were 
performed using the conditions similar to the optimization of AgNPs. 

 

Table 3.5  Preparation of MWCNTs in the range of 0-2% w/w for electrode 
modification. 

 

MWCNTs 
Graphite power (g) 

% g  

0 

0.5 

1.0 

1.5 

2.0 

0 

0.0050 

0.0100 

0.0150 

0.0200 

1 

0.9950 

0.9900 

0.9850 

0.9800 
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3.6.3 Morphological Study 

After the CPE was modified with AgNPs and MWCNTs (AgNPs-MWCNTs-
CPE) which were screen-printed on the ePADs, the difference between the surface of 
a bared CPE and that of AgNPs-MWCNTs-CPE was investigated using a scanning 
electron microscope (SEM). The compositions of each electrode were characterized 
using energy-dispersive X-ray spectroscopy (EDX). 

 

3.7 Electrochemical Study 

In this work, oxalate was determined through the measurement of H2O2 
produced from the enzymatic reaction. Therefore, 20 mM H2O2 in 0.1 M PBS pH 7.4 
was used to study electrochemical performance of the AgNPs-MWCNTs-CPE using CV 
with the scan rate and potential ranges of 50 to 250 mV s-1 and 0 to -1.5 V, 
respectively. Peak current obtained from CV was measured and plotted with its scan 
rate and the square root of scan rate to determine the mass transfer process of H2O2 
on the electrode surface. 

 

3.8 Selection of Applied Potential 

To select an applied potential for determination of H2O2 using amperometric 
detection, 20 mM H2O2 in 0.1 M PBS pH 7.4 was used to measure the peak current 
using applied potentials of -0.4, -0.6, -0.8, -0.9 and -1.2 V. To construct a 
hydrodynamic voltammogram, current signal of 20 mM H2O2 was divided by the 
background current (S/B) at the same potential and then the obtained S/B value was 
plotted versus its applied potential. The potential having the highest S/B ratio was 
used for amperometric measurements of H2O2. 
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3.9 Analytical Performance 

3.9.1 Linearity and Calibration Curve 

H2O2 standard solutions at the concentration range of 0.001 to 1,000 
mM were used to study the linearity of this method. Current of each H2O2 
concentration was measured using the optimized conditions and plotted versus the 
logarithmic of H2O2 concentration. The obtained linearity range of H2O2 concentration 
was used as a calibration curve for quantitative analysis of oxalate. 

 

3.9.2 Limit of Detection (LOD) and Limit of Quantitation (LOQ) 

The LOD and LOQ of this method was calculated from 3 and 10 times 
of SD divided by the slope of a calibration curve, as shown in Equations 3.1 and 3.2, 
respectively. 

 

LOD = 
3   

slope
 (3.1) 

 

LOQ = 
1    

slope
 (3.2) 

 

3.10 Amperometric Detection of Oxalate Based on the Enzymatic Reaction 

For the enzymatic reaction, 120 and 5 µL of sample solution and reagent B 
(containing OxOx and HRP) were pipetted into a reservoir of an ePAD. The mixed 
solution was incubated at room temperature for 5 min. After that, the produced H2O2 
was measured for current using amperometric detection with the optimized 
conditions. 
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Part II Colorimetric Detection 

 

3.11 Fabrication of Paper-Based Analytical Devices (PADs) 

In this work, wax printing was selected for PADs fabrication. The array pattern 
of PADs was designed using CorelDraw X7 program. The pattern consisted of a 
hydrophilic area with a 7 mm diameter circle surrounded by a 4-point-thick line used 
as a wax hydrophobic barrier, as shown in Figure 3.4. The designed PADs were printed 
onto No.1 Whatman filter paper using a wax printer. The printed PADs were heated 
at 150 oC for 1 min to melt the wax through the paper. The backside of the heated 
PADs was taped with an adhesive tape to prevent solution leakage and the front side 
was used for adding reagents and samples for reactions. 

 

 
 

Figure 3.4 PADs designed using CorelDraw X7. 
 

3.12 Solution Preparation 

3.12.1 Phosphate Buffer Saline (PBS) 

One tablet of PBS was dissolved in 200 mL of Milli-Q water to achieve 
0.01 M PBS pH 7.4.  
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3.12.2 Oxalate Standard Solution 

A stock standard solution of 1000 ppm oxalate was prepared in a 
volumemetric flask by dissolving 15.2 mg Na2C2O4 in 10 mL of 0.01 M PBS pH 7.4. A 
series of oxalate standard solutions was prepared from the stock solution, as shown 
in Table 3.6. 

 

Table 3.6 Preparation of oxalate standard solutions in 1 mL safe-lock tube. 
 

Oxalate (ppm) Volume of oxalate stock solution (µL) Volume of PBS (µL) 

0.5 

1 

5 

10 

20 

30 

40 

50 

100 

200 

300 

500 

0.5 

1 

5 

10 

20 

30 

40 

50 

100 

200 

300 

500 

999.5 

999 

995 

990 

980 

970 

960 

950 

900 

800 

700 

500 
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3.12.3 Standard Solutions for Interference Study 

Main components in human urine are composing of urea, AA, UA, CA, 
albumin (ALB) and Cr Stock standard solutions of all components for interference 
study were prepared in 10 mL volumetric flasks. All of stock standard solutions 
except for UA were prepared at a concentration of 1,000 ppm by dissolving 1 mg of 
each component in Milli-Q water. UA was prepared at 50,000 ppm by dissolving 50 
mg UA in 0.5 mM NaOH.  

 

3.12.4 Masking Reagents 

A masking reagent containing 25 ppm CuSO4 in 0.001 M HCl and a 
mixture solution of 0.12 M H3BO3 and 0.014 M NaOH was used to minimize the 
interfering effect of AA on colorimetric determination of oxalate using PADs. 

 

3.12.4.1 CuSO4 in HCl 

A stock solution of 1 M HCl was prepared by pipetting 1.4 mL 
of conc. HCl into Milli-Q water in a 25 mL volumetric flask. HCl at a concentration of 
0.001 M was prepared by pipetting 10 µL of the stock HCl solution into a 10 mL 
volumetric flask and Milli-Q water was used to make up the volume. 

A stock solution of 500 ppm CuSO4 was prepared in a 1.5 mL 
safe-lock tube by dissolving 1.26 mg CuSO4·5H2O in 0.001 M HCl. CuSO4 at a 
concentration of 25 ppm CuSO4 in 0.001 M HCl was prepared by pipetting 50 µL of 
the stock CuSO4 solution into a 1.5 mL safe-lock tube. The total volume of 25 ppm 
CuSO4 was adjusted to 1 mL using 0.001 M HCl. 
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3.12.4.2 A Mixture Solution of H3BO3 and NaOH 

Stock solutions of 0.5 M H3BO3 and 0.1 M NaOH were prepared 
separately in 10 mL volumetric flasks by dissolving 309.15 mg of H3BO3 and 40 mg of 
NaOH in Milli-Q water. 

A mixture solution of 0.12 M H3BO3 and 0.014 M NaOH was 
prepared in a 25 mL volumetric flask by diluting 6 mL of 0.5 M H3BO3 and 3.5 mL of 
0.1 M NaOH in Milli-Q water. 

 

3.12.5 Solutions for UV-Vis Spectrophotometry 

A stock standard solution of 1,000 ppm oxalate was prepared in a 
volumetric flask by dissolving 15.2 mg Na2C2O4 in 10 mL of Milli-Q water. A series of 
oxalate standard solutions was prepared from the stock solution, as shown in Table 
3.7. 

 

Table 3.7 Preparation of oxalate standard solutions in 1 mL safe-lock tube. 
 

Oxalate (ppm) Volume of oxalate stock solution (µL) Milli-Q water (µL) 

10 

25 

50 

75 

100 

10 

25 

50 

75 

100 

990 

975 

950 

925 

900 
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3.13 Colorimetric Detection of Oxalate Using PADs 

For determination of oxalate, all solutions composing of reagent A, sample 
and reagent B were added into a reservoir of PADs using a micropipette. The mixed 
solution was incubated for 10 min at room temperature. After that, images of each 
reaction were taken using a DSLR D5300 Nikon camera. The camera was setup using a 
JPEG format, an A mode (aperture-priority auto), an aperture value of f/5, an 
exposure time of 1/800s, an ISO speed of 200, a focal length of 70 mm and a color 
representation in standard RGB (sRGB). A studio light box was used for imaging to 
prevent interfering of the external light. The color intensity of each reaction was 
measured using ImageJ. The schematic of experiments is shown in Figure 3.5. The 
difference of color intensity (∆I), used for quantitative analysis, was calculated by 
subtraction between sample color intensity (ISample) and  background color intensity 
(IBackground), as shown in Equation 3.3. 

 

∆I = ISample - IBackground (3.3) 

 

 
 

Figure 3.5 Schematic representation of experimental procedure for determination of 
oxalate using PADs.  
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3.14 Optimization of Experimental Parameters for Determination of Oxalate 
Using PADs 

3.14.1 The Amounts of Reagents A and B 

For colorimetric detection of oxalate based on the enzymatic 
reaction, the amounts of reagents A and B were optimized to obtain the highest 
color intensity. The volume of reagents A and B was varied in the ranges of 5-30 µL 
and 1-5 µL, respectively, to react with 300 ppm oxalate standard solution. The color 
intensity from the reaction was measured at 10 min of the reaction time. 

 

3.14.2 The Reaction Time 

To determine the suitable reaction time of the enzymatic reaction, 
the color intensity from the reaction was measured every 5 min for 60 min to 
investigate the reaction time which provided the highest color intensity. 

 

3.14.3 pH of PBS Buffer 

For determination of oxalate using the oxalate kit, pH of urine samples 
should be between 5.0 - 7.0 as recommended from the oxalate kit manual. To study 
effect of pH, 0.01 M PBS was adjusted to pH 5.0, 5.5, 6.0, 6.5 and 7.0 using 1 M HCl. 
After that, the adjusted PBS was used to prepare 40 ppm oxalate and then the 
solutions were used to react with reagents A and B on PADs. The color intensity of 
the reaction was measured at 10 min of the reaction time. 
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3.15 Interference Study 

Effect of the main components (urea, AA, UA, CA, Cr and ALB) in urine on the 
colorimetric detection of oxalate based on the enzymatic reaction was studied. The 
normal levels of each component in urine, as shown in Table 3.8, were prepared in 
0.01 M PBS pH 7.4 containing 40 ppm oxalate. The percentage difference 

(%difference) of I was used to indicate which component interfered the 
determination of oxalate based on the colorimetric detection. 

To calculate %difference of I, the obtained I of 40 ppm oxalate 
containing each component (IMixture) was compared with that of 40 ppm oxalate 
standard solution (IOxalate), as shown in Equation 3.4. The component giving the 

%difference of I higher 5% was considered as an interfering component that 
affected the oxalate detection. 

 

  ifference = 
(∆I xalate- ∆I ixture)

∆I xalate
 x 1   (3.4) 

 

Table 3.8 The normal levels of main components in human urine [4, 63-67].  
 

Components Normal level (ppm) 

Urea 20,000 

Ascorbic acid (AA) 600  

Uric acid (UA) 250 

Citric acid (CA) 321 

Creatinine (Cr) 250 

Albumin (ALB) 30 
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3.16 Analytical Performance 

3.16.1 Linearity and Calibration Curve 

To investigate a linear relationship between oxalate concentration and 

I, oxalate concentrations in the range of 5 to 1,000 ppm were studied using the 
optimized conditions. Each oxalate concentration was mixed with 50 µL of 25 ppm 
CuSO4, 450 µL of H3BO3 (0.12 M) - NaOH (0.014 M) to minimize the interfering effect 
of AA for colorimetric detection of oxalate based on the enzymatic reaction. The 
total volume of each concentration was adjusted to 1 mL in a safe-lock tubes using 
0.01 mM PBS pH 7.4. The obtained ∆I values were plotted versus concentration. A 
linear range of the graph was used as a calibration curve. A linear equation from the 
calibration curve was used for quantitative analysis of oxalate. 

 

3.16.2 Limit of Detection (LOD) and Limit of Quantitation (LOQ) 

To calculate LOD and LOQ, 3 and 10 times of standard deviation (SD) 
divided by the slope of a calibration curve were used, respectively, as shown in 
Equations 3.5 and 3.6: 

 

LOD = 
3  

slope
 (3.5) 

 

LOQ = 
1   

slope
 (3.6) 

 

3.16.3 Accuracy 

The percent recovery (%recovery) of added oxalate standard solutions 
in urine samples was used to determine accuracy of the method. As shown in Table 
3.9, oxalate concentrations of 5, 15 and 30 ppm, 25 ppm CuSO4 and H3BO3 (0.12 M) - 
NaOH (0.014 M) were added in urine samples. The total volume of each sample was 
adjusted to 1 mL in a safe-lock tube using 0.01 M PBS pH 7.4. 
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Table 3.9 The volume of each solution for urine sample preparation to determine 
accuracy of the method. 

 

Sample 
(µL) 

Added oxalate 
(ppm) 

Stock oxalate 
standard solution (µL) 

25 ppm CuSO4 
(µL) 

0.012 M 
H3BO3 (µL) 

PBS 
(µL) 

200 

200 

200 

5 

15 

30 

5 

15 

30 

50 

50 

50 

450 

450 

450 

295 

285 

270 

 

For urine samples without added standard oxalate solutions, urine 
samples (200 µL) were prepared by adding the masking reagent (the same volumes 
as shown in Table 3.9) and 300 µL of 0.01 M PBS pH 7.4. 

To calculate %recovery, the obtained I values of standard oxalate 
solutions (∆IOxalate standard), urine samples (∆ISample) and urine samples added with 
oxalate standard solution (∆ISpiked sample) were used to calculate using Equation 3.7: 

 

%Recovery = 
∆I piked sample - ∆I ample 

∆I xalate standard
 x100 (3.7) 

 

3.16.4 Precision 

Precision of the method for oxalate detection in urine samples was 
determined as intra-day and inter-day precisions.  

For intra-day precision, 5, 15 and 30 ppm oxalate standard solutions 
were added in urine containing the masking reagent, as shown in Table 3.10. Each 
reaction was incubated at room temperature for 30 min. After that, each solution 
was pipetted to react with reagents A and B using the optimized conditions. The 
observed color intensity was measured at 10 min of the reaction time. Each solution 
was prepared and measured for 11 replicates in a day. 
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For inter-day precision, each solution (the same as used for intra-day 
precision) was prepared and measured every day for 3 days. 

The percentage of relative standard deviation (%RSD) of each reaction 
was calculated using Equation 3.8 to determine the precisions. 

 

%RSD = 
  

x ̅
 x100 (3.8) 

 

where SD is standard deviation and x ̅is averaged color intensity. 

 

Table 3.10 Solution preparation to investigate intra-day and inter-day precisions of 
this method on oxalate detection using PADs. The total volume was 
adjusted to 1 mL using 0.01 M PBS pH 7.4. 

 

Sample 
(µL) 

Oxalate PBS 
(µL) 

25 ppm CuSO4 
(µL) 

H3BO3-NaOH 
(µL) Spiked (ppm) Stock 1,000 ppm (µL) 

200 

200 

200 

200 

0 

5 

15 

30 

0 

5 

15 

30 

300 

295 

285 

270 

50 

50 

50 

50 

450 

450 

450 

450 

 

3.17 Comparison of PADs and Standard Method for Determination of Oxalate 
in Urine. 

Urine samples were obtained from the Faculty of Medicine, Chulalongkorn 
University. The amount of oxalate in urine samples obtained from this method and 
UV-Vis spectrophotometry a standard method was compared using the student t-test 
at a 95% confident interval. 
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3.17.1 Determination of Oxalate in Urine Samples Using PADs 

Samples were prepared using 200 µL urine, 300 µL of 0.01 M PBS pH 
7.4 and 500 µL of the masking reagent including 50 µL of 25 ppm CuSO4 and 450 µL 
of H3BO3 (0.12 M) - NaOH (0.014 M). The samples were incubated at room 
temperature for 30 min to minimize the interfering effect of AA. After that, 5 µL 
samples were pipetted to react with reagents A and B in the reservoirs of a PAD. The 
obtained ∆I values were converted to oxalate concentrations using a linear 
calibration curve. 

 

3.17.2 Determination of Oxalate in Urine Using an Oxalate Kit and UV-Vis 
Spectrophotometry 

For sample preparation, the same urine samples as used for the PADs 
were 2-fold diluted with a sample diluent obtained from an oxalate kit. The pH of 
each diluted samples was adjusted to 5.0 - 7.0 according to the oxalate kit manual 
using 1.0 M HCl or 1.0 M NaOH. The diluted samples were pipetted into sample 
purifier tubes and mixed approximately for 5 min. After that, the tubes were 
centrifuged for 5 min at 3,000 rpm to separate supernatant and solid matters. 

The oxalate kit was used to determine oxalate in urine sample based 
on the enzymatic reaction using a UV-Vis spectrophotometry. To construct a 
calibration curve, 500 µL of reagent A, 25 µL of oxalate at the concentration range of 
10 to 100 ppm and 50 µL of reagent B were pipetted in cuvettes, respectively, using 
a reagent blank as a background. The mixed solutions were incubated at room 
temperature for 5 min and then measured absorbance at a wavelength of 590 nm. 
The same condition was used absorbance measurement of urine samples. The 
absorbance (A) values from each urine samples was converted to oxalate 
concentrations using a linear calibration curve. 
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3.17.3 Comparison of Two Methods Using the Student t-test and the 
Linear Regression Analysis. 

The reliability of PADs for determination of oxalate in urine was 
compared with UV-Vis spectrophotometry as a standard method using the student t-
test at a 95% confident interval. Furthermore, a graph of the oxalate concentrations 
in urine obtained from PADs versus those obtained from UV-Vis spectrophotometry 
was also used to determine the accuracy of PADs for determination of oxalate in 
urine. 

 

  



 

 

38 

CHAPTER IV 
RESULTS AND DISSCUSION 

 

Part I Electrochemical Detection of Oxalate 

The determination of oxalate using electrochemical detection was performed 
based on the enzymatic reaction. For the enzymatic reaction, oxalate in the solution 
reacted with OxOx in the presence of O2 to produce H2O2, as shown in Figure 4.1. 
The amount of H2O2 was related to the amount of oxalate in the solution. Therefore, 
the produced H2O2 was used to measure the amount of oxalate through the 
reduction of H2O2. The obtained current from the reduction of H2O2 was used to 
calculate the amount of oxalate using the linear equation of a calibration curve. 

 

Oxalate + O2     
 Oxalate Oxidase (OxOx)       2CO2 + H2O2 

H2O2 + 2H+ + 2e- 2H2O 

 
Figure 4.1 The enzymatic reaction of oxalate for the electrochemical detection of 

oxalate. 
 

4.1 Electrode Optimization and Modification 

4.1.1 CPE Optimization 

Normally, CPE consisted of mineral oil and graphite powder. In this 
work, PDMS was mixed with mineral oil and graphite powder to stabilize CPEs on 
ePADs because the outer surface of CPEs without PDMS could be lost when the 
solution in the reservoir was removed [68]. CV was used to measure current of 10 
mM K3Fe(CN)6 in 0.1 M KCl using different component ratios of electrode fabrication. 
The components of CPEs were varied to obtain the highest current. As shown in 
Figure 4.2, the peak current of 10 mM K3Fe(CN)6 in 0.1 M KCl was increased when 
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increasing the ratio of graphite powder because of the conductivity of graphite 
powder. If the amount of oil phase (mineral oil and PDMS) used to fabricate CPEs 
was lower than 30% w/w (oil : graphite powder), the obtained carbon paste was not 
be able to screen-print on the filter paper due to its crumbly texture. Also, the 70% 
w/w (oil : graphite powder), carbon paste was not be able to screen-print on the 
filter paper because the texture was relatively liquid.  

Although peak currents obtained from 50% and 60% w/w (oil: graphite 
powder) were slightly different, 50% w/w (oil: graphite powder) was used because it 
was easier to screen-print on paper and provided slightly higher peak current. 
Therefore, the CPE composition of 50% w/w (oil: graphite powder) was used to mix 
with AgNPs and MWCNTs for electrode fabrication for the measurements of H2O2 to 
determine the amount of oxalate based on the enzymatic reaction.  

 

 
 

Figure 4.2 Cyclic voltammograms of 10 mM K3Fe(CN)6 in 0.1 M KCl obtained from 
different CPEs fabricated using different ratios of mineral oil, PDMS and 
graphite powder. CV measurements were performed using the potential 
range of -1.5 to 1.5 V and a scan rate of 50 mV s-1. 
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4.1.2 AgNPs and MWCNTs Modified CPE 

Initially, 1% w/w MWCNTs was used to optimize the amount of 10,000 
ppm AgNPs for WE modification. Various amounts of AgNPs were mixed with the 
equal amount of 1% w/w MWCNTs, mineral oil and PDMS. After that, the mixed 
paste with different amounts of AgNPs was screen-printed onto an ePAD to fabricate 
a WE. CV was used to measure current of 20 mM H2O2 using the electrode fabricated 
from the different amounts of AgNPs. The cathodic peak currents (ipc) obtained from 
different compositions of CPEs were used to plot with the amount of AgNPs, which 
was used to modify the CPE, as shown in Figure 4.3 (a). The current increased when 
increasing the amount of AgNPs because of the higher electrode surface. However, 
the current decreased when using the amount of 10,000 ppm AgNPs higher than 400 
µL. This was because AgNPs at higher concentrations could aggregate, which 
decreased the electrode surface area [69]. Therefore, 400 µL of 10,000 ppm AgNPs 
was used as an optimized amount of AgNPs for WE modification.  

After that, the optimized amount of AgNPs was used to optimize the 
amount of MWCNTs. The fabricated ePADs using different % w/w values of MWCNTs 
for modification of WE were used to measure current of 20 mM H2O2 using CV. The 
obtained ipc of 20 mM H2O2 was plotted with the amount of MWCNTs, as shown in 
Figure 4.3 (b). The current increased when increasing the amount of MWCNTs 
because MWCNTs could enhance the surface area of the electrode [18, 21]. If the 
amount of MWCNTs was higher than 1% w/w, the current decreased because the 
higher electrode surface area could also result in higher background current [70, 71]. 
Therefore, the optimum amount of MWCNTs was found to be 1% w/w, providing the 
highest current of 20 mM H2O2. 
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Figure 4.3 Optimization of the amounts of AgNPs (a) and MWCNTs (b). The current 
of 20 mM H2O2 in 0.1 M PBS pH 7.4 was measured using CV with the 
optimized conditions as shown in Figure 4.2. 

 

Therefore, 400 µL of 10,000 ppm AgNPs and 1 % w/w MWCNTs were 
used to mix with 50 % w/w (oil : graphite powder) carbon paste before being 
screened on filter paper as a WE which is called AgNPs-MWCNTs-CPE. 
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Cyclic voltammograms of a bare CPE, AgNPs-CPE, MWCNTs-CPE and 
AgNPs-MWCNTs-CPE were compared in Figure 4.4. As expected, the highest current of 
20 mM H2O2 was obtained when using the AgNPs-MWCNTs-CPE as a WE. Therefore, 
AgNPs-MWCNTs-CPE was used in this work for determination of oxalate through the 
measurement of H2O2, which was generated from the enzymatic reaction. 
Electrochemical measurements of H2O2 could be performed using either oxidation or 
reduction of H2O2. However, in previous work [71], many components, such as 
ascorbic acid, uric acid and dopamine could interfere the measurements of H2O2 
from the oxidation reaction. To avoid this problem, only reduction reaction of H2O2 
was considered in this work. 

 

 
 

Figure 4.4 A comparison of cyclic voltammograms obtained from a bared CPE and 
modified CPEs. 
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4.2 Electrode Characterization 

4.2.1 Morphological Study 

The surface morphology of a WE was studied using SEM. Figure 4.5 (a) 
shows the smooth surface of a bare CPE, whereas the rough surface of AgNPs-
MWCNTs-CPE was observed due to the distribution of AgNPs and MWCNTs, as shown 
in Figure 4.5 (b). 

 

      
 

Figure 4.5 SEM images of (a) a bare CPE and (b) an AgNPs-MWCNTs-CPE. 
 

To confirm that AgNPs were contained in the AgNPs-MWCNTs-CPE, EDX 
was used to detect all elements in a bare CPE (Figure 4.6 (a)) compared with an 
AgNPs-MWCNTs-CPE (Figure 4.6 (b). As shown in Figure 4.6 (c), a bare CPE composed 
of 89.59, 8.58, 0.07 and 1.76% w/w of C, O, Al and Si, respectively. For the AgNPs-
MWCNTs-CPE, the amounts of C, O, Na, Al, Si and Ag were 79.87, 12.63, 5.41, 1.12, 
0.76 and 0.21% w/w, respectively, as shown in Figure 4.6 (d). The results from EDX 
confirmed that AgNPs were contained on the surface of AgNPs-MWCNTs-CPE. 

 

 

 

 

(a) (b) 
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Figure 4.6 EDX analysis of (c) a bare CPE and (d) a AgNPs-MWCNTs-CPE from the 
SEM images of (a) a bare CPE and (b) a AgNPs-MWCNTs-CPE. 

 

 

 

(a) (b) 

(c) 

(d) 
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4.2.2 Electrochemical Study 

In this work, the amount of oxalate was determined through 
electrochemical measurements of H2O2. Therefore, H2O2 was used to study the 
electrochemical behavior occurring at the surface of the modified CPE. Scan rate was 
an important parameter to study the mass transfer process of H2O2 between bulk 
solution and the electrode surface. The mass transfer process indicates that current 
is from faradaic or non-faradaic process. Cyclic voltammograms of H2O2 at the scan 
rate range of 50 to 250 mV s-1 are shown in Figure 4.7 (a). The obtained anodic peak 
current was plotted with its scan rate and the square root of scan rate, as shown in 
Figures 4.7 (b) and (c), respectively. The graph between current and the square root 
of scan rate was more linear when compared to the graph between current and scan 
rate. Therefore, the mass transfer process was considered as a diffusion-controlled 
process. As shown in Figure 4.7 (a), a peak shift was observed due to the minor effect 
of an adsorption-controlled process. 
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Figure 4.7 (a) Cyclic voltammograms of 20 mM H2O2 in 0.1 M PBS pH 7.4 using the 
scan rate range of 50 to 250 mV s-1. Plots of peak current with scan rate 
(b) and the square root of scan rate (c). 
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4.3 Selection of Applied Potential 

To determine an applied potential for amperometric detection of oxalate, a 
hydrodynamic voltammogram was constructed to select the optimum potential. As 
shown in Figure 4.8 (a), the reduction current of 20 mM H2O2 was increased when 
increasing an applied potential in the range of -0.4 to -1.2 V. The current of H2O2 was 
divided by the background current of 0.1 M PBS pH 7.4 (at the same potential) to 
obtain S/B ratios, which were plotted versus applied potential, as shown in Figure 4.8 
(b). The S/B ratios were increased when increasing the applied potential from -0.4 to 
-0.6 V and decreased when using the applied potential more negative than -0.6 V. 
This was because the use of high applied potentials could increase the background 
current and the reduction of oxygen could occur at the potentials more negative 
than -0.5 V [72]. Therefore, an applied potential of -0.6 V was used for amperometric 
detection of oxalate using ePADs based on the enzymatic reaction. 
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Figure 4.8 (a) Current signal from 20 mM H2O2 and 0.1 M PBS pH 7.4 when using 
applied potentials in the range of -0.3 to 1.2 V. (b) A hydrodynamic 
voltammogram plotted using S/B ratio as a function of applied potential. 
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4.4 Analytical Performance 

4.4.1 Linearity and Calibration Curve 

For quantitative analysis, linearity was studied using H2O2 standard 
solution at the concentration range of 0.001 to 1000 mM. A potential of -0.6 V was 
used to apply for the amperometric measurement of H2O2. The obtained current 
from amperometric detection of H2O2 was plotted with the logarithm of each 
concentration, as shown in Figure 4.9 (a), providing two linear ranges. The first linear 
range was observed in the concentration range of 0.05 - 10 mM H2O2 with a 
logarithmic equation of y = -30.79ln(x) - 191.83 and a correlation coefficient of 
0.9973. The second linear range was observed in the concentration range of 10 - 
1,000 mM H2O2 with a logarithmic equation of y = -325.8ln(x) - 566.31 and a 
correlation coefficient of 0.9864. 

According to the reaction in Figure 4.1, the amount of H2O2 produced 
from the enzymatic reaction corresponds to the amount of oxalate in the solution. 
From the normal level of oxalate (40 ppm) in urine of healthy people, this oxalate 
concentration should produce H2O2 concentration which is in the first linear range. 
Therefore, the first linearity was used as a calibration curve, as shown in Figure 4.9 
(b), in this work. Amperometric response of each H2O2 concentration shown in the 
calibration curve is shown in Figure 4.9 (c). 
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Figure 4.9 (a) The current signal of H2O2 at the concentration range of 0.001 to 1,000 
mM. (b) A calibration curve which was from the first linear range of the 
plot in (a). (c) Amperometric response of H2O2 at the concentrations 
shown in the calibration curve in (b).  
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4.4.2 Limit of Detection (LOD) and Limit of Quantitation (LOQ) 

From the calibration curve, LOD and LOQ for determination of H2O2 
were calculated from 3 and 10 times of SD divided by the slope of calibration curve 
and found to be approximately 0.02 and 0.08 ppm, respectively. 

 

4.5 Determination of Oxalate Based on the Enzymatic Reaction 

For determination of oxalate based on the enzymatic reaction, 120 µL of 40 
ppm oxalate standard solution and 5 µL of reagent B were pipetted into the 
reservoir of an ePAD. The mixed solution was incubated at room temperature for 5 
min. Oxalate in the solution was reacted with OxOx in the reagent B to produce 
H2O2. The amount of the produced H2O2 was measured using amperometric 
detection with an applied potential of -0.6 V. The current obtained from the 
produced H2O2 was corresponded to the amount of oxalate in the solution. 

However, it was found that relatively low current signal from the reaction 
from the amperometric measurement was observed. This could be because reagent 
B consisted of OxOx and HRP. Therefore, the H2O2 generated from the enzymatic 
reaction between OxOx and oxalate was simultaneously reduced by HRP to produce 
H2O and the oxidized form of HRP as below [73]: 

 

H2O2 + HRPred   H2O + HRPox 

 

Accordingly, there was no H2O2 to be measured by the AgNPs-MWCNTs-CPE. 

Since the AgNPs-MWCNTs-CPE was fabricated and optimized to detect H2O2, it 
might not be suitable to amperometrically measure the oxidized form of HRP. 
Therefore, pure OxOx should be used for this measurement to produce H2O2. 
However, pure OxOx is not commercially available. Accordlingly, determination of 
oxalate based on PADs was changed from electrochemical detection to colorimetric 
detection. Therefore, the determination of oxalate using PADs coupled with 
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colorimetric detection was developed in this work instead of electrochemical 
detection. 
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Part II Colorimetric Detection of Oxalate 

For colorimetric detection of oxalate based on the enzymatic reaction using 
PADs, oxalate reacted with OxOx enzyme in the presence of O2 to produce CO2 and 
H2O2. After that, the produced H2O2 reacted with MBTH and DMAB in the presence of 
HRP to produce an indamine dye as a blue color. All of the reactions are shown in 
Figure 4.10. The color intensity of the indamine dye corresponded to the amount of 
oxalate in the solution. Therefore, the color intensity was measured using ImageJ and 
used in quantitative analysis of oxalate in samples. 

 

Oxalate + O2          
Oxalate Oxidase (OxOx)         2CO2 + H2O2 

H2O2 + MBTH + DMAB          
Horseradish peroxidase (HRP)      Indamine Dye + H2O 

 

Figure 4.10 The enzymatic reactions for colorimetric detection of oxalate. 
 

4.6 Optimization of Experimental Parameters for Colorimetric Determination 
of Oxalate Using PADs 

4.6.1 The Amounts of Reagents A and B 

From oxalate kit, 3.2 mM DMAB and 0.22 mM MBTH were mixed as a 
reagent A and 3,000 u L-1 OxOx was mixed with 100 u L-1 HRP as a reagent B. The 
volume of each reagent was varied to obtain the highest color intensity of the 
colorimetric detection. For optimization of the volumes of reagents A and B, 5 µL of 
300 ppm oxalate standard solution was used to react with reagents A and B because 
it is a high concentration level of oxalate found in patients. The total volume in the 
reservoir of PADs was adjusted to 40 µL using 0.01 M PBS pH 7.4. A photograph of 
each reaction was taken at 10 min of the reaction time in a studio light box to 
prevent the external light and then measured the color intensity using ImageJ 
program. 
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Initially, the volume of reagent A was fixed at 30 µL to react with 
reagent B in the volume range of 0 to 5 µL. As shown in Figure 4.11 (a), the obtained 
∆I was increased when increasing the volume of reagent B from   to 2 µL because 
the produced H2O2 were increased when increasing the amount of OxOx, which was 
mixed as a reagent B. The higher amount of the produced H2O2 reaching with DMAB 
and MBTH in reagent B resulted in the increase of indamine dye color intensity. After 
that, the ∆I was relatively constant due to the excess amount of OxOx in the reagent 
B. The highest ∆I was obtained when using 5 µL of reagent B, which corresponded to 
3 x 10-3 u L-1 OxOx and 1 x 10-4 u L-1 HRP. Therefore, 5 µL was used as an optimized 
volume of reagent B. 

To optimize the volume of reagent A, 5 µL of reagent B was used and 
the volume of reagent A was varied in the range of 0 to 30 µL. Similar to reagent B, 
the ∆I was increased when increasing the volume of reagent A, as shown in Figure 
4.11 (b). The H2O2 produced from the enzymatic reaction reacted with the different 
amounts of MBTH and DMAB, which were mixed as the reagent A, to produce the 
indamine dye as a blue color. Therefore the color intensity was increased when 
increasing the amount of reagent A. However, the obtained ∆I tended to slightly 
increase when using the volume of reagent A more than 30 µL. Since the total 
volume was fixed at 40 µL and 5 µL of each reagent B and sample was used, the 
highest volume of reagent A was not over 30 µL. Thus, 30 µL was selected as an 
optimized volume of reagent A, which corresponded to 2.4 mM DMAB and 0.0176 
mM MBTH. 
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Figure 4.11 Optimization of the amounts of reagents B (a) and A (b). 
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4.6.2 The Reaction Time 

For colorimetric detection of oxalate based on the enzymatic 
reaction, the color intensity from the reaction is based on the reaction time. 
Therefore, the reaction time was optimized to obtain the highest color intensity. 
Oxalate standard solutions at concentrations of 5, 10, 25 and 250 ppm were used in 
order to cover the oxalate concentration found in urine of healthy people and 
kidney stone patients. 

After mixing the optimized amounts of reagents A (30 µL) and B (5 µL) 
with oxalate solutions in the reservoirs of PADs, photographs of each reaction were 
taken every 10 min for 60 min. The observed color was shown in Figure 4.12 (a). The 
color intensity of each reservoir was measured using ImageJ program to calculate ∆I. 
The relationship between the obtained ∆I values at different oxalate concentrations 
and the reaction time was shown in Figure 4.12 (b). The ∆I values were increased 
when increasing the reaction time from 1 to 1  min. After that, the obtained ∆I 
values were slightly decreased, especially at high concentrations (≥5  ppm). This was 
because the solutions were dried and the color intensity was faded. Therefore, 10 
min was selected as an optimized reaction time in this work. 
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Figure 4.12 The observed color from each reaction time (a) and the relationship 
between ∆I and reaction time (b) when using different oxalate 
concentrations. 
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4.6.3 pH of PBS Buffer 

To determine a suitable pH, 40 ppm oxalate standard solution was 
prepared using different pH values of PBS buffer. Although the observed color 
intensities from each pH , as shown in Figure 4.13, were not significantly different, the 
highest ∆I values of approximately 46 were obtained at pH 6.5-7.4, which 
corresponded to the recommended pH from the oxalate kit manual. Therefore, pH 
7.4 was selected as an optimized pH because it was easy to prepare PBS. 

 

 
 

Figure 4.13 The observed color intensities of 40 ppm oxalate standard solution at 
different pH values. 
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4.7 Interference Study 

For determination of oxalate in human urine using colorimetric detection 
based on the enzymatic reaction, the main components in urine including urea, AA, 
UA, CA, Cr and ALB were used to study the interfering effect on oxalate detection in 
urine. Concentrations of each component were prepared to cover the normal level 
found in normal human urine, as shown in Table 4.1, and mixed with 40 ppm 
oxalate. 

 

Table 4.1 Concentration ranges of the main components found in urine for 
interference study. 

 

Components Normal levels (ppm) Prepared concentration range (ppm) 

Urea 

AA 

UA 

CA 

Cr 

ALB 

20,000 

600 

600 

320 

250 

30 

4,000 - 24,000 

40 - 800 

40 - 800 

80 - 400 

80 - 400 

40 - 200 

 

The obtained ∆I values of 4  ppm oxalate standard solution and the mixed 
solutions between 40 ppm oxalate and each component are shown in Figure 4.14. If 
the colorimetric determination of oxalate was not interfered by the main 
components in urine, the calculated  difference of the obtained ∆I values between 
40 ppm oxalate standard solution and the mixed solutions should not be higher than 
5% or should be in the ∆I range of 42.1  - 46.53. As seen from Figure 4.14, the color 
intensity of the mixed solution containing AA was not different from that of the 
background. This could be because AA as a reducing reagent was oxidized by H2O2, 
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which was generated from the enzymatic reaction between oxalate and OxOx, in the 
presence of HRP to produce a dehydroascorbic acid [74, 75], as shown in Figure 4.15. 
Accordingly, the color intensity was not observed because the produced H2O2 was 
completely reacted with AA in the solution instead of MBTH and DMAB in the 
reagent B. 

 

 
 

Figure 4.14 Effect of main components in urine on the colorimetric detection of 
oxalate based on the enzymatic reaction. Each component was mixed 
with 40 ppm oxalate. 

 

 
 

Figure 4.15 The oxidation of ascorbic acid using H2O2 as an oxidizing reagent in the 
presence of peroxidase to produce dehydroascorbic acid [76]. 
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Since AA was an interfering component for the colorimetric detection of 
oxalate in urine based on the enzymatic reaction, a method to minimize the 
interfering effect of AA was studied. 

 

4.7.1 Minimization of the Interfering Effect of AA Using Urine Dilution 

To study the interfering effect of AA, 40 ppm oxalate as a normal 
oxalate level in human urine was mixed with different concentrations of AA. The 
 difference of ∆I values between 4  ppm oxalate and the mixed solutions was used 
to indicate the interfering level of AA. The %difference of ∆I higher than 5% indicated 
that AA interfered the colorimetric detection of oxalate. As shown in Figure 4.16 (a), 
the observed color intensity of each reaction between 40 ppm oxalate and different 
concentrations of AA was decreased when increasing AA concentration. The color 
intensities of each reservoir were measured to calculate ∆I values. A bar graph 
plotted between ∆I and AA concentration is shown in Figure 4.16 (b). The calculated 
%difference of ∆I of the mixed solution compared with 40 ppm oxalate was shown 
over each bar. The calculated  difference of ∆I lower than 5  was obtained when 
the AA level in samples was lower than 10 ppm. Therefore, the interfering effect of 
AA on oxalate detection was minimized using 120-fold urine dilution to dilute the 
normal level of AA from 600 ppm to 5 ppm. 
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Figure 4.16 Effect of concentration on the observed color intensities of oxalate 
detection (a). The obtained ∆I values were plotted as a function of AA 
concentration in the mixed solutions and the calculated %difference 
was shown over each bar graph (b). 

 

Although the interfering effect of AA could be minimized using 120 
folds dilution of urine (AA was diluted from 600 to 5 ppm), the oxalate content was 
also diluted to 0.33 ppm (oxalate was diluted from 40 ppm, which is the normal 
level of oxalate in urine of healthy people) which was lower than the LOD value 
(3.38 ppm). Therefore, urine could not be diluted 120 folds to minimize the 
interfering effect of AA on oxalate detection.   
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4.7.2 Minimization of the Interfering Effect of AA Using a Masking 
Reagent 

Alternatively, AA could be eliminated using an oxidizing reagent 
because AA is a reducing reagent. Zhu et al. [75] reported the minimization of 
interfering effect of AA on the determination of thiamine in pharmaceutical samples 
using difference masking reagents as oxidizing reagents. The fluorescence intensity of 
1 ppm thiamine between with and without 40 ppm AA was not significantly different 
when using Cu2+ (25 ppm) and H3BO3 (0.12 M)-NaOH (0.014 M) as a masking reagent. 
The interfering effect of AA was minimized because AA was oxidized by Cu2+ to 
produce dehydroascorbic acid and the product was reacted with H3BO3 to form a 
complex, as shown in Figure 4.17.  

 

 
 

Figure 4.17 The complex formation between dehydroascorbic acid and H3BO3 [77]. 
 

Therefore, 25 ppm Cu2+ and H3BO3 (0.12 M)-NaOH (0.014 M) were 
applied in this work as a masking reagent to minimize the interfering effect of AA on 
the oxalate detection. 

From the previous work, the masking time (reaction time of AA, Cu2+ 
and H3BO3-NaOH) of 30 min at room temperature was used to minimize the 
interfering effect of 40 ppm AA. However, the normal level of AA in urine is higher 
than the interfering level (40 ppm) of AA in the previous work. Therefore, 
optimization of masking time to minimize the interfering effect of AA was studied. 
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For optimization of the masking time, the masking reagent was added 
into mixed solutions of 40 ppm oxalate and AA at different concentrations in safe-
lock tubes. The mixed solutions were incubated at room temperature using the 
masking times of 10, 20, 30, 40, 50 and 60 min and then pipetted to mix with 
reagents A and B. Photographs of each reaction at different masking times taken at 
10 min reaction time are shown in Figure 4.18 (a). The color intensity of the mixed 
solutions between 40 ppm oxalate and AA at different concentrations was increased 
when increasing the masking time. Although the interfering effect of AA was 
minimized when increasing the masking time, less analysis time was preferable for 
onsite detection. Accordingly, sample dilution was used together with the masking 
reagent to minimize the interfering effect of AA to reduce the masking time. Since 
the normal level of oxalate in urine was 40 ppm and LOD of oxalate detection using 
this method is 3.55 ppm, the concentration of oxalate after urine dilution should not 
be lower than LOD. Therefore, the dilution of urine was selected to be 5 folds. 
Accordingly, the levels of oxalate and AA were diluted to 8 and 120 ppm, 
respectively, from the normal levels found in urine of healthy people. It was found 
that at 120 ppm AA, the calculated %difference was lower than 5% when using the 
masking time longer than 20 min, as shown in Figure 4.18 (b). Therefore, the masking 
time of 30 min was used to ensure that AA did not interfere the colorimetric 
detection of oxalate. 
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Figure 4.18 (a) The color intensities of the mixed solutions between 40 ppm oxalate 
and AA at different concentrations and different masking times. (b) The 
obtained ∆I values of the mixed solutions were plotted as a function of 
masking time. 

 

It was concluded that the interfering effect of AA on oxalate detection 
in urine was minimized using the masking reagent of 25 ppm Cu2+ and H3BO3 (0.12 
M)-NaOH (0.014 M) at a 30 min masking time together with 5-fold urine dilution. 
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4.8 Analytical Performance 

4.8.1 Linearity and Calibration Curve 

A linear range of oxalate concentration was studied using the oxalate 
concentration range of 5 to 1,000 ppm to perform the reaction under the optimized 
conditions. As shown in Figure 4.19 (a), the observed color intensities were increased 
when increasing oxalate concentration to react with reagents A and B. The linearity 
was observed in the concentration range of 5 to 50 ppm, as shown in the inset of 
Figure 4.19 (b), with a linear equation of y = 1.2045x + 0.9141 and a correlation 
coefficient (R2) of 0.9968. 

 

 
 

Figure 4.19 (a) The observed color intensities of oxalate at difference 
concentrations. The ∆I values were plotted versus oxalate 
concentration. The linear relationship (shown in the inset) was in the 
concentration range of 5 to 50 ppm. 
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4.8.2 Limit of Detection (LOD) and Limit of Quantitation (LOQ) 

The LOD and LOQ were calculated from 3 and 10 times of standard 
deviation (SD) divided by the slope of the linear equation, respectively. The 
calculated LOD and LOQ found to be 3.38 and 11.27 ppm, respectively. 

 

4.8.3 Accuracy 

To verify the accuracy of this method for determination of oxalate in 
urine, oxalate standard solution at 3 concentration levels of 5, 15 and 30 ppm was 
added into 10 urine samples containing the masking reagent. Each solution was 
reacted with reagents A and B using the optimized conditions. The obtained ∆I of 
each solution was used to calculate %recovery using Equation 3.5. As shown in Table 
4.2, the calculated %recovery was in the range of 80.73-110.00 %, which was 
acceptable according to the Association of Official Agriculture Chemists (AOAC) [78] 
which set the acceptable range of 80-110 %. Therefore, this method showed 
acceptable accuracy for determination of oxalate in urine. 
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Table 4.2 Percent recovery of oxalate standard solutions spiked into urine 
samples. 

 

Sample 

No. 

Oxalate (ppm) 
%Recovery 

Sample 

No. 

Oxalate (ppm) 
%Recovery 

Added Found ± SD Added Found ± SD 

1 0 

5 

15 

30 

5.60 ± 0.10  

10.74 ± 0.62 

21.94 ± 0.10 

36.87 ± 1.44 

- 

102.76 

108.92 

104.25 

6 0 

5 

15 

30 

4.88 ± 0.85 

9.22 ± 1.12 

21.17 ± 1.74 

36.39 ± 0.15 

- 

86.68 

108.55 

105.02 

2 0 

5 

15 

30 

19.90 ± 0.93 

24.88 ± 0.38 

34.65 ± 1.11 

47.94 ± 4.76 

- 

99.60 

98.33 

93.48 

7 0 

5 

15 

30 

0.86 ± 0.36 

5.10 ± 1.65 

17.08 ± 1.75 

31.80 ± 1.09 

- 

84.91 

108.18 

103.16 

3 0 

5 

15 

30 

2.98 ± 0.39 

7.11 ± 2.07 

18.97 ± 0.15 

34.47 ± 2.40 

- 

82.73 

106.63 

105.00 

8 0 

5 

15 

30 

3.74 ± 0.11 

8.17 ± 0.45 

19.18 ± 0.52 

36.70 ± 0.64 

- 

88.47 

102.88 

109.84 

4 0 

5 

15 

30 

2.45 ± 0.22 

6.71 ± 0.54 

18.60 ± 0.78 

35.45 ± 0.64 

- 

85.22 

107.66 

110.00 

9 0 

5 

15 

30 

0.71 ± 0.12 

5.72 ± 1.10 

17.10 ± 1.36 

32.97 ± 1.76 

- 

100.28 

109.24 

107.55 

5 0 

5 

15 

30 

9.47 ± 0.92 

14.74 ± 0.88 

25.49 ± 0.68 

38.37 ± 2.76 

- 

105.38 

106.80 

96.34 

10 0 

5 

15 

30 

3.83 ± 0.33 

8.99 ± 1.18 

19.67 ± 2.07 

36.11 ± 2.75 

- 

103.15 

105.58 

107.58 
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4.8.4 Precision 

The precision of the method was investigated for both inter-day and 
intra-day precisions. For Intra-day precision, the determination of oxalate in a urine 
sample was repeated for 11 times. Furthermore, the determination of oxalate in the 
same urine sample was repeated for 3 days to observe inter-day precision. 

 

4.8.4.1 Intra-day Precision 

For intra-day precision, oxalate concentrations of 5, 15 and 30 
ppm were added into urine samples containing the masking reagent. The amounts of 
oxalate in samples and the spiked samples were determined for 11 times using the 
optimized conditions. The obtained ∆I values were plotted versus the number of 
experiment, as shown in Figure 4.20. 

 

 
 

Figure 4.20 Intra-day determination of oxalate in urine and urine added with 5, 15 
and 30 ppm oxalate using the optimized conditions. Each sample was 
measured for 11 times. 
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The obtained ∆I values of sample and each spiked sample 
were used to calculate %RSD using Equation 3.6. The calculated %RSD values were 
found to be lower than 5%, which was acceptable according to AOAC [78], which 
limits %RSD to be lower than 8%. 

 

4.8.4.2 Inter-day Precision 

The solution preparation for inter-day detection of oxalate was 
similar to that of the intra-day detection of oxalate, but the determination of oxalate 
in urine for inter-day precision was examined for 3 days and 3 replicates for each 
day. The obtained ∆I values from each day were shown in Figure 4.21.  

 

 
 

Figure 4.21 The inter-day determination of oxalate in urine and urine added with 5, 
15 and 30 ppm oxalate using the optimized conditions. The 
experiments were repeated for 3 days and 3 replicates for each day. 
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Similar to intra-day precision, the obtained ∆I values were 
used to calculate %RSD. The calculated %RSD values for inter-day detection of 
oxalate in urine were found to be lower than 4%, which was acceptable according to 
the AOAC [78]. 

 

4.9 Determination of Oxalate in Urine Samples 

Determination of oxalate in urine samples using PADs was performed using 
the optimized conditions. To validate that this method is reliable, UV-Vis 
spectrophotometry was used to measure the amount of oxalate in urine samples 
using an oxalate kit as a standard method. A calibration curve of UV-Vis 
spectrophotometric method was constructed using absorbance plotted versus 
oxalate concentration in the range of 10 to 100 ppm, as shown in Figure 4.22. 

 

 
 

Figure 4.22 A calibration plot of absorbance as a function of oxalate concentration 
for quantitative determination of oxalate. 
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The same urine samples used in oxalate detection using PADs were measured 
for absorbance values. The absorbance was converted to oxalate concentration using 
the linear equation of the calibration curve shown in Figure 4.22. After that, the 
obtained oxalate concentrations in each urine sample from both methods were 
compared using the paired student t-test, as shown in Table 4.3. 

 

Table 4.3 The comparison of oxalate concentrations in urine samples obtained 
from PADs and UV-Vis spectrophotometry as a standard method (n=10). 

 

Sample 
Oxalate (ppm) 

PADs ± SD  UV-Vis spectrophotometry ± SD 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

27.99 ± 0.51 

99.50 ± 4.67 

14.88 ± 1.95 

12.24 ± 1.12 

47.35 ± 4.61 

24.43 ± 4.24 

4.28 ± 1.78 

18.73 ± 0.54 

3.55 ± 0.62 

19.17 ± 1.66 

29.38 ± 0.01 

104.74 ± 0.02 

12.56 ± 0.02 

13.47 ± 0.11 

42.05 ± 0.02 

20.18 ± 0.01 

5.56 ± 0.03 

17.14 ± 0.22 

4.01 ± 0.01 

22.27 ± 0.01 
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For the paired student t-test, the calculated mean of oxalate obtained from 
PADs was compared with the standard method. The reliability of the PADs for 
determination of oxalate in urine sample was verified using a comparison of t-value 
and t-critical. If t-value was lower than t-critical, the obtained oxalate concentrations 
from the PADs were not significantly different from that of the standard method and 
acceptable for determination of oxalate in urine samples. 

In this work, the t-critical was 2.26 at a 95% confident interval (n = 10) and 
the t-value was found to be 1.09, which lower than the t-critical. Therefore, the 
proposed approach using PADs was a reliable method for determination of oxalate in 
urine samples. 

In addition, the linear regression analysis was used to confirm the reliability of 
the PADs for determination of oxalate in urine samples. The obtained amounts of 
oxalate found in each urine sample using this method were plotted with the 
amounts of oxalate found in the same samples obtained from the standard method, 
as shown in Figure 4.23. If a correlation coefficient (R2) was closer to 1 and a 
significance F was lower than 0.05, this method is reliable for determination of 
oxalate in urine samples. From the linear regression analysis at a 95% confident 
interval, a correlation coefficient (R2) was found to be 0.9874 and a calculated 
significance F was lower than 0.05. Accordingly, this method was reliable when 
compared with a standard method for determination of oxalate in urine samples [79, 
80]. 
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Figure 4.23 The relationship of the amounts of oxalate in urine samples obtained 
from PADs and those from the UV-Vis spectrophotometry as a standard 
method. 
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CHAPTER V 
CONCLUSIONS AND FUTURE WORK 

 

In this work, oxalate sensors based on the enzymatic reaction between 
oxalate and OxOx were developed using electrochemical and colorimetric detections 
separately coupled with PADs. 

For electrochemical detection, CV was used to optimize carbon paste 
composition for fabrication of CPEs on paper. The optimized compositions were 50% 
w/w oil phase and 50% w/w graphite powder, in which the oil phase was composed 
of 50% w/w mineral oil and 50% w/w PDMS. The amounts of AgNPs and MWCNTs 
were also optimized for the modification of CPEs. A AgNPs-MWCNTs-CPE was 
obtained from the CPE modified with 400 µL of 10,000 ppm AgNPs and 1% w/w 
MWCNTs. The AgNPs-MWCNTs-CPE was used as a WE for determination of oxalate in 
urine through the amperometric measurements of H2O2 generated from the 
enzymatic reaction. For amperometric measurements, a plot of S/B ratios and 
applied potentials as a hydrodynamic voltammogram was used to determine an 
optimum applied potential, which found to be -0.6 V. Under the optimized 
conditions, two linearity ranges were obtained in the ranges of 0.05-10 and 10-1,000 
mM. The calculated LOD and LOQ were found to be 0.02 and 0.08 ppm, 
respectively. These experiments confirmed that H2O2 could be measured using the 
AgNPs-MWCNTs-CPE with amperometric detection. However, when measuring oxalate 
using the enzymatic reaction, no current was observed. This could be because the 
H2O2 produced from the enzymatic reaction was simultaneously reacted with HRP 
contained in a regent B to produce H2O and the oxidized form of HRP. Therefore, the 
determination of oxalate using PADs with electrochemical detection was not 
successful. 

Another method for determination of oxalate based on the enzymatic 
reaction was also developed using PADs coupled with colorimetric detection. The 
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optimized amount of reagent A, reagent B and sample were 30, 5 and 5 µL, 
respectively. The highest color intensity was obtained when using 10 min of reaction 
time at room temperature. From the interference study, only AA in urine could 
interfere the determination of oxalate using the proposed approach. Therefore, a 
masking reagent consisting of 25 ppm Cu2+ and H3BO3 (0.12 M)-NaOH (0.014 M) was 
added in 5-fold diluted urine samples to minimize interfering effect of AA. Under the 
optimized conditions, a linearity range of this method was in the range of 5-50 ppm. 
LOD and LOQ were found to be 3.38 and 11.27 ppm, respectively. Accuracy of the 
method was evaluated using %recovery of oxalate standard solutions spiked in urine. 
It was found that %recovery was in the range of 80.73-110.00 %. Intra-day and inter-
day precisions were investigated from %RSD of the amount of oxalate found in 
samples, which were found to be lower than 5% and 4%, respectively. In addition, 
oxalate concentrations obtained from this method were compared with those from 
UV-Vis spectrophotometry, which was used as a standard method, using the student 
t-test and intra-class correlation coefficient at a 95% confident interval. The obtained 
t-value (1.09) was lower than t-critical (2.26) and the correlation coefficient (R2) was 
found to be 0.9874, which was in the acceptable range (0.81-0.98). Therefore, the 
proposed approach using PADs was a reliable method for determination of oxalate in 
urine samples. 

Although the PADs coupled with electrochemical detection was not 
successfully to determine oxalate in the solution due to the limitation of the mixed 
reagent B, the colorimetric detection of oxalate was successful to determine the 
amount of oxalate in urine with high accuracy and precision. 

The determination of oxalate based on the enzymatic reaction using ePADs is 
an interesting method because electrochemical detection provides high selectivity 
and sensitivity. However, the H2O2 generated from the enzymatic reaction was 
reacted with HRP to produce the oxidized form of HRP. An alternative method for 
electrochemical determination of oxalate is to use a mediator to react with the 
oxidized form of HRP to produce the oxidized form of mediator. After that, the 
reduction of the oxidized mediator occurs at the electrode surface. Therefore, the 
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electrochemical signal could be observed from the electron transfer at the electrode 
surface. Accordingly, future works could be the development of ePADs for 
determination oxalate based on the enzymatic reaction using a mediator. However, 
the AgNPs-MWCNTs-CPE might not be suitable for the new system. Therefore, new 
modifiers will be also considered for CPE modification. 
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