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ABSTRACT (ENGLISH) 

# # 5672807023 : MAJOR CHEMISTRY 
KEYWORD: copper nanocomposites, silver nanoplates, chromatography, paper-based analytical 

devices, C-reactive protein, neonicotinoids, amino acids 
 Chanika Pinyorospathum : DEVELOPMENT OF ELECTROCHEMICAL AND COLORIMETRIC METHODS 

USING INORGANIC NANOMATERIALS FOR DETECTION OF BIOLOGICAL AND ENVIRONMENTAL 
COMPOUNDS. Advisor: Prof. Dr. ORAWON CHAILAPAKUL 

  
This research comprised of 2 parts including (1) lab-on-paper coupled with electrochemical 

method for C-reactive protein and colorimetric detection for phosphate ions and (2) the development of 
chromatographic techniques and its applications. In each part, it can be classified in 2 works. The first work of 
lab-on-paper is the electrochemical sensor that was fabricated from phosphorylcholine assembled 
electrodeposited gold nanoparticles onto screen-printed carbon electrode for C-reactive protein detection. 
Current of ferrocyanide decrease linearly when increase C-reactive protein concentration from 5.0 – 5000 µg L-

1. The calculated detection limit equals 1.60 µg L-1. The final part of lab-on-paper is the colorimetry on paper 
for phosphate ions using 2-mercaptoethanesulfonate modified silver nanoplates. The color changes rely on 
anti-aggregation mechanism of modified silver nanoplates and europium ions. The paper-based analytical 
device can use the naked-eye for detection from purple color changing to pink when increase phosphate 
concentration. The linearity and detection limit are in the range of 1.0 – 30 mg L-1 and 1.0 mg L-1, respectively. 
For the development of chromatographic techniques and its applications, the first part is the separation of 4 
important insecticides; dinotefuran, thiamethoxam, clothianidin, and imidacloprid using ultra-high-performance 
liquid chromatography coupled with amperometry detection. The complete separation was finished within 8 
minutes using reverse-phase chromatography. The analytical signals increase when employing 
electrodeposited copper-gold nanoparticles. The detection limit and linear range of 4 significant insecticides 
were in the range of 0.19 – 0.62 mg L-1 and 1.0 – 250 mg L-1, respectively. The second work is the separation of 
amino acids using open tubular liquid chromatography. The current signals were measured on copper 
electrode. The separation of amino acids depends on the ion exchange affinity between quaternary amine on 
the resin and amino acids. The electrochemical detection arises from the oxidation of copper to form 
complexes between copper and amino acid. The developed method has detection limit of 0.42 mg L-1. 
Moreover, all presented methods are simple, fast, and inexpensive. The methods are applied in real samples 
covering food, environmental compounds, and biomarkers. 
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CHAPTER I 
INTRODUCTION 

1.1. Introduction 

The study of analytical chemistry focusses on equipment and protocol for separation, 
identification, and determine the concentration of analytes. In some cases, the analysis requires a 
combination of two or more methods. For example, separation is responsible for the isolation 
and identification of target analytes, and monitoring the analytical signals are used to determine 
the analyte concentration. Analytical methods are classified into two categories, namely 
qualitative analysis, and quantitative analysis. The qualitative analysis concentrates on the 
identification of compounds and informs their presence or absence, but not the amount of 
compounds. By contrast, quantitative analysis determines the quantities of analytes those 
present in a substance. The analytical signals such as absorbance, conductivity, electron transfer, 
etc. can use for the quantitative purpose. The development of analytical methods benefits in 
various research fields including environmental analysis, clinical analysis, bioanalysis, forensic 
science, etc. The important consideration is to balance between the performance (sensitivity, 
selectivity, dynamic range, accuracy, precision) and the operating cost (instruments, materials, 
personal training, procedure time). For instance, optical and mass spectrophotometry is universal 
and widespread for chemical analysis. The methods can directly assess the information at an 
atomic level with high sensitivity; however, the complicated and costly instruments limit their 
applications for on-site detection and a circumstance which fast analysis is indispensable. 
Another interesting approach is the electrochemical method which is extremely useful as it 
provides both qualitative and quantitative data. The bulky instrumentations can be miniaturized 
into portable device that facilitate on-site applications; however, the technique is limited by the 
sensitivity. Fortunately, the electrode surface can be chemically modified by metal nanoparticles, 
and satisfactory detection limit is achieved encouraging the development of novel 
electrochemical methods. Additionally, color detection can employ for quick analysis of 
compounds and provide both qualitative and quantitative information by observing colors 
change and the series of color without the expensive equipment and materials. Nevertheless, the 
sensitivity is control by the chemical structure and interaction between the color compound and 
analytes. This method may offer a relatively rapid and low-cost analysis, but the performance 
does not meet the requirement in highly sensitive applications. Therefore, new colorimetric 
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methods have emerged using metal nanoparticles with exceptional optical properties as the 
colorimetric probe to enhance the detection capability. 

Lab-on-paper is an appealing analytical method that constitutes all detection steps 
including sorting, mixing, and detecting in a single paper substrate. Paper is an abundant and 
inexpensive material suitable for the fabrication of portable and on-site detection devices that 
small, readily, and easy-to-use in the resource-limited area. The patterns for analytical purposes 
(typically reagent zone and detection zone) can be created on paper using simple fabrication 
methods such as inkjet printing or wax printing. Moreover, the unique characteristics of paper 
including the functional group, capillary force, and porosity provides the solution for grafting, 
transporting, and storing inside the paper substrate, respectively. The remarkable features are the 
consequences of the development of the analytical method on paper substrate. Lab-on-paper 
can be equipped with both electrochemical and colorimetric methods as the complementary 
technique for disposable, fast, and accurate platform of metals, environmental analytes, 
biomarkers, etc.  

In the application of lab-on-paper to electrochemical assay, adding a part of a screen-
printed electrode to the paper is effortlessly, but the hampering analytical signal is the problem. 
Providentially, the metal electrodeposition is associated with the electrochemical techniques 
offering the opportunity for the facile synthesis of metal nanoparticles onto the electrode 
surface. Nanoparticles can enhance the electrode active surface area and supply spacious sites 
for redox reactions. Gold nanoparticle (AuNP) is the most common because it is easy to 
synthesize, and the resulting electrodeposited nanoparticles are usually well-dispersed and 
homogeneously distributed. Apart from the electronic properties, AuNP can be assembled with 
thiol-functionally group compounds using chemisorption and a strong thiolate–Au bond is 
formed. Various imperative recognizing probes have been tethered onto AuNP modified screen-
printed electrode and demonstrated for selective and sensitive electrochemical detection of 
plenty of biomolecules and disease markers. As the mentioned properties, a biomimetic of 
phospholipid, namely phosphorylcholine functional group polymer (PMPC-SH), was applied on 
AuNP surface and used for the detection of C-reactive protein in the presence of calcium ion. 
PMPC-SH can graft on the electrode using thiol moiety from the polymer to the AuNP modified 
electrode. The electrochemical signals derived from the electron transfer of the electroactive 
species (ferric cyanide) which inversely proportional to the concentration of C-reactive protein. 
Both calcium ion and ferric cyanide can be stored in the paper substrate at the reagent zone and 
transported to the detection zone where the electrochemical measurement was performed using 
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a modified electrode. This concept represents the integration of the electrochemical method and 
paper substrate for biomarker analysis. 

Colorimetric lab-on-paper is another attractive approach for the development of an 
analytical method on the paper platform because it has portability, affordability, and simplicity, 
particularly for a rural area where rapid point-of-care diagnostic is crucial. The expertise and 
results analysis is not essential as the colors change is reported itself qualitatively and 
quantitively. Additionally, the photo can be recorded for an extensive analysis in the central 
laboratory. Abundant porosity in the paper allows chemicals to be collected and traveled 
through designed channels for the chemical reaction. The colors change is observed at the 
detection zone usually through the naked eye. The determination of appropriate colorimetric 
probe and the detection protocol are significant for colorimetric assay. Silver nanomaterials are 
convincing alternatives because their colors are visible and easily tunable through size and shape. 
An optical property of silver nanomaterials leads to plenty of diagnostic applications for 
detection of toxicity from the environment and numerous biomarkers. Silver nanoplates were 
very attracting because they offer noticeable color changes between aggregation and dispersion 
state. Moreover, the surface of silver nanomaterials can be modified to improve the selectivity 
towards the analyte ions. The reaction can perform on the paper platform and the color changes 
were observed with the naked eye. Because of the attraction of its properties, silver nanoplates 
can be applied for detection of phosphate ions using the anti-aggregation mechanism among the 
analyte ions, thiol-modified silver nanoplates, and aggregating agent. The color intensity is related 
to phosphate concentration uses for quantification of phosphate ions in real samples. Lab-on-
paper using colorimetry as the detection method offers advantages such as cost, time, and 
resource for practical on-site detection. 

A chromatographic technique is an ingenious method for isolating the analyte from its 
matrix and allows for different compounds in the same family to be analyzed. It is necessary to 
introduce the chromatographic technique for analytes’ separation before measuring the 
analytical signal at the detector because they may possess different properties; such as N,N-
dimethyltryptamine (DMT) is a potent hallucinogen, while serotonin is the neurotransmitter. The 
separation of individual compounds relies on the different interaction between them and the 
stationary phases packing in the column. The signification parts for the chromatographic method 
are the stationary phase and the detection. An analytical column should provide for the 
appropriate separation of mixtures by means of suitable interaction between the compounds and 
packing particles, and the condition used for the separation. Neonicotinoids family is an example 
of insecticides which require chromatographic separation prior to detection because their 
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absorbances and reduction peaks are presented at the same wavelength, and potential, 
respectively. Different insecticides of neonicotinoids family can separate by ultra-high-
performance liquid chromatography. The detection sensitivity is improved using copper-gold 
nanoparticles modified on a boron-doped diamond electrode. Gold nanoparticles are common 
electrode modifiers because they can improve the electrical conductivity of the electrode 
surface. Moreover, some metals can bind with analyte using complexation which increases the 
analytical signal and detection sensitivity. Copper can form a strong complex with nitro or amine 
functional group of neonicotinoids. Therefore, the bimetallic nanoparticles of copper and gold 
can increase the sensitivity for electrochemical detection. Nanoparticles improves not only the 
detection performance, but also contributes to the separation of amino acids through anion 
exchange resin. Amino acids are small molecules that require nanobead resin for their separation. 
Nano-scale materials provide high surface-to-volume ratio and cause the analyte to associate 
with resins and improve the separation. Typical nanobead resins were functionalized with anion 
exchange resin such as quaternary amine of assorted numbers of alkyl or aryl groups, hence 
offers different capabilities for each resin for the separation. The development of 
chromatographic technique coupled with electrochemical methods using nanoparticles for 
assisting the detection and separation can promote the analytical assay for important insecticides 
and amino acids. 

In this work, the development of analytical methods is classified into two main parts; 
lab-on-paper applications (Chapter III), and the development of the chromatographic method 
and its application (Chapter IV). Lab-on-paper were first developed for C-reactive protein 
detection employing electrochemistry as the analytical method. Next, the colorimetric paper-
based device was purposed for the determination of phosphate ions using modified silver 
nanoplates as the colorimetric probe. Then, two chromatographic methods with electrochemical 
detection for insecticides and amino acids were discussed. 

1.2. Objectives of the research 

(1) To develop lab-on-paper coupled with electrochemical detection using 
phosphorylcholine functionalized gold nanoparticles electrodeposited electrode 
for C-reactive protein detection and colorimetric detection using thiol-modified 
silver nanoplates for phosphate ions detection  

(2) To develop chromatographic techniques coupled with electrochemical 
detection using metallic nanoparticles modified electrode for neonicotinoids 
detection and quaternity amine nanobead resin for amino acids separation 
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1.3. Scope of the research 

To follow the first objective of this dissertation, the patterns of lab-on-paper were 
designed. To obtain sensors’ best performance, optimal conditions such as reagent 
concentration, pH, and reaction time were investigated and followed by the study of analytical 
performances. Afterward, effects from interferences those expected in samples were examined. 
Ultimately, the sensors were demonstrated for quantification of target analytes in real samples. 
For the second objective, the chromatographic separation was developed. Experimental 
conditions for the separation including mobile phase concentration, flow rate, injection volume, 
and pH were optimized. Next, the effect of applied potential was studied. Then, linearity, 
detection limit, limit of quantification, stability, and reproducibility were determined. Finally, the 
developed lab-on-column methods were applied to real samples.  

The following chapter begins with important theory in this dissertation. Chapter III 
discloses sensors development on PAD for Pi and CRP. Chapter IV discusses the analytical 
methods for separation and detection of neonicotinoid and amino acid, respectively. Finally, the 
conclusions and future perspective are summarized in chapter V. 
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CHAPTER II 
THEORY 

In this chapter, the important theories of lab-on-paper, electrochemical methods, 
colorimetric methods, nanomaterials, and column chromatography are explained. 

2.1. Lab-on-paper 

Microfluidic technology receives tremendous attentions because the method 
development is useful and practical for wide applications. The technology relies on the 
management of flow (in microliter scale) in the network microchannels and develops for the 
miniaturized the laboratory scale into a single microfluidic device. Paper is an interesting 
substrate because it can filter particles or analytes from the interferences using its wettability and 
porosity. Lab-on-paper or paper-based analytical devices (PAD) is one of the microfluidic 
technologies employing paper as the substrate. Microchannel on PAD is fabricated by creating 
hydrophobic zone on the paper. The method is cheap, fast, and no skillful personal needed. The 
fabrication is also accessible in the developing country. There are several methods for the 
fabrication including wax printing, inject printing, photolithography, laser treatment, and plasma 
treatment. Reagents are dropped on PAD and retained in the cellulose fiber, then samples are 
added and detected at the test zone. Plenty of detection techniques are incorporated with PAD 
including electrochemistry, colorimetry, surface plasmon resonance, and fluorescence. The 
advantages of PAD are small reagents and samples consumption, inexpensive platforms, and 
portable.  

 
Figure 2.1 Photo of PAD fabricated by wax-printing methods  
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2.2. Electrochemical methods  

Electrochemistry method is a branch of analytical methods that measures current, 
charge, or potential from an electrochemical cell as an analytical signal. The principle was 
adopted for universal instruments such as potentiometric pH meter, glucose sensors, and gas 
sensors. However, electrochemical method is not widely used as a spectrophotometric method. 
It is difficult to perform automation and require routine calibration, but the instrumentation is 
relatively inexpensive. The method also allows for ions speciation, for example, ferro ions (Fe2+) 
and ferric ion (Fe3+) have different detection potential. Moreover, information of kinetic activity of 
chemicals can be studied. Principles of electrochemical method are simplified in the following 
sections. 

2.2.1. Principles 

Electrochemical methods measure analytical signal from the conductivity of dissolved 
ions. The signals are proportional to analytes concentration. There are two major methods in 
electrochemistry. First, bulk methods which the whole solutions’ conductivity is measured, for 
example, the pH measurement using glass membrane electrode. Second is the interfacial 
methods which the analytical signals are derived from the phenomena occurring at the electrode 
interface and the solution that surrounded that electrode. 

The interfacial methods are divided into static and dynamic methods. In static methods, 
there are no current passes between electrode; therefore, the concentration of species in the 
electrochemical cell remains unchanged. Potentiometry is an example of the static methods 
which concentration of ions is measured under static condition. The discussion of potentiometric 
methods can be found in section 2.2.4. Another interfacial method is dynamic methods which 
most of the electrochemical detection methods are developed. The classes of the interfacial 
methods are controlled current and controlled potential. Both methods change the 
concentration of species in the cell by passing current/potential to the electrochemical cell and 
the resulting signals are measured for their quantification. The controlled potential methods are 
subdivided by the means of varying or having fix potential. The method which fixes the potential 
and observed the current from the cell is called amperometry, while another method of variable 
potential is called voltammetry. The applying potential can be done by scanning the potential 
linearly with time or adding pulse wave while scanning. Voltammetry is considered as an 
important branch of electrochemistry and separately discussed in section 2.2.5. The summary of 
interfacial methods is shown in Figure 2.2. 
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Figure 2.2 Family tree highlighting several interfacial electrochemical techniques. The specific 
techniques are shown in red. 

2.2.2. Basic components of electrochemical instrumentations 

The simplest electrochemical cell is present with two electrodes. The analytical signal 
(potential or current) is measured through the working or indicator electrode in which sensitive to 
the concentration of ion species. The analytical signal is measured with respect to a reference 
potential provided by a counter electrode. Another responsibility of this electrode is to complete 
the circuit. The ideal counter electrode should provide constant potential throughput the 
experiment so that the changing of current is solely resulting from the reaction at the working 
electrode. However, the passing of current through the electrode is fluctuating as analyte’s 
concentrations changing in the dynamic methods. The counter electrode is replaced with two 
electrodes; reference electrode and auxiliary electrode, to address this problem. The constant 
potential is provided by the reference electrode and no current is flowed through, while the 
auxiliary electrode serves to complete the circuit and allows the current to flow. This 
configuration of the three electrodes is called a three-electrode system and widely used in the 
electrochemical cell of the dynamic methods with some exception when there is negligible 
current flow through the electrochemical cell.  
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2.2.3. Basic experimental designs 

The electrochemical methods are designed based on Ohm’s law that the measured 
potential (E) equals to the current (i) passing through the resistor of a circuit’s resistance (R). 

 E=iR (1) 

There are simple three experiment designs including (1) Under the static condition where 
there is no current flow, the potential is measured, under the dynamic conditions (2) the 
potential is measured while the current is controlled, and (3) the current is measured while the 
potential is controlled. Each of the designs required different instrumentation. The following 
section explains the principles and electrical circuit of different electrochemical methods. 

2.2.4. Potentiometric methods 

Potentiometric method measures the potential of the analyte species through the 
working electrode without the flow of currents. This method is useful for quantification purpose; 
however, the application was limited to the analysis of a few ions on metallic electrode. The 
discovery of glass membrane electrode in 1909 leads to the fabrication of glass pH electrode 
which is the breakthrough of potentiometry for quantification of H3O+ concentration. In this 
electrochemical cell, there are two reactions chamber (see Figure 2.3) connected by a salt bridge. 

 
Figure 2.3 In this standard cell, the half-cells are separated; electrons can flow through an 
external wire and become available to do electrical work. 
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The first chamber designated on the left is where the oxidation is occurring at the anode 
and the second chamber on the right is where the reduction is occurring at the cathode. The 
Nernst equation below shows the mathematic expression for the relationship between oxidizing 
and reducing species. 

 E=E°-
0.0592

n
lnQ (2) 

Where E is the electrode’s potential 
E° is the standard reduction potential 
n is the number of electrons transfer 
Q is the quotient of the redox reaction 

The equation is valid if the experiment is carried out in typical laboratory (room 
temperature = 25 °C). The overall potential of the electrochemical cell (Ecell) equals to 

 Ecell=Ecathode-Eanode (3) 

Where Ecathode is the potential at cathode 
 Eanode is the potential at anode 

The simple circuit is shown below 

 
Figure 2.4 Schematic diagram of a manual potentiometer 

This method applies for galvanic cell and generally combine with titration technique for 
determination of analyte concentration, this assay is called potentiometric titration.  
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2.2.5. Voltammetric methods 

Voltammetry relies on the relationship between applied potential and measured 
current. In a three-electrode system, a time-dependent potential is given to the electrolytic cell, 
and the resulting current is collected. The obtained signal is concentration-dependent manner; 
therefore, it is suitable for analyte quantification. The working electrode of voltammetry should 
be easily polarized, or small such as micro-electrode. The earliest voltammetry has mercury drop 
as the working electrode, and the method is occasionally referred as polarography. There are two 
phenomena occurring when the current is flowing within the complete voltemmetric circuit; 
ohmic potential and polarization effect, which should be eliminated or minimized. 

2.2.5.1. Ohmic potential or IR drop 

Ohmic potential occurs naturally in the circuit where there is current flowing through. 
In the electrolytic cell, the reaction requires higher driving potential than the calculated cell 
potential. In galvanic cell, the cell potential is reduced to 

 Ecell=Ecathode-Eanode+Ejunction-IRdrop (4) 

Where Ejunction is the liquid junction potential 
IRdrop is the ohmic drop in the circuit.  

The micro-scale working electrode where there is trivial flow of current, IRdrop is 
somewhat negligible. 

2.2.5.2. Polarization effect 

The potential obtained from the electrochemical cell is deviated from the calculated 
potential because of the polarization effect. There are two types of polarization including 
concentration polarization and kinetic polarization or overvoltage. The relationship between 
current and potential is non-linear after a large amount of current involved in the circuit, the 
phenomena is called polarization. Therefore, excess applied potential is required for redox 
reaction to occur. Factors that affect the polarization are size, shape, electrode material, 
electrolytes, temperature, convection, current quantity, and states of species in the solution. The 
control of experimental conditions and calibrating the system with standard can eliminate some 
of the factors. 

Concentration polarization is occurred when the diffusion rate from the bulk solution 
to the electrode surface is less/more than the rate of electrochemical reduction (assuming the 
analyte species reduce on the electrode surface). This effect is minimized by stirring the solution 
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or reducing the different between concentration of the bulk and interface solution. There are 
three mechanisms of mass transportation. 

(1) Diffusion is defined as the movement of species to balance to concentration 
throughout the solution. The species move from higher concentration to lower 
concentration and diffusion current (id) is occurred. 

(2) Electrostatic force or migration occurs when there is charged species in the 
solution move to the surface of the electrode due to attraction/repulsion and 
generates migration current (im). im approach zero when the solution is 
overwhelmed with ions of electrolyte with respect to analyte ions. 

(3) Any mechanical force applied to the solution can generate convection current 
(ic) and reduced the effect of polarization. 

The concertation of analytes is described with Nernst-Plank equation below.  

 
J(x,t)=- [D (

∂C(x,t)

∂x
)] - [(

zF

RT
) DC(x,t)] (

∂φ

∂x
) +C(x,t)vx (x,t) (5) 

Where J is the flux 
D is the diffusion coefficient 
C is the concentration of the species 

φ is the electrostatic potential 

 vx  is the hydrodynamic velocity 

In electrochemistry, the experiment can be designed so that the measurement of 
current from the electrochemical cell is in concentration-dependent manner by performing in 
the excess ions of supporting electrolyte and quiet solution. The above equation can simplify 
into 

 it=nFAD (
∂Ci

∂x
) |x=0 (6) 

Where A is the surface area of the electrode 

From the equation above, the cells’ current is related to the analyte diffusion or 
analyte concentration only. 

Kinetic polarization or overvoltage is the excess voltage that provided to the 
electrochemical circuit so that the reaction would occur. The kinetic of the redox reaction on 
both cathode and anode is slow; therefore, the extra potential is added to speed up the 
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electrochemical reaction. There are many reasons for the overvoltage such as current density, 
temperature, and electrode material. The reference electrode is introduced to measure the 
current analogously with the working electrode. There are various of options, for example 
calomel electrode, hydrogen electrode, silver-silver and chloride electrode. 

There are plenty of methods used for applying the potential to the electrochemical cell. 
In the following sections discuss only the methods employed in this dissertation. 

2.2.5.3. Amperometry 

When applying constant potential (more than reduction potential of the electrochemical 
cell) to the system, the diffusion current is directly proportional with the concentration of 
species. This principle employs for quantification, particularly for titration and flow-analysis 
detection. In flow-analysis system where the solution is continuously flow through the 
electrochemical cell, the current is monitored as a function of time. The total current recorded is 
the sum of background current (obtain from the supporting electrolyte) and current of the 
analyte. The total current is increased with the concentration of analytes as shown in Figure 2.5A. 
In chromatography, different analytes are eluted with time and the results are obtained as peaks 
in Figure 2.5B. 

 
Figure 2.5 voltammograms of amperometry (A) and chromatogram using amperometry as the 
detection method (B) 

2.2.5.4. Cyclic voltammetry (CV) 

CV is used suitable for kinetic study and qualitative analysis of the electroactive 
species. The potential is scanned linearly from V1 to V2 and revered the scan (Figure 2.6A), while 
the current is monitored as a function of potential (Figure 2.6B). The voltammogram shows one 
full cycle (reversible), half cycle (quasi-reversible), or other results (i.e. irreversible) according to 
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the redox behavior of the species. The cyclic voltammogram in Figure 2.6B is an example of a 
reversible reaction. The significant parameters were peak potential (Ep) and peak current (ip). For 
reduction, the peak potential and peak current is called cathodic peak potential (Epc) and 
cathodic peak current (ipc), respectively. By contrast, they are called anodic peak potential (Epa) 
and cathodic peak current (ipa) for the oxidation. In the reversible reaction, the electron transfer 
and the peak separation (∆Ep) equals to 

 ∆Ep=|Epa-Epc|=2.303
RT

nF
 (7) 

Where R is the gas constant 
T is the temperature 
n is the number of electron transfer 
F is Faraday’s constant.  

From the equation ∆Ep should be ca. 60 mV for one electron transfer at typical 
laboratory condition (T = 25 °C), and ∆Ep is greater than 60 mV in case of irreversible reaction. 
Using the Randles-Sevcik equation, the measured current can be related to the concentration. 

 ip=2.686x105n3 2⁄ ACoD1 2⁄ v1 2⁄  (8) 

Where ip is the peak current (A) 
n is the number of electrons 
A is the electrode surface area (cm2) 
Co is the concentration of species (mol cm-3) 
D is the diffusion coefficient (cm2 s-1) 
v is the scan rate (V s-1) 

 
Figure 2.6 Cyclic voltammogram waveform (A) and cyclic voltammogram (B)  
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2.2.5.5. Differential pulse voltammetry (DPV) 

In pulse voltammetry, the potential is applied as waveforms to increase speed and 
enhance the sensitivity. In DPV, the potential is scanned with a series of pulse (Figure 2.7A) and 
the voltammogram is showed as peak(s) (depend on analyte). Currents is measured before 
applying the pulse (1) and before the end of the pulse (2) to reduce the decay of charging 
current or nonfaradaic current (current that does not related with electrons transfer of the 
electrochemical reaction). The different of the current between these points are plot against the 
applied potential (Figure 2.7B). 

 
Figure 2.7 Differential pulse waveform (A) where (1) and (2) is the sampling before and after 
pulse, respectively, and differential pulse voltammogram (B) where ∆ip is the different currents 
between point (2) and (1). 

The typical voltammetric circuit is illustrated in Figure 2.. 

 
Figure 2.8 Diagram of a typical voltammetry circuit layout.  
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2.2.5.6. Electrochemical Impedance Spectroscopy (EIS) 

Information on the internal dynamic of the system is absent from the voltammeric 
methods; therefore, an additional electrochemical technique is required for the investigation of 
electrode surface. ElS measures the resistance (impedance) on the surface of the electrode as a 
function of applying alternating current (AC) potential. The method is suitable for the studying of 
morphology after surface treatments such as corrosion and coating. Recently, it has been 
demonstrated as a useful technique for biosensors and other label-free assays. Impedance is the 
similar to resistance but account for sinusoidal behavior as well. From Ohm’s law, the impedance 
of the system (Z) equals to 

 
Z=

Et

it
=

E0sin(ωt)

i0sin(ωt+φ)
=Z0

sin(ωt)

sin(ωt+φ)
 (9) 

Where Z0 is the impedance 

φ is the phase shift 

The equation above can be represented with complex number (equation (10)) by using 
Eulers relationship in equation (11), 

 exp(jφ)=cosφ+jsinφ (10) 

 Z(ω)=
E

i
=Z0exp(iφ)=Z0(cosφ-jsinφ)=Z'(ω)-Z"(ω) (11) 

The plot of EIS is called Nyquist plot as shown in Figure 2.9A. Usually the data of EIS is 
represent as the semicircle in which the parameters are related to the circuit in Figure 2.9B. 

 
Figure 2.9 Nyquist plot (A) and the responsible circuit (B) where Rs is solution resistance, Rct is 

charge transfer resistance, Z is Warburg impedance, and Cdl is interface capacitance.  

The conductivity of the electrode surface is inversely proportional to the semicircle 
diameter of Nyquist plot.  
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2.2.5.7. Working electrode 

The current measured from the working or indictor electrode immersed in the 
electrochemical cell is proportional to the concentration of analyte. In this dissertation chemical 
modified electrodes (CME) were used, except stated, to increase the sensitivity and selectivity of 
the electrochemical sensors. There are three types of material employed in this work: boron-
doped diamond electrode, screen-printed carbon electrode, and copper electrode. The details of 
CME are discussed with their applications in chapter III and IV. 

 
Figure 2.10 Photo of three electrodes including BDDE, SPCE, and copper. 

2.2.5.7.1. Boron-doped diamond electrode (BDDE) 

Diamond is the hardest gemstone known by far (~90 GPa) and it possesses high thermal 
conductivity and resistance to chemical corrosion. The gem can be synthesis through chemical 
vapor deposition (CVD) and their lattice structure can cooperate with boron for a metal-like 
conductivity materials known as boron-doped diamond (BDD). BDD has nanocrystalline geometry 
on the surface with a roughness in the nano-scale size which increase the electroactive surface 
area of the material. BDD has several advantages including the wide operating potential window 
(>2 V), low background current, and reduced fouling. Some drawbacks of BBD are such as low 
electrocatalytic activity; therefore, nanoparticles were modified on the surface to increase 
sensitivity for the electrochemical detection.   
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2.2.5.7.2. Screen printed carbon electrode (SPCE) 

Conducting carbon is inexpensive and interesting materials for a fabrication of the 
working electrode for the electrochemical sensors because it contains high electrical 
conductivity. The structure of carbon usually has the conductivity approximately 10-12 S/cm, but 
with the absence of oxygen or hydrogen the conductivity can increase to ~140 S/cm. Hence, 
carbon being the most available element on earth is useful to produce conductive materials. 
Owing to the advantage of screen-printing technique, conducting carbon ink and silver/silver 
chloride can be screened on the substrates and used as the three-electrode system in 
voltemmetric methods. Substrates such as plastic, paper, and cloth are selected to reduce the 
production cost, moreover the fabricated electrode is portable and readily disposable. The 
surface of carbon is easily chemically modified by decorating high conductive material such as 
metal nanoparticles or increase their selectivity by grafting specific probe for analyte recognition. 
Effective but low-cost electrodes were applied for the electrochemical detection of various 
compound suggested from numerous publications in past two decades. SPCE is interesting 
indicator electrodes for the development of portable and disposable electrochemical sensors. 

2.2.5.7.3. Copper electrode 

Copper (Cu) is a transition element with very high thermal and electrical conductivity. 
Cu can be welded with other metal to form alloy such as brass (copper and mostly zinc (Zn)) 
and bronze (copper and mostly tin (Sn)) It is important elements for wire and electronics 
industries. The excellent electronic property of Cu leads to the fabrication of copper electrode 
for the electrochemical detection such as carbohydrates and amino acids. The electrochemical 
behavior of Cu is varied in different media, for example Cu is slightly dissolution in the anodic 
process to copper ions (Cu2+) and some authors report the formation of copper oxides 
compound on the surface. Cu2+ can form stable complexes with amino acids through amine 
functional groups; therefore, it was suitable working electrode for the electrochemical detection 
of amino acids.  
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2.3. Colorimetric methods 

Colorimetric method is of late attractive to researchers in different fields since it 
provides conveniently alternatives for semi-quantitative analysis. The color change of a product is 
used for the identification of the analyte species and their intensity can benefit for the 
quantification. Usually, the color can be observed by the naked eye, but instruments for light 
measurement such as spectrophotometer or colorimeter can increase the capability of the 
methods. Recently applications i.e. ImageJ, Color Assists, and Adobe Photoshop demonstrate by 
several groups that they provide reasonable sensitivity for the detection. A general example of 
colorimetry is red litmus paper in which the color of dyes changes to blue color and the intensity 
is proportional to the remaining concentration of diprotic acid present in the paper after reacts 
with base compound in the sample. NO3

- detection using Griess reagent is an example of 
colorimetry. 

 
Figure 2.11 Photographic results of various NO3

- concentration in Griess reagent [1] 

2.4. Nanomaterials 

Nanoparticles are particles in the size ranging from 1 to 100 nanometers. New 
properties derived from particles size below 100 nanometers have been applied in many fields 
including biomedical, optical, and electronic. Nanoparticles has a high surface area to volume 
ratios; therefore, they process the property of size-dependence. The number of atoms on the 
surface of nano-scale particles are dominant number of atoms in bulk of the material compared 
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with opposite situation of bulk materials. This phenomenon initiates unexpected properties [2]. 
There are several types of nanoparticles, Nanoparticles imparts the enhancement of conductivity 
to electrodes. It offers higher sensitivity detection. The electro conducting property of metal 
nanoparticles are derived from their small particles that exhibit greater activity. Moreover, the 
higher surface area to volume ratio has driven more diffusion. These are responsible for increase 
electrical signals. Most nanoparticles are employed as the electrocatalysts because they possess 
enzyme mimetic activity, such as platinum (Pt), and gold (Au). However, a good level of 
sensitivity is not achieved from these materials. Therefore, many researches have synthesized 
these materials in nano-scale to address the problem. Even though the higher electrical signal 
was reached, they are suffered from surface poisoning of common substances found in the 
sample. Nickel (Ni) and copper (Cu) have been affirmed of surface poisoning reduction and 
economical starting materials compared with platinum and gold. Similarly, they have been 
explored in nano-level and declared for enhancing property. Many attempts of metal alloys and 
compounds have been proposed for better sensitivity. For example, copper oxide (CuO) 
nanoparticles has received massive attention the substitution of enzymes, horseradish peroxidase 
(HRP) and glucose oxidase (GOx), because it acts as electrocatalysts on the electrode surface 
which assists in glucose oxidation. Nickel oxide (NiO) nanoparticles have a similar behavior of 
copper oxide nanoparticles and were applied in analogous practices. Furthermore, metal oxide 
nanoparticles are low-cost, non-toxic, chemical stable, improve electrons transfer, and strong 
adsorption capability. Hence, metal oxide nanoparticles are noticeably of electrode modifiers [3]. 

2.5. Column chromatography 

Chromatography is one of the separation methods used for separating the analyte from 
their interferences. In lab-on-column or column chromatography, samples are injected into the 
stream of mobile phases and pass through the stationary phase packed inside a column. The 
analyte can be retained by the stationary phases using interaction such as adsorption, equilibrium 
partition, electrostatic interaction, and size according to the methods used for the separation. 
Chromatography is interesting method for separation compounds before the detection. The 
principles of column chromatography and two class of column liquid chromatography including 
high-performance liquid chromatography and ion chromatography are discussed below. 

2.5.1. Principles 

The general principle of separation is developed based on the different interaction 
between the analyte and the stationary phase. Analyte in the same family may have different 
affinity towards the stationary phase depended on the functional group on the analyte. In 
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column chromatography, the sample (or solute) is introduced at the beginning of the column as 
a narrow band and followed by the solvent (or mobile phases) or eluent to gradually remove the 
analyte off the column. Each solute is eluted individually according to its affinity with the 
stationary and mobile phases. The solute bands are broadening from triangular shape to Gaussian 
profile after they travel the column. Usually, the detector is placed at the end of the column 
and continuously records the analytical signal as a function of time. 

There are two significant parameters for the analysis of the chromatographic peaks (see 
Figure 2.12). The elapsed time from the first sample introduction to the peak maximum is called 
the retention time (tr). The flow rate of the mobile phases divided by the retention time gives the 
retention volume (Vr) which can used for the characterization of the peaks. Another parameter is 
the peak width at baseline (W). The peak wide is the measurement of time between two tangent 
lines drawn through inflection point of the chromatographic peaks. These parameters are useful 
for calculating the chromatographic resolution, capacity factor, column selectivity, and peak 
capacity. 

 
Figure 2.12 The typical chromatogram where tm is the void time, tr is the retention time, and W is 
the peak width 
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2.5.1.1. Chromatographic resolution 

The objective of the separation is to achieve individual peaks representing one 
compound and resolution (R) is a parameter used to determine a degree of separation. R is 
calculated from two adjacent peaks (peak A and B) using tr and W using the equation below. 

 R=
tr,B-tr,A

0.5(WB+WA)
=

2∆tr
WA+WB

 (12) 

Either increasing ∆tr or decreasing W by reducing the flow rate, increase the affinity of 
stationary phases, or reducing injection volume can improve the resolution of the 
chromatographic peaks. An acceptable R value is 1.5 meaning only 0.15% overlap of two peaks. R 
is useful for the development of better experiment conditions. 

2.5.1.2. Capacity Factor 

During the separation, the solute (S) is distributed between the mobile phase and 
stationary phase. The stationary phase must retain solute for the separation. Capacity factor (k’) is 
the parameter measure the capability of the stationary phase for retaining the solute using the 
equation; 

 k'=
tr-tm
tm

=
tr
'

tm
 (13) 

Where tr is the retention time 
tm is the column’s void time 
t’r is the adjusted retention time 

2.5.1.3. Column selectivity 

Two compounds, assuming A and B, are compared for the relative selectivity of a 

column by determining the selective factor () from the equation 

 α=
kB

'

kA
' =

tr,B-tm
tr,A-tm

 (14) 

 equals to 1 when solute A and B eluted at the same retention time; therefore, A 
must always present with smaller retention time to separate a pair of solutes.   
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2.5.1.4. Column efficiency 

In theoretical model, the chromatographic column is treated as individual sections 
where solutes in mobile phase partition to the stationary phase. These sections are called 
theoretical plate, and the number of theoretical plates (N) is attributed to the efficiency of the 
column. N is expressed in the equation 

 N=
L

H
 (15) 

Where L is the length of the column  

H is the height of the theoretical plate 

The efficiency of the column is proportional to N, and inversely proportional to H, 
respectively. Assuming the chromatographic peaks has a Gaussian profile, H can be derived from 
the equation 

 H=
LW2

16tr2
 (16) 

Combining the equation (15) and (16), N is approximately  

 N=5.545(
tr

W1 2⁄
)

2

 (17) 

Where W1/2 is the width at half height of the chromatographic peaks. 

2.5.1.5. Peak capacity 

An estimate number of solutes that can be eluted using a chromatographic column 
can be calculated using the equation 

 nc=1+
√N

4
ln

Vmax

Vmin
 (18) 

Where nc is peak capacity 
Vmax is the largest volume of a solute which can be eluted and detected  
Vmin is the smallest volume of a solute which can be eluted and detected  

The peak capacity predicts the maximum number of solutes that can be resolved using 
the analytical column.  
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2.5.1.6. van Deemter equation 

The narrow bands of solutes are broadening when traveling through the column. It is 
significant to control the size of the band so that their profiles maintain the Gaussian behavior. 
The understanding of reasons accounted for the band broadening will results in successful 
separation of individual peaks. Four factors are contributed to the height of the theoretical plate 
(H): multiple paths (Hp), longitudinal diffusion (Hd), mass transfer in stationary phase (Hs), and mass 
transfer in mobile phase (Hm). The net H equals to 

 H=Hp+Hd+Hs+Hm (19) 

The equation can alternately convert to van Deemter equation: 

 H=A+
B

u
+Cu (20) 

Where term A contributes to Hp 
B/u is related to Hd 
Cu is derived from Hs and Hm.  

The equation states the important of the flow rate of the mobile phases (u). The ideal 
plot between H and u is shown in Figure 2.13. 

 
Figure 2.13 The Van Deemter plot depicts the relationship between column flow rate and peak 
efficiency, referred to as band broadening [4]  
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To improve the column efficiency for the separation, the simplest way is to consider 
the plot and adjusted the mobile phases’ velocity to the optimum velocity. 

2.5.2. High-Performance Liquid Chromatography (HPLC) 

HPLC is one of the column liquid chromatography which is very effective for the 
separation of the analytes from the samples. The method is rapid because of the pumping 
system used to pressure the liquid through the column. Small particles that packed inside the 
chromatographic column can reduce the height of the theoretical plate and has trivial effects on 
the flow rate of the mobile phase. The high-pressure pump is required to force the mobile 
phases and solutes out/in the column. The schematic of HPLC is shown in Figure 2.14. 

 
Figure 2.14 Components of typical HPLC instruments includes a pump, injector, column, detector 
and recorder or acquisition and display system. 

2.5.2.1. Equipment 

2.5.2.1.1. Solvent reservoir 

The mobile phases contain in the glass or stainless-steel bottle of typical 1-2 L. The 
solvent reservoir must connect to degassing system to remove oxygen or nitrogen glass from the 
mobile phases before entering the column. The gases can interrupt the detector. There are two 
methods for the separation; isocratic condition (one mobile phase) and gradient condition (≥2 
mobile phases) Usually, there are more than two mobile phases for the elution. The gradient 
elution can improve the separation of the analyte and decrease the analysis time. In some cases, 
more Gaussian chromatographic peaks can be obtained. The system used to control the mobile 
phases is called solvent programming. 
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2.5.2.1.2. Pump 

Pump is responsible for moving the mobile phases in/out of the column. The normal 
operation pressure of pump is approximately 0-4000 psi depend on the pump model. The pump 
in HPLC can provide high precision of flow rate up to ±2%. The peak shape usually improves with 
the increasing flow rate because the effects from band broadening is reduced. 

2.5.2.1.3. Sample injection system 

Sample injection typically uses slider valve. There are manual and automatic injection. 
The volume of injection is varied between 2 to 100 µL. 

2.5.2.1.4. Column 

The stationary phases are loaded inside the glass and stainless-steel of 15-150 cm long, 
2-3 mm dimeter. There are two types of stationary phases; solid particles and liquid coating. The 
chemical structure influences the selection of the stationary phase. High polar analytes are 
suitable for polar column because the polar components on the stationary phase can retain the 
analyte inside the column, this is called normal phase chromatography. Examples of normal 
phase column are silica and alumina column. By contrast, nonpolar analytes are separated by 
nonpolar column, this is reverse phase chromatography. Mostly, the separation uses reverse 
phase column such as octyl (C8) and octadecyl (C18) column. 

2.5.2.1.5. Detector 

The choice of HPLC detector depends on the analyte. The common detector is UV 
spectrophotometer because it can operate automatically without the need of calibration. In 
some cases, other detectors such as mass spectrophotometer, electrochemical detector, and 
admittance detector are required because UV spectrophotometer has insufficient sensitivity for 
the detection. 

2.5.2.2. Ultra-High-Performance Liquid Chromatography (u-HPLC) 

The principle of u-HPLC is similar to HPLC but the analysis time of u-HPLC is greatly 
reduced because the packing particles and the pump system. In typical HPLC, the diameter of 

the stationary phase is averagely 3-5  µm but <2 µm for u-HPLC. The sub 2-µm particles increase 
the back pressure of u-HPLC; therefore, high efficiency pump is required (pressure of ~15,000 psi). 
The separation of the analytes is improved because the plate count is higher, and the band 
broadening is reduced. The sensitivity of the methods is increased because the analyte is 
concentrated due to the narrower band. 
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2.5.3. Ion Chromatography (IC) 

IC is the method uses for ionic compounds separation. Ionic samples are injected into 
the column fabricated from ion-exchange resin and interact with the stationary phase until 
displaced by stronger ions (usually the counter ions of the resin) and travelled to the end of the 
column for detection. The affinity of the ionic analytes and the ion-exchange resin depends on 
the oxidation state, hydration radius, degree of stationary phase’s crosslinking, molecular weight, 
concentration, and temperature. The stationary phase of IC is either cation-exchange (CEX) or 
anion-exchange (AEX) resin. The functional group of CEX resin include mostly sulfonic acid 
functional group and usually the conditions for separation is acidic of pH 4. AEX resin uses 
quaternary amine function group; therefore, the separation is carried out in basic conditions. IC 
can be classified into subcategories: strong/weak CEX and strong/weak AEX. Examples of 
common ion-exchange resin are listed in Table 2.1. 

Table 2.1 Examples of stationary phase in ion chromatography 

Type Functional group Examples 

Strong CEX Sulfonic acid -SO3- 

  -CH2CH2SO3- 

Weak CEX Carboxylic acid -COO- 

  -CH2COO- 

Strong AEX Quaternary amine -CH2N(CH3)3+ 

  -CH2CH2N(CH2CH3)3+ 

Weak AEX Amine  -NH3+ 

  -CH2CH2NH(CH2CH3)2+ 

The stationary phase can pack inside the column as small particles or coating at the 
surface of the column. The selectivity of the analyte to the stationary phase depends on the 
interaction with the ion-exchange resin. Ions possess higher oxidation state have higher affinity 
towards ion-exchange resin, but ions with the same oxidation number the ions with smaller 
hydration layer provide better exchange with the resin. In some cases, the affinity of the ions 
depends on both electrostatic force and Van der Waal’s force (high molecular weight ions 
provide stronger interaction with the resin).  
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2.5.4. Open Tubular liquid Chromatography (OTLC) 

The wall of the analytical column, for example silica column, can be hydrolyzed and 
functionalized with CEX or AEX. The column is carried out in open capillaries similar to gas 
chromatography, this is called open tubular liquid chromatography (OTLC). It is not suitable for 
the analytical column because the diffusion of the liquid phase is thousand times slower than 
the diffusion of gas and the separation cannot be obtained. Many efforts have been pursuing. 
Recently, OTLC has successfully developed for the separation of cations with functionalized 
polyolefin column using ion-exchange chromatography [5]. 
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CHAPTER III 
Lab-on-paper applications 

Recently, most flow analysis systems are miniaturized into a single convenient portable 
device. In this chapter, two analytical method namely; electrochemistry and colorimetry were 
developed on paper-based analytical device. First, paper-based electrochemical sensor was 
fabricated for C-reactive protein detection. Thiol-terminated poly(2-methacryloyloxyethyl 
phosphorylcholine) was synthesized and used as a recognition material for the protein in the 
presence of calcium ions. The polymer was grafted onto gold nanoparticles modified screen-
printed carbon electrode using gold-thiol interaction. Paper was used as substrate for storage of 
calcium ions and electrochemical active species (Fe(CN)63-/4-). The current signals were obtained 
from the redox reaction of the active species. The increasing of CRP concentration is inversely 
proportional to the decreasing of analytical signal. Therefore, the current measurement can 
relate to the amount of CRP in samples. The sensor performance was exceptional with detection 
limit of 1.6 ng mL-1. The paper-based electrochemical sensor was demonstrated for CRP 
detection in certified serum samples. Second, PAD was developed for Pi sensing. In this work, 
colorimetry was employed as the analytical method. The detection was performed on filter 
paper using 2-mercaptoethanesulfonate modified silver nanoplates as the colorimetric probe. 
Color changes from purple to pink result from the anti-aggregation of the modified AgNPls in the 
presence of Pi. Color shades are related to concentration; hence the semi-quantitative detection 
method was achieved. Pi sensor can used for monitoring soil quality with the limit of detection 
equals to 1.01 mg L-1. Lab-on-paper demonstrates that excellent analytical methods can 
performed on paper substrate and they are fast, convenient, and inexpensive.  
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3.1. Disposable paper-based electrochemical sensor using thiol-
terminated poly(2-methacryloyloxyethyl phosphorylcholine) for 
the label-free detection of C-reactive protein 

3.1.1. Abstract 

A paper-based electrochemical sensor is described that is based on the use of thiol-
terminated poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC-SH) that was self-assembled 
on a gold nanoparticle-modified screen-printed electrode (SPE). The SPE sensor was used for 
label-free detection of C-reactive protein (CRP). Gold nanoparticles (AuNPs) were first 
electrodeposited on the SPCE, followed by the self-assembly of PMPC-SH on gold. The 
electrochemical response of the modified SPE to CRP was measured by differential pulse 
voltammetry (DPV). If the CRP on the paper device is contacted with Ca (II) ions, the current 
(measured by using hexacyanoferrate as the electrochemical probe) decreases. The signal drops 
in the 5 to 5000 ng mL-1 CRP concentration range, and the lower detection limit (at 3 SD/slope) is 
1.6 ng mL-1. The use of a PMPC-modified surface also reduces the nonspecific adsorption of 
proteins. The sensor is not interfered by bilirubin, myoglobin and albumin. It was successfully 
applied to CRP detection in certified human serum. This sensor is applicable as an attractive 
protocol for an inexpensive, highly sensitive, and disposable material for electrochemical 
detection of CRP.  
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3.1.2. Introduction 

CRP or human C-reactive protein is a nonspecific pentameric protein manufactured by 
hepatocytes in the liver upon stimulation by endogenous proinflammatory cytokines. The level 
of CRP in the circulation system increases by >1000-fold within 1-2 days due to infection, cell 
damage, or other inflammatory conditions compared to healthy conditions (0.8 mg L-1) [6, 7]. CRP 
is an important risk factor for many heart diseases or cardiovascular diseases (CVD) [8, 9]. CRP is 
known to be present in atherosclerotic plaques and triggers the chemokine, in which later adhere 
the molecules to endothelial cells [10]. Thus, it is of great importance to determine the CRP 
level in patients for an early therapeutic treatment. The American Heart Association and the 
United States Centers for Disease Control and Prevention (AHA/CDC) provide the following criteria 
for CVD risk based on the level of CRP in human blood serum: concentrations of CRP less than 1, 

1 – 3, and above 3 mgL-1 represent low-risk, moderate risk, and high risk states, respectively [8, 
11]. In most cases, samples from patients are sent and analyzed for the CRP concentration in 
clinical laboratories. Immunonephelometric or immunoturbidimetric assays are the conventional 
techniques for the determination of the CRP level [12]. Although these immunoassay methods 
are well-established and reliable, antibodies are required. Furthermore, these assays are costly, 
time-consuming, skillful personnel and utilize complicated instrumentation are required. 
Therefore, a fast, highly sensitive, selective, and simple approach for trace CRP monitoring is 
desired. 

In the past few years, biosensors using electrochemical techniques have received 
attention for their portable and accessible tools for the detection of important biomarkers [13]. 
To achieve high selectivity and sensitivity of the measurement, various working electrodes for 
electrochemical sensors have been continuously developed. Metallic nanoparticles are attractive 
materials that have been used for the surface modification of the working electrode because 
they improve the electrochemical efficiency by enhancing the surface area of the electrode [14], 
particularly, the screen-printed electrode (SPCE), for which the size of the working electrode is 
limited. They show high catalytic abilities for some interested compounds [15]. Gold 
nanoparticles (AuNPs) are frequently utilized for this propose due to advantages including a high 
electron transfer and strong specific interaction with sulfur-containing compounds [16].  

AuNP-modified SPCE can be assembled with paper-based analytical devices (PADs) to 
simplify the detection and storage of chemical reagents. Many researchers are attracted to PADs 
for important determinations. For example, our group has developed a dual detection 
(colorimetry and electrochemistry) technique for the detection of toxic environmental 
compounds such as heavy metals [17, 18] and biomarkers [19, 20]. With the benefits of PADs in 
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combination with the SPCE, electrochemical sensors can be manufactured with low cost and high 
throughput. Furthermore, the detection is simple, sensitive and selective. SPCEs are disposable 
which eliminated the problem of electrode fouling and the pretreatment of the electrode before 
measurement. 

A single step technique for label-free CRP detection on PADs was developed. A AuNP-
modified SPCE self-assembled with PADs was tethered with biomimetic polymer consisting of 
thiol functional groups using the interaction between sulfur and gold for the label-free detection 
of CRP. Generally, CRP forms a pentraxin (115 kDa) of five identical subunits or protomers (~23 
kDa), which are noncovalently attached and symmetrically arranged around a pore. Each 
protomer has a recognition domain of a phosphorylcholine (PC) group in the calcium binding 
pocket [21]. In the presence of injured cells, the alleviated level of CRP in the circulating system 
binds with the PC receptor, then starts the classical component pathways to heal the damaged 
cells [22]. Specific binding between various biomimetic phospholipid structures and CRP has been 
reported [23]. 2-Methacryloyloxyethyl phosphorylcholine (MPC) has received great attention for 
this propose. Goda et al. first reported the MPC copolymer for the label-free detection of CRP 
using surface plasmon resonance techniques. The results showed that the binding of CRP is 
dependent on the local concentration of Ca2+ and pH of the environment [24]. MPC copolymer 
can be grafted on different surface such as ZnO nanowires [25] and glassy carbon electrode [26] 
and highly sensitive techniques including fluorescence and electrochemical impedance 
spectroscopy were employed for the quantification of CRP. Due to strong thiol-gold affinity, MPC 
bearing thiol functional group can be embedded onto the gold nanoparticles and used as 
recognition probe for CRP [27]. Iwasaki et al. demonstrated the utility of poly(MPC)-protected 
magnetic nanoparticles for the detection and collection of CRP. The analytical technique was 
performed by dynamic light scattering (DLS), an excellent limit of detection of this work was 
found at 10 nM and a good selectivity was obtained in the presence of bovine serum albumin 
(BSA) [28].  

PMPC-SH, which contains a mercapto group, was synthesized and self-assembled onto 
the surface of AuNPs electrodeposited on the SPCE. The electrochemical measurement was 
performed using differential pulse voltammetry (DPV). The current changed upon contact with 
CRP in the presence of Ca2+ and showed a good relationship with the CRP concentration. The 
characterization, optimization, analytical performance, and specificity of the sensors were studied. 
The sensors were constructed with PADs and were convenient to be used for CRP detection. 
Finally, this synthetic MPC-based polymer anchored on a AuNP-modified SPCE on PADs was 
demonstrated to be successfully applied for detecting the CRP level in simulated body fluids.  
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3.1.3. Experimental 

3.1.3.1. Chemicals 

All chemicals and reagents used in this work are of analytical grade except when 
stated. Carbon and silver/silver chloride (Ag/AgCl) inks were purchased from The Gwent Group, 
United Kingdom for the fabrication of the SPCE. The patterns of the SPCE and PADs were 
designed using Adobe Illustrator CS6 v16.0.3. The screen-printed block was made by Chaiyaboon 
Co. Ltd. (Bangkok, Thailand). Polyvinyl chloride (PVC) used as a substrate for the fabrication of the 
SPCE was purchased from a local market. Potassium hexacyanoferrate (III) (K3Fe(CN)6) was 
purchased from Riedel-de Haën (Lower Saxony, Germany). Tris-hydrochloride (Tris-HCl), Tris-base, 
potassium dihydrogen phosphate (KH2PO4), sodium phosphate dibasic (Na2HPO4) was obtained 
from Sigma-Aldrich (St. Louis, MO, USA). 4,4’-azobis(4-cyanovaleric acid) (ACVA), 4-cyano-4-
(thiobenzoylthio)pentanoic acid (CPD), hydrazine monohydrate, phosphate buffered saline pH 7.4 
(PBS), dialysis membrane (3,500 Da MWCO), 2, 2, 2-Trifluoroethanol (TFE) was purchased from TCI 
Chemicals. 2-Methacryloyloxyethyl phosphorylcholine (MPC) was bought from NOF Corp. 
Potassium tetrachloroaurate (III) (K[AuCl4]) was purchased from Wako Chemicals, Japan. Calcium 
chloride (CaCl2) was obtained from May & Baker (Dagenham, England). C-reactive protein (CRP) in 
human serum (Certified Reference Material ERM-DA474/IFCC, Lot: 081M1600V) was purchased 
from Sigma-Aldrich. The amount of CRP in the samples was measured by immunonephelometric 
and immunoturbidimetric assays using ERM-DA470 as the calibrant. The 0.05 mM Tris-buffer 
consisting of Tris-HCl, Tris-base, and 0.15 mM NaCl was prepared, and the pH was adjusted by 
varying the composition between Tris-HCl and Tris-base. Millipore Milli-Q purified water (18.2 MΩ 
cm) was used throughout the experiments. 

3.1.3.2. Apparatus and measurements 

Electrochemical measurements were performed on an AUTOLAB PGSTAT101 (Metrohm 
Siam Company Ltd.) and controlled with the NOVA 2.0 software. A disposable SPCE was used and 
fabricated using an in-house screen-printing method. A conductive Ag/AgCl ink was employed as 
a pseudo-reference electrode (RE). Carbon ink was utilized to prepare the working electrode (WE) 
and counter electrode (CE). Electrochemical measurements of the CRP were achieved using 
differential pulse voltammetry (DPV) under the optimized conditions: 0.1 V amplitude and 7.5 mV 
step potential. In all cases, DPV was carried out at room temperature (25 ± 1 °C). 

Electrochemical impedance spectroscopy (EIS) measurements were accomplished on a 
PalmSens4 potentiostat/ impedance analyzer (Palmsense BV, Netherland) and controlled with 
PSTrace software. The EIS of CRP was performed done under the follwing conditions: 5 s 
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tequilibration, 0.1 MHz maximum frequency, 0.01 Hz minimum frequency, and 0.1 V Eac. EIS 
experiments were performed at room temperature. 

The surface morphology of the working electrode was studied by scanning electron 
microscopy (SEM) using a JSM7610 field emission scanning electron microscope (FESEM, JEOL 
Ltd., Japan). The high-resolution images were obtained at 15.0 kV SEI with a magnification of 
x10,000.  

Preparation of PMPC and PMPC-SH were characterized by proton nuclear magnetic 
resonance (1H-NMR) spectroscopy recorded on a Varian, model Mercury-400 NMR spectrometer 
(USA) operating at 400 MHz using D2O as a solvent. The number-averaged molecular weight (Mn) 
of synthesized PMPC was calculated from the relative ratio between the integrated peak areas of 
the protons from the PMPC backbone and the protons from the dithiobenzoate groups at 
polymer chain end 

3.1.3.3. Synthesis of thiol-terminated PMPC (PMPC-SH) 

PMPC with a degree of polymerization (DP) of 25 was prepared by reversible addition-
fragmentation chain-transfer (RAFT) polymerization [29, 30] as follows: MPC (1.4763 g, 5.00 mmol), 
ACVA (9.35 mg, 33.4 µmol) and CPD (55.9 mg, 0.200 mmol) were dissolved in 5.0 mL of 2,2,2-
trifluoroethanol (TFE) in a vial equipped with a magnetic bar and septum. The reaction mixture 
was degassed by purging with nitrogen gas for 30 min and then stirred in oil bath at 70 °C for 4 h. 
After polymerization, the polymer solution was purified by dialysis (MWCO 3,500 Da) against DI 
water for 3 days and lyophilized by a freeze dryer (model Freezeone 77520 Benchtop, Labconco, 
USA). To convert dithiobenzoate group at polymer chain end to thiol group for grafting onto gold 
surface, an aqueous solution of PMPC (5.0 mM) was treated with hydrazine (30 mol equivalents 
of PMPC) at room temperature for 6 h or until the polymer solution became colorless. After the 
reaction was completed, the reaction solution was then added to 1.2 M HCl (10 mL). The final 
cotton-like white solid was obtained after purification by dialysis against HCl (pH =3) for 2 days 
and deionized water for another 2 days at 4 °C and lyophilization. 

3.1.3.4. Sample preparation 

The standard stock solution of CRP was kept frozen in a freezer at -20 °C until use. The 
working solutions were diluted from stock solutions using Tris-buffer. The synthesized PMPC-SH 
(solid) was kept in a -20 °C freezer and protected from the humidity. 
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3.1.3.5. Fabrication of gold nanoparticles electrodeposited on a 
screen-printed carbon electrode (AuNPs-SPCE) 

The electrode was a SPCE that can be simply fabricated at low cost. The format and 
preparation of the SPCE were thoroughly discussed [31]. The format consists of a reference 
electrode (RE), working electrode (WE), and counter electrode (CE), see Figure 3.1A. On a PVC 
substrate, the RE and conductive pads were printed first with Ag/AgCl ink. Second, the carbon ink 
was printed to form both the WE and CE. After that, the electrode was baked at 55 °C (1 h) for 
residual solvents removing prior to use. 

 
Figure 3.1 Design of devices in this work SPCE A), PADs B), the assemble of SPCE and PADs 
(SPCE/PADs) C), and the photo of SPCE/PADs with scale (in cm). 

Gold (III) stock solution (0.1 mM) in H2SO4 was prepared by dissolving 0.0377 g of 
potassium tetrachloroaurate (III) (K[AuCl4]) in 1 mL 0.2 M H2SO4. For other gold (III) concentrations, 
the solution was diluted from the stock solution. For WE modification by AuNPs, 30 µL of gold (III) 
solution (5 mM) was dropped onto the surface of the three electrodes followed by applying a 
constant potential of -0.4 V (vs. Ag/AgCl) for 200 s without stirring the solution. Then, the 
electrode with the AuNPs electrodeposited on the SPCE (AuNPs-SPCE) was completely rinsed 
with distilled water and dried under N2 gas before use. For electrode characterization, AuNPs on 
WE were studied using SEM and EIS.  
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3.1.3.6. Fabrication of paper-based analytical devices (PADs) for 
AuNPs-SPCE 

PADs were fabricated by the wax printing method. First, the design in Figure 3.1B was 
depicted using Microsoft Power Point. The designs were printed onto Whatman No.1 filter paper 
using a wax printer (Xerox ColorQube 8570DN). The paper was then baked inside the oven at 150 
°C for 2 min, and 2 mm thick double-side tape was punctured with a 1 cm diameter hollow hole 
puncher. After that, the AuNPs-SPCE was placed in the middle of the paper and attached above 
with the punctured double-side tape described previously (see Figure 3.1C for more information 
about device assembly). The PADs consist of three parts, first is the middle of the PADs in which 
the SPCE was placed. Second, a green flap (label with 1) was used for the storage of Ca2+ and 
dropping the sample. Third, a purple flap (label with 2) was used for the storage of K3Fe(CN)6 for 
the detection using the PADs. 

3.1.3.7. Preparation of CRP sensors and DPV measurement 

Figure 3.2A shows the schematic for the preparation of PMPC-SH self-assembled onto 
the AuNPs-SPCE. The copolymer of PMPC-SH contains a thiol functional group, which can react 
with gold using the favorable sulfur-gold interaction. The solution of PMPC-SH was prepared by 
dissolving precipitated PMPC-SH in Tris-buffer solution at a pH of 6. Next, 5 µL of the solution was 
dropped onto the surface of the working electrode and left at room temperature for 1 h. Then, 
the electrode was thoroughly washed with Tris-buffer twice to remove the excess PMPC-SH on 
the electrode surface. These electrodes were termed PMPC-SH/AuNPs-SPCE, and the current 
obtained from them was subtracted from the current during the detection of CRP. The devices 
were kept in a desiccator at room temperature.  

For the detection of CRP, PADs were employed. Prior to the measurement, 100 µL of 
10 mM Ca2+ was dropped in the middle of the channel of the green flap and left to dry at room 
temperature for approximately 10 min. Next, the same volume of 4 mM [Fe(CN)6]3-/4- prepared in 
0.1 M KNO3 was dropped in the channel of the purple flap and left to dry. To detect CRP, the 
green flap was folded to the middle, and 100 µL of sample was dropped and left for incubation. 
After 1 h, the green flap was removed, and the electrodes were washed with Tris-buffer solution 
twice to remove the excess. The electrodes in this step were termed CRP/PMPC-SH/AuNPs-SPCE. 
Then, the purple flap was folded to the middle and 100 µL of 0.1 M KNO3 was dropped and left 
for 10 min to allow the solution of [Fe(CN)6]3-/4- to permeate to the surface of the electrodes. 
Finally, the current was measured by DPV techniques using an applied potential in the range of -
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0.3 – 0.5 V. The total analysis can be performed within 1.5 h. The procedure for CRP detection on 
PADs is summarized in Figure 3.2. 

 
Figure 3.2 Preparation of PMPC-SH/AuNPs-SCPE/PADs for CRP detection using DPV  
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3.1.4. Results and discussion 

3.1.4.1. Synthesis and characterization of PMPC and PMPC-SH 

MPC was characterized by Proton nuclear magnetic resonance (1H-NMR). Figure 3.3 
illustrates 1H-NMR spectra of the synthesized PMPC before and after reduction. As shown in A, 
the characteristic peaks of MPC repeating unit were clearly observed. By calculating the relative 
peak ratio between the peak integration of Hc, d, e and Hf, g, h from 1H-NMR spectrum of PMPC, the 
observed molecular weight (MW) was 8,547 which was close to the targeted MW (targeted MW is 
7661) indicating well-controlled characteristic of RAFT polymerization. After reduction (Figure 
3.3B), the signal of aromatic protons of dithiobenzoate group (Hf, g, h) disappears confirming that 
the terminal dithiobenzoate groups were cleaved and converted to thiol groups. 

 
Figure 3.3 1H NMR spectra of PMPC-SH (B) compared to PMPC (A). 

3.1.4.2. Characterization of the modified electrode 

Gold nanoparticles were electrodeposited from gold (III) solution onto the surface of 
the SPCE for the self-assembly of PMPC-SH. The presence of AuNPs on the electrode surface 
after the electrodeposition step was studied by SEM technique. The unmodified carbon 
electrode showed no presence of AuNPs (Figure 3.4A), while AuNPs distributed homogeneously 
throughout the electrode surface were observed (Figure 3.4B) after the electrodeposition of 
AuNPs. From the size distribution curve (Figure 3.4C), the average particle size was 56.17 nm with 
a PDI of 0.082. The results indicated that the deposited AuNPs were affixed onto the electrode 
surface with a uniform manner.  
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Figure 3.4 Characterization of AuNPs-SPCE: SEM images of the carbon material (A), and AuNP-
modified carbon electrode (B); particle distribution (C); and CV of the bare SPCE compared to 
the AuNPs-SPCE using 5 mM [Fe(CN)6]3-/4- in 0.1 M KNO3 as redox probe at a scan rate of 100 
mV/s (D). 

The nearly monodisperse distribution of gold nanoparticles can significantly increase 
the electroactive surface area. The currents obtained from AuNPs-SPCE and bare SPCE were 
compared. As seen in Figure 3.4D, the AuNPs-SPCE exhibited a higher current for [Fe(CN)6]3-/4- 
detection with respect to the bare SPCE. The effective surface areas (A) of these electrodes were 

derived from the calculation of the Randles-Sevcik equation: ip = 2.69 x 105 A D1/2 n3/2  1/2 C, 
where D is the diffusion coefficient of [Fe(CN)6]3-/4-, C is the concentration of [Fe(CN)6]3-/4-, and n is 
the number of involved electrons. The slope obtained from a plot of the peak current versus the 

square root of the scan rate () was employed for the evaluation of the electroactive surface. 
The experiments were studied using cyclic voltammetry (CV) at various scan rates in a 5.0 mM 
[Fe(CN)6]3-/4- solution containing 0.1 M KNO3. The results showed that the peak currents (ipa) of the 
SPCE (Figure 3.5A and B) and AuNPs-SPCE (Figure 3.5C and D) proportionally increased with 

increasing 1/2. For the SPCE and AuNPs-SPCE, the electroactive surface areas were calculated to 
be 0.0272 ± 0.0014 cm2 and 0.0657 ± 0.0033 cm2, respectively using Randles-Sevcik equation. In 
summary, the electroactive surface area was increased by 42% for the AuNPs-SPCE. The results 
imply the increase of the surface area, which can increase the sensitivity of the detection. 
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Figure 3.5 Study of the electroactive surface area of the bare SPCE A) and AuNPs-SPCE B) using 
CV with various scan rates of 20 to 100 mV/s. Plots between square root of scan rate (V/s)1/2 and 
current (µA) of bare SPCE C) and AuNPs-SPCE D). 

3.1.4.3. Electrochemical detection of the CRP using the sensors 

To confirm the successful preparation of this sensor, the EIS technique was employed. 
This characterization technique studies the changes of the material’s impedance including 
surface-modified electrode. The electron-transfer kinetics of the redox probe in the solution 
([Fe(CN)6]3-/4-) at the electrode interface control the electron-transfer resistance (Rct) which is 
illustrated by semicircle diameters at high frequency. The electrodes including the SPCE, AuNPs-
SPCE, PMPC-SH/AuNPs-SPCE, and CRP/PMPC-SH/AuNPs-SPCE were studied and the results are 
shown in Figure 3.6A. The signal from the bare SPCE (red line) was nonlinear with a higher Rct of 
4.92 kΩ in comparison to the AuNPs-SPCE (blue line) which had a Rct of 0.57 kΩ at high 
frequencies. This is due to the enhancement of electron-transfer kinetics by AuNPs deposited on 
the SPCE. After PMPC-SH was self-assembled on the AuNPs-SPCE, a Rct of 1.03 kΩ was observed 
(green line). This augmentation of Rct can be ascribed to the hindrance of the electrode surface 
by PMPC-SH, which reduced the accessibility for the Fe(CN)63-/4- redox couple. After the CRP was 
added in the presence of Ca2+, the Rct increased to 2.25 kΩ (gray line). This indicates that an 
interaction between CRP and PMPC-SH occurred. 
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Figure 3.6 EIS (A), CV (B), and DPV (C) of 10 ng mL-1 CRP detection steps on PMPC-SH/AuNPs-
SPCE/PADs 

The detection of CRP was measured by the change in the current (∆I) obtained from an 
electrochemical redox species ([Fe(CN)6]3-/4-) before and after the PMPC-SH/AuNPs-SPCE interacts 
with CRP in the presence of Ca2+. The current difference (∆I = iblank – iCRP) increased after the 
addition of CRP. This is because the target analyte interacted with the PC group of PMPC-SH and 
remained on the surface of the WE. Therefore, the Rct on the surface of the electrode was 
increased and decelerated the kinetics of the electron transfer at the surface [32]. The iCRP was 
affected and decreased compared to the blank signal, which led to the increase of ∆I. The 
results obtained from EIS demonstrated that the Rct of CRP greatly increased to 2.25 kΩ 
(previously described). Together with the discussion of the PMPC-SH/AuNPs-SPCE characterization, 
the results suggested that the electrode can be used for CRP detection. EIS results (Figure 3.6A) 
corresponded with the results performed using cyclic voltammetry (CV) as shown in Figure 3.6B. 

Differential pulse voltammetry (DPV) was used as an analytical technique because it 
can provide higher sensitivity (the current is sampled before the change in potential; thus, the 
effect of the charging current is decreased) [33]. It is also convenient to perform DPV analysis on 
a portable potentiostat suggesting its practicality for on-site detection in the future over the 
impedance spectroscopic method developed by our previous work [34]. Similar trends were 
observed using DPV (in Figure 3.6C) when compared with those found from EIS and CV analysis as 
previously described. From the results, the anodic current of AuNPs-SPCE is significantly higher 
than that of the bare SPCE. This is attributed to the enhancement of electron transfer by 
increasing the electroactive surface area. The oxidation potential of the AuNPs-SPCE was also 
shifted to approximately 0.05 V, suggesting that AuNPs facilitate the electron transfer of the redox 
probe. After the self-assembly of PMPC-SH on the surface of AuNPs, the current decreased, and 
the potential shifted further. A similar phenomenon was observed after the addition of CRP. ∆I 
before and after the addition of analytes using DPV for the current measurement can be used for 
the detection and quantification of CRP.  
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3.1.4.4. Optimization of variable parameters 

Two PMPC-SH having different degree of polymerization (DP), DP50 and DP25 were 
used. The DP reflects a number of MPC repeating unit per chain of PMPC. As seen in Figure 3.7A, 
both PMPC-SH systems can similarly bind with CRP; except that the ∆I of the two systems were 
different. Interestingly, ∆I obtained from PMPC-SH DP25 was higher. This is because PMPC-SH with 
DP50 is principally twice longer in length than that with DP25 which should yield thicker layer of 
self-assembled PMPC layer and thus hindered the transfer of the electrons (the resistance is 
higher) on the interface of the electrode. From the results, the PMPC-SH of DP25 was therefore 
selected for further studies. 

 
Figure 3.7 Optimization of important parameters for CRP detection using the PMPC-SH/AuNPs-
SPCE/ PADs: DP of PMPC-SH (A), concentration of PMPC-SH (B), concentration of Ca2+ (C), pH (D), 
incubation time (E), and concentration of [Fe(CN)6]3-/4-(F). 

PMPC-SH was tethered on the surface of the electrode and used for the detection of 
CRP. The phosphorylcholine functional group (PC) was responsible for reacting with the CRP at 
the CRP binding site in the presence of Ca2+. PMPC-SH was distributed on the surface and 
allowed to assemble on the surface of the AuNPs-SPCE. To cover the surface of the electrode, 

the amount of PMPC-SH was optimized. The important parameters were 10 mM Ca2+, 100 ngmL-1 
CRP and the DP of PMPC-SH of 25. Concentrations of PMPC-SH was varied as follows: 0, 0.001, 

0.01, 0.1, 0.5, and 1 gL-1. The results are shown in Figure 3.7B. In this plot, ∆I increased for PMPC-
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SH concentrations in a range of 0 – 0.01 gL-1, and then, saturation was reached. This outcome 
suggested that the PMPC-SH self-assembly corresponds to a Langmuir isotherm. Even when the 

PMPC-SH concentration was increased beyond 0.01 gL-1, ∆I remained unchanged. This indicated 

that a PMPC-SH concentration of 0.01 gL-1 was certainly enough to attain a well-assembled 
PMPC layer, and the excess was entirely washed out from the electrode surface. Hence, the 

optimal concentration of PMPC-SH was 0.01 gL-1 and was employed for the study of the 
analytical performance. 

The CRP-Ca2+ interaction described by Christopeit et al. showed that the CRP-PC affinity 
is dependent on the concentration of Ca2+ [35]. There are reports of hypercalcemia and acidosis 
at sites of inflammation, infection, or tissue damage for the activation of CRP [36, 37]. Two free 
Ca2+ are involved in the binding between CRP and the PC group of lipid bilayers [38, 39]. For 
biomimetic synthetic PMPC-SH, Ca2+ showed low (KD, low = 0.03 mM) and high (KD, high = 5.45 mM) 
affinity towards CRP. The results also demonstrated a clear sigmodal shape, which represents two 
different behaviors of Ca2+ interaction with CRP. Therefore, the effects of Ca2+ concentration was 
therefore studied. For this experiment, concentrations of Ca2+ ranging from 0 mM to 50 mM were 
chosen. The results (in Figure 3.7C) indicated that the minimum concentration of Ca2+ that gives 
the highest ∆I is 10 mM. The total concentration of Ca2+ on the working electrode was 5 mM, 
which also corresponds to the KD, high of other reports. The affinity between amino acids such as 
glutamate, glutamine, aspartate, and asparagine on CRP towards Ca2+ is varied by pH. CRP sensor 
was demonstrated that at biological pH (~7.4), the best performance was achieved. 

The self-assembled monolayers (SAMs) of thiol are pH dependent. SAMs were quite 
stable under acidic conditions; however, SAMs easily changed their binding in basic solutions. 
Kong et al. studied the effects of pH on the thickness of alkanethiol compounds assembled on a 
gold surface and found that the thickness of the compounds decreased with the increase of the 
pH [40]. Therefore, the pH of the solution for the self-assembly of PMPC-SH was also 
investigated. The crucial parameters for this experiment were 0.01 g L-1 PMPC-SH, 10 mM Ca2+, 
and 100 ng mL-1 CRP. Phosphate buffer with different pH values were prepared including those 
with pH values of 4, 6, 7, 8, and 10. The results are shown in Figure 3.7D. As expected, ∆I 
decreased with increasing the pH above 6; however, ∆I at pH of 4 is considerably lower than that 
at pH of 6. This can be due to the desorption (or detachment) of the ligands considering 
protonation of the ligands by proton (H+) [41]. Hence, the optimal condition for the self-assembly 
of PMPC-SH is at pH of 6 and this pH was used for all the experiments to follow. 

The PMPC-SH was self-assembled on the AuNPs-SPCE by the thiol functional group for 
CRP detection. The incubation time between the polymer and the electrode was optimized. For 
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this, four different incubation times of 20, 40, 60, and 90 min were evaluated. The concentrations 

of the PMPC-SH, Ca2+, and CRP used were 0.01 gL-1, 10 mM, and 100 ng mL-1, respectively. As can 
be seen in Figure 3.7E, the minimum incubation time of PMPC-SH that can be used is 60 min at 
which the ∆I began to increase. Less than 60 min was not long enough for PMPC-SH to complete 
its SAM formation on the surface of the electrode, as the ∆I values became smaller. The period 
of 60 min was therefore considered as the optimal incubation time at which high ∆I values were 
obtained with proper reproducibility. 

CRP detection was measured indirectly from the electron transfer of [Fe(CN)6]3-/4- from 
the interface of the functionalized electrode. The concentration of the redox probe was 
optimized for high sensitivity for this sensor. To perform this experiment, 0.25, 0.5, 1.25, 2.5, 4, 
and 5 mM concentration of [Fe(CN)6]3-/4- were dropped on PADs, and their currents were 
measured using DPV. In Figure 3.7F, it can be observed that the values of ∆I increased until a 
fixed value was reached. From a concentration above 4 mM, saturation of the current was 
produced, and therefore, the optimal concentration established to determine the calibration plot 
of CRP was 4 mM [Fe(CN)6]3-/4- 

To produce the optimal CRP sensing system, important parameters expected to alter 
the performance of the sensor including the DPV parameters, deposition time for AuNPs, DP of 
PMPC-SH, concentration of PMPC-SH, pH, concentration of Ca2+, incubation time, and 
concentration of [Fe(CN)6]3-/4- were optimized. The first optimized parameter was the deposition 
time for AuNPs. Gold (III) solution (5 mM) was prepared in 0.2 M H2SO4 and electrodeposited onto 
the surface of the SPCE by applying constant potential at -0.4 V (vs Ag/AgCl). The deposition time 
was varied between 30 and 700 s. The results showed that the current was increased with 
increasing the deposition time from 30 to 200 s and was slightly decreased after 200 s (Figure 
3.8A). This is due to the formation of larger AuNP agglomerates with long high deposition time (as 
shown in Figure 3.8), which decreased the electroactive surface area of the electrode and 
resulted in the depletion of the current [42]. Therefore, a deposition time of 200 s was chosen 
for the next experiments.  
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Figure 3.8 Study of the deposition time versus current A) and characterization of the AuNPs-SPCE 
evaluated by SEM using varied deposition time: 30 s, 200 s, and 700 s. 

3.1.4.5. Analytical performance 

The analytical performance of the sensor was evaluated with different concentrations 

of CRP. For this, the concentrations of CRP employed were in a range of 5 – 5000 ngmL-1. The 

optimal concentrations of PMPC-SH and Ca2+ as well as the incubation time were 0.01 gL-1, 10 
mM, and 60 min, respectively. The PMPC-SH interacts with CRP through the PC binding site of the 
CRP pocket in the presence of Ca2+. The results are shown in Figure 3.9A. In this representation, 
the current decreased with the increase in the concentration of CRP. This is because of the effect 
on the kinetics of the electron transfer reaction by [Fe(CN)6]3-/4-, which is delayed at the interface 
of the electrode, mostly due to the steric hindrance presented by the (PMPC-SH)-CRP formed. To 
evaluate the detection limit (LOD), sensitivity, and linear response range, a calibration plot was 
constructed. In this calibration plot (Figure 3.9B) differences in the current between the current of 
the blank and analytes (∆I) were plotted versus the concentration of CRP. The linear relationship 
(R = 0.9969) between the ∆I and the concentration of CRP is according to the equation ∆I = 
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5.5096 log [CRP] + 19.408. All the measurements were performed with n = 3 replicates. The 

detection limit, 1.55 ngmL-1, was estimated as 3 times the standard deviation (n = 3) of the 
blank and the sensitivity (5.5096) is the slope of the calibration plot, with all of these in label-
free conditions and uninvolved of the immunoassay which is the significant advantage of this 
work over other works presented by our group [43, 44]. In addition, a calibration plot with a linear 

range of 5 – 5000 ngmL-1 CRP was obtained. The comparison of the analytical performance 
between this sensor and other sensors is presented in Table 3.1. In addition, the repeatability 
and stability of the CRP electrochemical sensors were investigated. Three different concentrations 

of CRP including 10, 100, and 1000 ngmL-1 of five different sensors were measured for currents. 
%RSD of 1.36%, 0.99%, and 1.06% were obtained, respectively. The senior achieved a great 
stability (RSD < 1.34) after 8 weeks. Thus, this device exhibits the excellent potential for CRP 
detection with a good performance. 

 

Figure 3.9 DPV plots for CRP detection with increasing CRP concentrations (A). Calibration curve 
vs logarithm of CRP concentration (B). Each value corresponds to replicated experiments (n = 3).  
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Table 3.1 Comparison of the analytical performance of other CRP sensors with the developed 
method 

Materials Substrate Technique 
Limit of 

detection 
(ng mL-1) 

Linear 
dynamic range 

(µg mL-1) 

Immunoassay 
approach 

Ref. 

anti-CRP AuNPs/graphene/SPCE EIS 15 50 – 100x103 Yes [31] 

Goat anti-human 
CRP polyclonal 
antibody 

Gold electrode EIS 20.24 0.058 – 5.75 Yes [33] 

anti-CRP AuNPs/SPCE Amperometry 17 0.047–23.6 Yes [34] 

Poly[MPC-co-BMA-
co-MEONP] 

Fe3O4 NPs DLS 1.15 x 103 0 – 69 No [19] 

cytidine 5’-
diphosphocholine 
sodium salt 
dihydrate-choline 

Carbon screen printed 
paper-based 
electrochemical 
impedance device 

EIS 1 0.005 – 500 No [23] 

PMPC-SH AuNPs-SPCE/PADs DPV 1.55 0.005 – 5 No 
This 
work 

3.1.4.6. Application in the analysis of CRP in human serum samples 

An efficient electrochemical sensor must have a good selectivity. The impact of 
interferences can be studied from the value of the ∆I in the presence of other proteins. To show 
that the proposed sensor can detect CRP specifically in real serum samples, selectivity 
experiments were performed. The proteins studied were bilirubin, myoglobin, and albumin, 
proteins abundantly found in a real serum sample. The procedure used in this investigation 
follows identically to that previously reported [44] except for displacing proteins in the last step 
of the experiment. The concentration of the protein used in these selectivity assays was 1000 ng 
mL-1, except 100 ng mL-1 for CRP. The concentrations of PMPC-SH and Ca2+, as well as the 
incubation time were those optimized in the previous sections. The results are shown in Figure 
3.10A. The results demonstrated that other proteins insignificantly influenced CRP detection. This 
is because PMPC-SH is resistant to the adsorption of nonspecific protein [45-47] but can be used 
for synthetic receptors for CRP. The antifouling property is another remarkable advantage of using 
biomimetic MPC polymer for a CRP sensor.  
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Figure 3.10 Selectivity of PMPC-SH for CRP (100 ng mL-1) in the presence of bilirubin, myoglobin, 
and albumin at 1000 ng mL-1 (A). The effects of cations including Na+, K+, Ca2+, and Mg2+ on the 
PMPC-SH/AuNPs-SPCE CRP sensor. Error bars are obtained based on three independent 
measurements. 

In another pentraxin family such as serum amyloid P, which has 50% homology to CRP, 
there are reported binding sites for Ca2+ [48-50]. There are possibilities of different divalent 
cations that can be occupied the inside Ca2+ binding sites [51]. However, these ions have a lower 
affinity for the binding sites compared to Ca2+ leading to a weaker interaction with CRP. Even so, 
the physiological presence of these cations in the circulation system as well as the interactions of 
these cations are concentration dependent. Therefore, the effects of different cations on the 
developed sensors were studied. The concentrations of these ions are much higher than the 
relevant concentrations that have been observed in blood. From the results in Figure 3.10B, high 
∆I values between the PC binding site and Ca2+ were obtained, whereas other ions including Na+, 
K+, and Mg2+ (other ions such as Mn2+, Cu2+, and Zn2+ are present in very low concentrations [52, 
53]) have demonstrated much lower ∆I values. This phenomenon may be attributed to the 
induction of Ca2+ for the conformational change of CRP, which results in a more compact protein 
as well as decrease of the hydrodynamic radius of the protein [54]. Hence, our proposed CRP 
sensors can selectively detect CRP without influence from any physiological components. 

CRP sensor was applied for CRP detection in a certified CRP reference material 
prepared in certified serum of human to demonstrate the feasibility of CRP sensor in real sample 
applications. The certified CRP sample was first diluted to the desired concentration using Tris-
buffer, then determined for their anodic currents by DPV and recurred for their exact 
concentration by the external standard calibration. Tcalculated of the results from this method and 
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the label values equals to 0.01 which lower than t-value of 2.13. The statistical data suggests that 
this electrochemical CRP sensors agrees with the certified number calculated from serum sample 
at 95% confidence interval by a pair t-test. The analysis was done in triplet replications (n = 3), 
and the relative standard deviation was excellent (RSD ≤ 5%). Therefore, our method for CRP 
detection can be used as a novel and respectable sensor for the sensitive and fast analytical 
method of this inflammation marker. 

Table 3.2 Comparison of the obtained results between the proposed method and standard CRP 
detection methods 

[CRP] T-test 

Standard method Proposed method %Recovery tcritical tcalculated 

5.15 4.97 ± 0.57 96.60 

2.13 0.10 

2.58 2.74 ± 0.88 106.46 

0.52 0.49 ± 0.18 95.95 

0.10 0.10 ± 0.01 101.33 

0.00 ND - 
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3.1.5. Conclusions 

The label-free detection of CRP with PMPC-SH self-assembled on a AuNPs-SPCE 
constructed with PADs was achieved. The gold nanoparticles exhibited good dispersion with an 
average size of ~60 nm. The surface area of the working electrode increased by 2.5-fold after the 
electrodeposition of AuNPs. PMPC-SH comprised of the thiol functional group was synthesized 
and anchored onto the AuNPs on the SPCE using sulfur-gold interactions. CRP can react with 
PMPC-SH using the PC binding site in the presence of Ca2+. The CRP quantification was obtained 
from different electron transfers of K3Fe(CN)6 due to the formation of (PMPC-SH)-CRP compounds 
on the working electrode surface. The current change was inversely proportional to the CRP 
concentration. The study showed a dependency of only the Ca2+ concentration among other 
cations. Important parameters including the degree of polymerization, concentration of PMPC-SH, 
concentration of Ca2+, and pH, were optimized. The sensor was highly sensitive with a limit of 

detection in the ngmL-1 (1.55 ngmL-1) range and a wide linear dynamic range (5 – 5000 ngmL-1). 
The sensor was successfully applied to selectively and specifically detect certified CRP samples. 
The results from this method agreed with the concentration of the certified reference material. 
PMPC-SH tethered onto a AuNPs-SPCE on a PADs can serve as a useful, rapid, and inexpensive 
tool for the detection of inflammation and the control of CRP levels in plasma without the use 
of immunogenic substances.  
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3.2. Colorimetric sensor for determination of phosphate ions using 
anti-aggregation of 2-mercaptoethanesulfonate-modified silver 
nanoplates and europium ions 

3.2.1. Abstract 

A new, distinctive, and inexpensive colorimetric sensor for the detection of phosphate 
ions (Pi) performed on paper-based analytical devices (PADs) based on the anti-aggregation of 2-
mercaptoethanesulfonate (MS)-modified silver nanoplates is proposed. An aggregation of MS-
AgNPls due to the electrostatic interaction between the negatively charged sulfonate group on 
MS-AgNPls and europium ions (Eu3+) causes a color change. Conversely, the color of MS-AgNPls 
remains unchanged in the presence of premixed Eu3+ with Pi because of the higher binding 
affinity that Eu3+ has towards Pi, leaving the AgNPls dispersed. An apparent color change from 
brown to red with the increasing amount of Pi can be observed by the naked eye on PADs and 
can be used for quantification by the measurement of color intensity using ImageJ software and 
determined with the color comparator. The aggregation and anti-aggregation of MS-AgNPls were 
characterized by TEM, UV-vis spectroscopy, and FT-IR to confirm the mechanism. This method 
can detect Pi in the range of 1 - 30 mg L-1, with a detection limit of 0.33 mg L-1 (3SD/slope) and a 
limit of quantification equal to 1.01 mg L-1 (10SD/slope). The optimum parameters, including pH, 
MS and Eu3+ concentrations, reaction time, and interference effects, were studied. This method 
can be applied with the detection of Pi in real samples collected from soils, and the results 
agree with those of the standard method (UV-vis spectroscopy).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 75 

3.2.2. Introduction 

Agricultural products are largely influenced by the quality of the environment, 
especially the soil [55, 56]. Phosphorus (P) is one of the most important elements found in soil 
and necessary for the development of plants. It helps the production of roots, strengthens the 
stem, promotes the growth of the flowers and fruits, and increases other elements’ fixation, such 
as nitrogen [57]. The deficiency of phosphorus will lead to the slow development of seeds and 
other products [58-60]. This deficiency can be improved by adding excessive phosphorus 
fertilizer. However, redundant levels of phosphorus will harm the environment and cause 
eutrophication [61]. Therefore, the quantification of phosphorus in soil is important. 

Currently, there are various methods, such as electrochemistry [62, 63], spectroscopy 
[64], and fluorometry [65], for P analysis. These methods provide high sensitivity and accuracy; 
however, sophisticated instruments and tedious sample preparation are required. Additionally, 
the experiments need to be performed in laboratory, which is unsuitable for cost-limited and on-
site monitoring. Since their introduction in 2010 by Martinez et al., paper-based analytical devices 
(PADs) have emerged as a promising technology to address the growing need for simple, 
quantitative, and point-of-care assay platforms [66]. PADs have been used in various applications 
ranging from clinical diagnosis [67, 68] to environmental monitoring [69, 70] due to their low cost, 
ease of use, portability, and disposability [71, 72]. The fiber network of paper provides the ability 
for reagent storage. Additionally, the exposure to vase toxic chemicals to the researcher/user can 
be greatly reduced, because PADs require only a few microliters of sample and reagents. 
Colorimetric detection is the most common detection method in PADs due to its relatively 
simple operation and visual observation. The color change observed is proportional with analyte 
concentration and allows for direct analysis by the naked eye, digital camera or smartphone, with 
no personal scientific skill needed.  

Colorimetric sensors based on principles of aggregation, anti-aggregation, or etching of 
noble metal and carbon nanoparticles, such as silver, gold nanoparticles, carbon nanodots, and 
graphene quantum dots, in the presence of target analytes are attractive to many researchers 
because of their selectivity, sensitivity, and simplicity [73, 74]. Among the noble metal 
nanoparticles, it is well known that silver nanoparticles (AgNPs) give the strongest surface 
plasmon resonance (SPR). AgNPs’ physical and chemical properties are tunable by changing size 
and shape, and they are highly stable in the dispersion stage and biocompatible [75, 76]. 
Therefore, the studies have concentrated on detection of various biological and environmental 
markers using different shapes of AgNPs. For example, Chen et al. have developed triangular 
silver nanoplates (AgNPls) for H2O2 sensing. In that work, AgNPls was etched from triangle to 
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round shape in the presence of H2O2 and the absorbance at 670 nm was significantly decreased. 
The color change can be observed from blue to mauve [77]. AgNPls have higher ratio of lateral 
dimension to thickness and dominate an extreme degree of anisotropy. Therefore, a high 
tunability of their localized SPR is favor and maximum electromagnetic-field enhancement is 
created [78].  

Recently, the colorimetric sensors based on anti-aggregation have been developed to 
enhance the sensitivity and selectivity of detection of target analytes [79, 80]. The key concept is 
based on the modification of nanoparticles’ surfaces with specific binding ligands, such as 
oleylamine [81], cysteamine [82], and amino acids [83]. The addition of an aggregation agent can 
induce the aggregation of nanoparticles via crosslinking between the ligand and aggregation 
agent. In the presence of the target analyte, which has higher binding affinity with the aggregation 
agent than that of the ligand modifier, the target analyte will form complexes with the 
aggregation agent, leading to the redispersion of nanoparticles. Therefore, in this work, the 
detection of P is developed based on this concept. The aggregation agent used in this work is the 
europium ions (Eu3+), because it is well-known that Eu3+ can strongly bind with phosphate ions 
(Pi) using the self-assembly of a ternary complex [84]. This advantage increases the selectivity of 
detection. 

To the best of our knowledge, a simple, fast and cost-effective colorimetric sensor for 
the detection of Pi by the anti-aggregation of modified AgNPls on PADs has not been reported. In 
this work, we have developed a rapid, highly sensitive, and selective, PADs for detect and 
quantify the concentration of Pi in soil and water. The assay employed 2-mercaptoethanesulfate 
(MS) and Eu3+ as the surface modification ligand on AgNPls and aggregation agent, respectively. 
The color changes from purple to pink can be observed by naked eye and established in 
concentration dependent manner. Moreover, they were measured for the concentration using 
ImageJ software and color comparator developed in this work. The mechanisms were 
investigated by TEM, UV-vis spectroscopy (UV-vis), and FT-IR; and proposed. The optimal 
conditions, including pH, concentration of MS and Eu3+, and reaction time were studied. Prior 
applying the sensors to real samples, the effect of interferences from metal ions and anions were 
investigated. Finally, the sensor was used with real samples and compared with conventional 
methods for Pi detection.  
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3.2.3. Experimentals 

3.2.3.1. Chemicals and instruments  

2-Mercaptoethansulfonic acid (MS), sodium orthophosphate (Na3PO4), ammonium 
molybdate ((NH4)2MoO4), Trizma® hydrochloride, and Trizma® base were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Copper (II) sulfate (CuSO4), sodium dihydrogen-orthophosphate 1-
hydrate (NaH2PO4.H2O), and L-ascorbic acid were obtained from BDH (BDH, England). Potassium 
sulphate (K2SO4) and sodium sulphate (Na2SO4) were obtained from Univar (Auckland, New 
Zealand). Iron (II) sulfate heptahydrate (FeSO4.7H2O), disodium hydrogen phosphate anhydrous 
(Na2HPO4), sodium hydrogen carbonate (NaHCO3), and sodium hydroxide (NaOH) were purchased 
from Merck (Darmstadt, Germany). Sodium chloride (NaCl) was obtained from Carlo Erba Reagents 
(Carlo Erba, France). Europium ions (Eu3+) were purchased as a liquid from SCP Science (SCP, 
Canada). Standard Zn2+ solution was acquired from BDH (Darmstadt, Germany). Silver nanoplates 
(AgNPIs) were obtained from the Sensor Research Unit, Faculty of Science, Department of 
Chemistry, Chulalongkorn University, Thailand. All chemicals were used as received without 
purification procedure. All chemicals were prepared in 25 mM Tris buffer pH 7 following the 
recipe from Sigma-Aldrich. 

AgNPI images were captured for its anti-aggregation using an H-7650 transmission 
electron microscope (TEM) (Hitachi Model, Japan). The functional groups of MS and MS/AgNPIs 
were observed with an FT-IR spectrophotometer (Nicolet 6700, USA). A UV-vis spectroscopy 
system (Hewlett-Packard 8453E, Germany) was used for studying the AgNPIs’ mechanism and 
validating the phosphate ion (Pi) amount in real samples. DLS was performed on Nanoparticle 
Analyzer model SZ-100, Horiba Scientific, Kyoto, Japan. 

3.2.3.2. Synthesis and surface modification of AgNPls 

AgNPIs were received from the Sensor Research Unit, Department of Chemistry, Faculty 
of Science, Chulalongkorn University as a gift [85]. They were synthesized by using a chemical 
reduction method. Concisely, AgNO3 was stirred with NaBH4 vigorously using homogenizer in a 
starch solution (2%(w/v)) which used as stabilizer of AgNPls. The yellowish solution of AgNPs were 
obtained and further undergone size conversation by reacting with H2O2 (1 mL H2O2: 10 mL 
AgNPs). The mixture was further stirred for 10 min to complete the shape transformation process. 
The finished AgNPls have pink color. For surface modification of AgNPls, the solution was diluted 
2-fold and 4 mM of MS was added to the solution (10 µL MS: 990 µL AgNPls). Then, it was 
incubated under vibration (VTX-3000L Mixer, Ususio, Japan) for 2 hours at room temperature. MS-
AgNPls obtained were characterized using UV-vis spectrometer and FT-IR. 
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3.2.3.3. Design and fabrication of PADs 

In this work, PADs were fabricated employing wax printing method. First, PADs were 
designed using Adobe illustrator CS4 software. Each PADs have a circular shape surrounded by 
limiting area (wax). The dimensions of PADs are labeled in Figure 3.11. Next, the pattern was 
printed using wax printer (Xerox ColorQube 8570DN) onto Whatman No. 1 filter paper (A4 size). 
The wax area limits the flow of solutions (hydrophobic), while detection area was hydrophilic. 
Then, the paper was baked inside the oven at 150 °C for 1 min. After that PADs were cut out, and 
180 PADs were obtained per a paper of A4 size. Finally, before PADs were ready to use, the tape 
was placed on one-side of PADs to prevent the leakage from the back. The whole fabrication 
process could be finished in 2 min. 

 

Figure 3.11 PADs designed used in this work labeled with size of a circle (inch) A), PADs before B) 
and after C) baked inside the oven at 150 °C for 1 minutes. 

3.2.3.4. Colorimetric sensing of Pi on PADs 

Prior to Pi detection, PADs (Figure 3.12) were prepared by dropping 0.5 µL of Eu3+ and 
MS-AgNPls to detection zone, respectively. For comparison, mixtures of Eu3+ and MS-AgNPls were 
dropped in the control zone. Next, PADs were allowed for chemicals to dry. Then, 1.0 µL 
samples of Pi were dropped on the same spot. The solution will be limited inside the detection 
zone. The reactions were completed within 3 min, and finally the color changes can be observed 
by the naked eye. For determination of color intensity, PADs were captured with a digital camera 
(Canon 1000 D1, Japan) and ImageJ software (National Institutes of Health, USA) was used for the 
analysis. The color intensity (red mode from RGB) of different detection spots was collected. In 
this experiment, the color changes were observed together with a blank (the control zone). The 
intensity in this work is reported as delta color intensity (∆I = Ianalyte – Iblank). In addition to ImageJ, 
the color comparator was used for a quantification of Pi. The color changes were coerced to 
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nearest color chart and noted for the indicated concentration. Three results obtained from UV-
vis, ImageJ, and color comparator were studied. 

 

Figure 3.12 The design of PADs and their important positions including control zone and 

detection zone. The chemicals were dropped before PADs was used for Pi detection; 0.5 µL 

Eu3+ was dropped and 0.5 µL MS-AgNPls were dropped at detection zone, respectively 

3.2.3.5. Real sample preparation 

Soil samples, including organic matter, topsoil, and subsoil, were collected at different 
depths. Soil from organic matter was collected from the surface, whereas topsoil and subsoil 
were obtained at 20 centimeters and 50 centimeters below. The collected samples were left to 
dry for a week. Various concentrations of Pi were spiked into 2-gram soil samples and were 
adjusted to a volume of 20 mL in a conical flask with Tris buffer. The mixtures were incubated 
using an orbital shaker incubator (Ratek, Australia) at 180 rpm for 30 minutes and transferred into 
centrifuge tubes to perform centrifugation (Hettich Universal 320R, UK) at 5000 rpm for 30 
minutes. Finally, the extracted solution was collected by filtering the supernatant through 0.45 
µm nylon filter membranes. Water samples were used without extraction. The spiked samples 
were validated by the molybdenum blue method and compared with the proposed method.  
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3.2.4. Results and discussion 

3.2.4.1. Characterization of MS-AgNPls 

The synthesis of AgNPs was done by a chemical reduction method and were 
undergone shape transformation by H2O2 to create AgNPls (pink color). Then, MS-AgNPls were 
prepared by adding various concentrations of MS into AgNPls and incubating for 2 hours. To 
confirm the modification of MS onto the AgNPls, MS-AgNPls were characterized. First, the UV-vis 
results in Figure 3.13A show the SPR characteristic peak of AgNPls at 520 nm. The sharp and tall 
peak can demonstrate that the MS-AgNPls were monodispersed [86, 87]. Moreover, there is a 
slightly redshift of the SPR peak of the MS-AgNPls (blue line) from AgNPls (red line) because the 
plasma oscillation frequency around the AgNPls was decreased in the formation of MS-AgNPls 
[88]. Second, the shape and size of MS-AgNPls were characterized with TEM. From the TEM 
images in Figure 3.13B, MS-AgNPls have a circular shape with good dispersion. The size of the MS-
AgNPls is 50 nm and similar to another literature review that they usually gives the UV-vis 
spectral peak at approximately 500 - 550 nm [89]. The results from TEM are thereby related with 
those from UV-vis. Third, FT-IR spectra was investigated for MS modification on the surface of the 
AgNPls. The spectrum of MS-AgNPls in Figure 3.13C (blue color) was compared with MS spectrum 
(red color). From the results, there are similarities of peaks between 1,000 – 1,700 cm-1 where the 
stretching modes of -C-H, -COO-, or -COOH occur. This result can be ascribed to the fact that MS 
was assembled on the surface of the AgNPls [90]. However, there are outstanding differences 
between the spectra. First, the characteristic peak of thiol (-S-H) at 2,550 cm-1 from MS is absent 
from MS-AgNPls [91, 92]. This demonstrates that -S-H bonds were cleave to form Ag-S bonds. 
During the formation of MS-AgNPls, the hydroxyl peak (-O-H) at 3,500 cm-1 of MS-AgNPls was 
wider compared to that of MS alone. It is possible that molecules of water were produced in the 
modification process of MS onto AgNPls [93]. In summary, the characterization results from three 
techniques were agreed. Thus, MS-AgNPls were successfully prepared.   
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Figure 3.13 The characterization of unmodified AgNPls (red line, (a)) and MS-AgNPls (blue line, 
(b)) using UV–vis A), TEM images of well-dispersed MS-AgNPls B), FT-IR spectra of MS (red line, (a)) 
and MS-AgNPls (blue line, (b)) C (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article) 

3.2.4.2. Colorimetric detection of Pi based on the anti-aggregation of 
MS-AgNPls in the presence of Eu3+ (in the solution) 

From the literature review, many publications demonstrated the cation-induced 
aggregation of metal nanoparticles modified surface. Aggregation agent (cations) could induce the 
aggregation by forming complexes with nanoparticles. In this work, modified AgNPls were 
obtained by bonding MS to the surface of AgNPls using Ag-S bonds and MS-AgNPls were yielded. 
They showed an SPR band at 500 nm (Figure 3.14 (red line)) and appeared pink (Figure 3.14, inset 
(a)). The MS-AgNPls were highly dispersed and randomly distributed due to the electrostatic 
repulsion of the negatively charged sulfonic group of the ligand. In the addition of Eu3+ to the 
MS-AgNPls solution, the color of MS-AgNPls solution changed from pink to purple (Figure 3.14, 
inset (b)). A new absorption band at 750 nm and a decrease in the intensity of the SPR band at 
500 nm were observed as shown in Figure 3.14 (blue line). Further investigation was done by TEM 
(see Figure 3.14B), which showed that MS-AgNPls formed irregular and large clusters. Therefore, 
the addition of Eu3+ ions to a solution of MS-AgNPls resulted in the aggregation of MS-AgNPls. For 
Pi detection, the samples were added and allowed to incubate for 1 min. The color of MS-AgNPls 
solution changed from purple to pink as shown in inset Figure 3.14A (c), indicating the aggregated 
MS-AgNPls dispersed. TEM images (Figure 3.14C) also supported the anti-aggregation process. 
Moreover, the results from UV-vis in Figure 3.14A (green line) show the SPR peak at 500 nm of 
MS-AgNPls in the presence of Pi were similar to MS-AgNPls alone (red line), and the SPR peak at 
750 nm cannot be observed. This phenomenon is corresponding to the TEM results that the MS-
AgNPls are in the dispersion stage. Other evidences from dynamic light scatter (DLS) [94], shown 
in Figure 3.15, agrees with TEM and UV results. The zeta potential was shifted in the presence of 
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Eu3+ in MS-AgNPls solution (red line), while the peak potential and the size distribution of MS-
AgNPls in the presence of both Eu3+ and Pi (green line) were similar MS-AgNPls alone (blue line). 
These are attributed to aggregation and anti-aggregation, respectively. The results suggest that Pi 
ions had stronger affinity with Eu3+ ions than with MS-AgNPls. Therefore, Eu3+ ions and Pi ions took 
the role of aggregation and anti-aggregation reagents, respectively. The changes in the solution 
color, induced by the competitive interactions of Eu3+ with MS-AgNPls and Pi ions, allowed the 
colorimetric detection of Pi ions by the naked eye. The mechanism is illustrated in Figure 3.16. 

 

Figure 3.14 UV–vis studied in the solution of A) of MS-AgNPls (red line (a), inset (a)), 

10 mg L−1 Eu3+ and MS-AgNPls (blue line (b), inset (b)), and 5 mg L−1 Pi, Eu3+, and AgNPls (green 
line (c), inset (c)). TEM images of colorimetric detection of Pi based on anti-aggregation of MS-
AgNPls in the presence of Eu3+ B), and in presence of both Pi and Eu3+ C) under the same 
conditions (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article). 

 

Figure 3.15 Dynamic light scattering (DLS) A) and zeta potential analysis B) of the MS-AgNPls 
(blue line), MS-AgNPls+Eu (red line), and MS-AgNPls+Eu-Pi (green line). 
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Figure 3.16 The proposed mechanism for colorimetric detection of Pi based on anti-aggregation 
of MS-AgNPls in the presence of Eu3+. 

3.2.4.3. Colorimetric detection of Pi based on the anti-aggregation of 
MS-AgNPls in the presence of Eu3+ (on PADs) 

After the preparation and characterization of the MS-AgNPls, the interaction between 
MS-AgNPls in the presence of Eu3+ and for the sensing of Pi was investigated. The reaction was 
performed on PADs and observed by the naked eye, and the color intensity of the detection 
spot was measured using computer software (ImageJ). To compare the changes, three reactions 
were compared together, including the solutions containing MS-AgNPls and Tris buffer, MS-AgNPls 
and Eu3+, and MS-AgNPls and premixed Eu-Pi. The results on PADs are shown in Figure 3.17A. The 
original color of MS-AgNPls are pink and remain the same color after Tris buffer was added. After 
adding Eu3+ into the solution of MS-AgNPls, the color of the solution changed from pink into 
purple. In contrast, in the addition of Eu-Pi into the MS-AgNPls, the color of the solution is 
unchanged. The color changes are clearly observed by the naked eye. PADs can be measured for 
their color intensity to achieve a quantitative measurement. The color intensity was obtained by 
drawing a circle in the ImageJ and measuring the red intensity from the RGB stack. The color 
intensities of red, blue, green, average, and gray portions are compared in Figure 3.17B. The color 
intensity was calculated as the difference of color intensity (∆I), which is derived from the 
subtraction of the color intensity obtained from detection spot of the blank (the solution 
containing MS-AgNPls and Eu3+) from the analyte (MS-AgNPls and Eu-Pi). From the results, it 
appears that the red intensity gives the highest difference between the detection spot of MS-
AgNPls and Eu-P, and MS-AgNPls and Eu3+. Therefore, the red channel was selected for 
quantitative analysis in this work. Moreover, in this work a color comparator (Figure 3.17C) was 
developed using the calibration curve for the detection Pi. The color charts with their 
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concentration (1 – 30 mg L-1) labelled inside the box were printed onto A4 paper. The middle of 
the device was used to place PADs. The color comparators were not printed together with PADs 
using wax printer, because the color of the comparator can be altered upon heating PADs inside 
the oven. At least six color comparators were obtained from a single print. Furthermore, the 
color comparators can be reused once finished the analysis because they were not 
contaminated. The semiquantitative analysis of the proposed method for Pi sensing was simpler 
and faster without the needs of computer or smartphone. 

 

Figure 3.17 Colorimetric detection of Pi performed on PADs A), plot between intensity modes (red 
channel, green channel, blue channel, average intensity, and gray intensity) and the color 
intensity determined using ImageJ B), and the color comparator developed based on calibration 
curve (1 – 30 mg L-1) in this work C). 

3.2.4.3. Optimization of important parameters 

To achieve the best analysis performance for Pi detection, the parameters of 
colorimetric assay including pH, concentration of Eu3+, concentration of MS, and reaction time 
were optimized. Since, pH is the most important because it involves in the protonation and 
deprotonation of Pi, and the complexing of Eu3+. Therefore, the effect of pH was study first as 
shown in Figure 3.18A. It can demonstrate that pH has affects the reaction of MS-AgNPls. The ∆I 
of detection spots at lower pH (than 7) is increased and reached the maximum at pH 7. In the 
acid condition the ∆I is increased with pH because Pi is more deprotonated (H2PO4

- and HPO4
2-) 

and more of Pi is available for interact with Eu3+. However, the ∆I was decreased suddenly when 
the reaction was performed in the basic condition. This is due to the hydroxide can form 
complex with Eu3+ and precipitate the Eu ions from the solution. Hence, there is less Eu3+ in the 
solution to induce the aggregation of MS-AgNPls. The ∆I in basic solution is decreased as the pH 
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increased. The highest ∆I is occurred at pH 7, therefore the solutions in this work was adjusted to 
pH 7. 

Next, the concentration of MS and Eu3+ were studied. The concentration of MS was 
varied from 0 – 8 mM and concentration of Eu3+ was 0 – 50 ppm (Note: ppm = mg L-1). In this 
study MS was used to modify the surface of AgNPls so that the AgNPls will have the negative 
charges and Eu3+ was used to induce the aggregation of the MS-AgNPls. Therefore, these two 
parameters were studied together because they may interfere with each other. From the results 
in Figure 3.18B, the ∆I of the solutions are closed to zero when there was no MS modified on the 
surface of the AgNPls demonstrating that MS-AgNPls remain dispersed. It is due to the absent of 
negatively charged MS which cannot be aggregated in the addition of Eu3+. The phenomenon is 
occurred according with when there was no Eu3+ added into the solution of MS-AgNPls. 
Consequently, the MS-AgNPls was dispersed and color intensity of the blank and analyte is 
almost equal. In the addition of MS and Eu3+, the ∆I increase demonstrating that there is a 
significant difference between the color intensities of the blank and analyte. It can be indicated 
that the reactions were occurred. Interestingly, the increase of MS concentration results in the 
self-aggregation of the MS-AgNPls which leads to the decrease of the sensitivity. At MS equals to 
4 mM gives the highest ∆I possibly because it gives the suitable surface modification of AgNPls. 
For the concentration of Eu3+, 10 ppm is the best condition because it is limited by the 
concentration of Pi. The aggregation of MS-AgNPls was caused by the remnant of the Eu3+ after 
the reaction with Pi. In case of adding excess Eu3+ in the fix concentration of Pi compare with 
adding the equivalent amount of Eu3+ and Pi, the aggregation of the excess is higher and results 
in decreasing of the ∆I. According to the plots in Figure 3.18B, ∆I is decrease with the increase 
concentration Eu3+. To achieve highest sensitivity for this sensor, the appropriate amount of Eu3+ 
must be compromised between giving the aggregation of the MS-AgNPls and providing the low 
detection limit of Pi. From comparing the ∆I obtained from various concentration of Eu3+, it was 
selected at 10 ppm. In the next experiments, conditions of the reaction were pH 7, 4 mM MS, 
and 10 ppm Eu3+. 

Finally, the optimal reaction time was studied. The same PADs consisting of three 
detection spots (MS-AgNPls, MS-AgNPls and Eu3+, and MS-AgNPls and premixed Eu-Pi) was 
measured for the ∆I at and 1-minute interval. The solutions were only dropped on PADs without 
mixing. Thus, the solutions required time for completely diffuse together and the color changed 
was stabilized. The results were shown in Figure 3.18C. From the results, the ∆I was increased 
sharply between 0 – 3 minutes and has no significant difference afterwards. Therefore, 3 minutes 
was selected as the optimal reaction time. Based on the above results, the optimal parameters 
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were pH 7, 4 mM MS, 10 ppm Eu3+, and the reaction time 3 minutes. These conditions were used 
in the further experiments. 

 

Figure 3.18 The study of optimal parameters including pH A), concentration of MS and Eu3+ B), 
and reaction time C), that could affect the performance of the colorimetric sensors for Pi 
detection. 

3.2.4.4. Analytical performance 

Under the optimized conditions, the performance of this Pi sensor was investigated by 
adding various concentrations of Pi into the reaction. The changing of color intensity was 
observed with the naked eye and measured with ImageJ. The results are illustrated in Figure 3.19. 
The ∆I is increased with the increase in the concentration of Pi. The calibration curve is plotted 
on the logarithmic scale (Figure 3.19A, inset (b)) and the linear range for Pi detection was found 
to be in the range of 1 – 30 mg L-1 Pi. The linear fitting equation is ∆I = 9.1331 * log [Pi] + 1.8292, 
with a coefficient of determination (R2) equal to 0.9934. The detection limit (LOD) of the sensor 
(3SDblank/slope) is calculated as 0.33 mg L-1, and limit of quantification (LOQ, 10SDblank/slope) 
equals to 1.01 mg L-1. The developed detection method of Pi is a semiquantitative method 
because the color change can be observed by the naked eye and the color intensity can be used 
for quantification of the Pi. Table 3.3 shows the performance of this sensor compared with other 
works; this developed method is comparable to others. Moreover, this method is more simple, 
cost-effective, portable and rapid. The stability of Pi sensors was studied every month for 12 
months. Excellent stability was obtained for Pi detection (%RSD = 0.43 - 1.99 %). To evaluate the 
reproducibility of the developed method, seven sensors were employed. Pi detection was tested 
at concentrations of 1, 5, 30 mg L-1. % RSD of 1.24%, 1.42%, and 0.29% were achieved, 
respectively. The results demonstrated that this assay has remarkably stability and 
reproducibility. 
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Figure 3.19 Calibration plot between ∆I and logarithmic of various Pi concentrations (mg L−1) 
under optimal conditions; the photographic results performed on a single detection spot for Pi 
detection on PADs (inset (a)), and plot between ∆I and Pi concentration (mg L−1) (inset (b)). 

Table 3.3 Brief summary of sensing performances of different sensors for Pi detection 

Colorimetric sensor Linear range Detection limit Reference 

MA-AuNPs 47.5 ng L-1 – 2.85 mg L-1 7.22 ng L-1 [95] 

Rhodamine B-
phosphomolybdate complex 

0 – 665 ng mL-1 47.5 ng mL-1 [96] 

[Zn2(H-bpmp)]3+ 0 – 47.5 mg L-1 0.95 mg L-1 [97] 

(NH4)2MoO4 9.5 – 950 mg L-1 - [98] 

MS-AgNPls 1 – 30 mg L-1 0.33 mg L-1 This work 
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3.2.4.5. Selectivity and interference study 

Selectivity is another important factor in colorimetric detection. Therefore, the effects 
of the detection of Pi towards other cations and anions were investigated. The cations and anions 
which were expected to be found in soil, including Na+, K+, Mg2+, Ca2+, Fe2+, Fe3+, Ni2+, Co2+, Cu2+, 
Cd2+, Pb2+, Cl-, HCO3

-, CO3
2-, and SO4

2-, were studied. Figure 3.20A and Figure 3.20B shows the 
selectivity of the colorimetric assay for Pi detection. Most of the interfering ions cannot cause 
significant changes in the ∆I. Only Pi can interrupt the aggregation of MS-AgNPls by the 
complexation with Eu3+, causing the color change from dark purple to pink. This can be observed 
by the naked eye. In addition, the influence of other ions on the anti-aggregation of MS-AgNPls by 
Pi was investigated (as shown in Figure 3.21). The experiments were performed in the mixture of 
Pi and other ions. The effects of cations were higher than anions because they can possibly react 
with MS-AgNPls using electrostatic force. However, Eu3+ prefer to engage with the oxygen donor 
atoms than that from other ions and molecules [99]. Therefore, Eu3+ interacts with MS-AgNPls 
and Pi more than other cations. Even though other cations were present in samples, most of the 
aggregation were strongly induced by Eu3+. Hence, the detection of Pi using Eu3+-induced 
aggregation of MS-AgNPls can perform without interferences from cations. In the case of anions, 
they show trivial effects on the reaction, which can be ignored. From these results, the sensors 
can be applied to the detection of Pi in soil and water effectively. 

 

Figure 3.20 Color intensity A) measured from photographic results on PADs B) for the interference 
study of Pi detection in the presence of various ions. The concentrations of chemicals used in 

this study were 5 mg L−1 Pi, 200 mg L-1 interfering ions, and 10 mg L-1 Eu3+. All chemicals were 
prepared and used under optimal conditions. 
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Figure 3.21 Color intensity A) measured from photographic results on PADs B) for the interference 
study of Pi detection in the presence of various ions. The concentrations of chemicals used in 
this study were 5 mg L-1 Pi, 200 mg L-1 interfering ions, and 10 mg L-1 Eu3+. All chemicals were 
prepared and used under optimal conditions. 

3.2.4.6. Real samples analysis 

Samples in this work were collected from three different agricultural area in Thailand. 
Nutrients are dispersed in soil, and those close to the roots are absorbed and consumed in 
plants. Phosphorus, for example, is scattered throughout because of many factors, particularly 
water and can be dissolved in water and penetrate downwards because of water run-off. 
Therefore, water sampling from nearby area were also investigated. The percentage recoveries of 
Pi detected in soil samples were investigated by spiking different concentrations of Pi (mg L-1) into 
the samples. The results are summarized in Table 3.4. The recoveries of the proposed method 
were found to be in the range of 91.2% and 98.7%, respectively. Additionally, the results 
obtained from our proposed sensor and standard UV-vis using molybdenum blue assay were 
compared. The good relationship between both methods was demonstrated (paired t-test at the 
95% confidence level gave tcalculated (0.467) below tcritical at t = 1.701). This result indicated that the 
proposed method is capable of application in real soil samples.   
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Table 3.4 Comparison of performance and %recovery values for soil and water spiked with 
various concentrations of Pi between the standard method and the proposed method (n = 3) 

Sample + Spike (mg L-1) 
Measured concentration (mg L-1) 

x ̅± SD (%Recovery) 
Standard method Proposed method 

Watera 1.350 ± 0.034 1.343 ± 0.081 
Soila 1.208 ± 0.068 1.206 ± 0.016 
Soila + 5 6.021 ± 0.014 (96.3) 5.926 ± 0.077 (94.4) 
Soila + 10 11.08 ± 0.075 (98.8) 10.55 ± 0.077 (93.5) 
Soila + 20 21.08 ± 0.065 (99.3) 20.88 ± 0.004 (98.3) 
Waterb 1.059 ± 0.015 1.026 ± 0.057 
Soilb 0.906 ± 0.049 0.864 ± 0.030 
Soilb + 5 5.854 ± 0.007 (99.0) 5.705 ± 0.068 (96.8) 
Soilb + 10 10.88 ± 0.035 (99.8) 10.73 ± 0.093 (98.7) 
Soilb + 20 20.81 ± 0.081 (99.5) 20.13 ± 0.029 (96.3) 
Waterc 4.060 ± 0.007 4.028 ± 0.033 
Soilc 3.455 ± 0.046 3.352 ± 0.036 
Soilc + 5 8.201 ± 0.099 (94.9) 7.911 ± 0.085 (91.2) 
Soilc + 10 13.44 ± 0.081 (99.9) 12.81 ± 0.003 (94.6) 
Soilc + 20 23.35 ± 0.048 (99.5) 22.80 ± 0.053 (97.2) 

a, b, and c, indicate three different agricultural area where samples were collected for Pi 
detection. 

In addition to the measurement of color intensity, color comparator was developed 
using the calibration plots and used for determination of Pi concentration. The colorimetric 
sensors were distributed to 30 volunteers to performed Pi detection with the color comparator 
and the results were reported in Table 3.5. Most of the population (more than 80%) disclosed 
the concentration correctly. The number of percentages is high at low concentration (1 – 2 mg L-

1) because the color from PADs was closed to 1 mg L-1 on the color comparator. However, the 
false identification was raised around 3 – 5 mg L-1 and 10 – 15 mg L-1. This is attributed to those 
color with a complication to differentiate by the naked eyes. In this range, the intensity 
measurement and the developed calibration curve will be significant. The results were adequate 
to suggest the well-condition of Pi in the environment. PADs could be disposed of immediately 
after the analysis. Furthermore, the reaction required only a trace of chemicals compared to 
other methods. The total cost of the process performed on the paper device was 0.2 cents (US 
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currency), which is an extremely low cost with respect to the conventional method. Hence, the 
proposed platform possesses the capability for fast screening and high-throughput on-site 
phosphorus monitoring in resource-constrained settings. 

Table 3.5 Photographic results of colorimetric Pi detection performed on PADs and 
concentrations of Pi evaluated using the color comparator developed from the calibration plot 

Sample + Spike (mg L-1) Photographic results 
Estimated [Pi],  

mg L-1 
User conclusion (n=30)* 

Watera 
 

1 – 2 96.7% 

Soila 
 

1 – 2 96.7% 

Soila + 5 
 

5 – 10 83.3% 

Soila + 20 
 

20 – 30 93.3% 

Waterb 
 

1 – 2 96.7% 

Soilb 
 

1 – 2 96.7% 

Soilb + 5 
 

5 – 10 80.0% 

Soilb + 20 
 

20 – 30 90.0% 

Waterc 
 

4 – 5 83.3% 

Soilc 
 

3 – 4 80.0% 

Soilc + 5 
 

5 – 10 86.6% 

Soilc + 20 
 

20 – 30 96.7% 

a, b, and c, indicate three different agricultural areas where samples were collected for 
Pi detection. 

* User conclusion defines the %populations who indicate [Pi] within the “estimated 
[Pi]” correctly.  
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3.2.5. Conclusion 

In this work, the determination of phosphorus in soil by a colorimetric method based 
on the anti-aggregation of MS-AgNPls was developed. The reaction involved the competition 
between Eu3+ and Pi for MS-AgNPls. The mechanism was characterized by TEM, UV-vis, and FT-IR. 
The results demonstrated that MS was bonded to the surface of AgNPls via Ag-S interaction. 
Moreover, the cation-induced aggregation was achieved by using Eu3+ as the aggregation agent. It 
was found that Pi can compete with MS-AgNPls for the binding to Eu3+, and redispersed MS-
AgNPls. The reaction can be monitored by the naked eye and quantify by determination of color 
intensity using ImageJ and color comparator. The proposed method was performed on PADs for 
the first time, which comprised the advantages of simple, rapid, and inexpensive instrumentation. 
The optimization conditions were 4 mM for MS, 10 ppm for Eu3+, and 3 minutes for incubation 
time. Under the optimized conditions, the linearity of Pi detection on PADs was in the range of 1-
30 mg L-1. LOD and LOQ were as low as 0.33 mg L-1 and 1.01 mg L-1, respectively. Interferences, 
including both cations and anions, were studied. The results show that there are no interfering 
effects from cations and anions. Finally, this method was applied in real samples and showed 
satisfactory results that agreed with those of the conventional method. 
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CHAPTER IV 
The development of chromatographic techniques and its applications 

In this chapter, lab-on-column couple electrochemical method was developed for 
neonicotinoids and amino acids. First, ultra-high-performance liquid chromatography was used for 
separation of four important neonicotinoids (dinotefuran, thiamethoxam, clothianidin, and 
imidacloprid) and detected on copper-gold nanoparticles electrodeposited on boron doped 
diamond electrode. The bimetallic nanoparticles modified electrode catalyst the electrochemical 
reduction and increase the electroactive surface area. Current signals were monitored by 
amperometry. The developed method was applied for neonicotinoid analysis in vegetable and 
honey samples with satisfactory results. Second, amino acids were separated by open tubular ion 
chromatography and detected using copper micro-electrode. The charges and size of amino acids 
provide difference affinity towards the anion-exchange resin (PA10) nanoparticles coated 
sulfonated electrode. Twelve amino acids were separated using the developed chromatographic 
method. The currents were monitored from oxidation of copper to copper ions and 
complexation between copper-amino compounds. Highly sensitive analytical method was 
successfully demonstrated for amino acids detection.    
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4.1. Cu-Au nanoparticles modified boron-doped diamond electrode 
coupled with ultra-high-performance liquid chromatography for 
amperometric detection of insecticides 

4.1.1. Abstract 

In this work, a novel electrochemical sensor using bimetallic nanoparticles of Cu and 
Au electrodeposited on boron doped diamond (BDD) electrode was developed for the detection 
of four significant insecticides (Dinotefuran, Thiamethoxam, Clothianidin, and Imidacloprid) after 
separation by ultra-high-performance liquid chromatography (u-HPLC). The fabricated 
nanocomposite modified BDD electrode was investigated for the morphology by scanning 
electron microscopy (SEM) and electrochemical impedance spectroscopy (EIS). u-HPLC 
methodology was performed in reverse-phased C18 column with an isocratic condition. The 
separation was accomplished through a mix of 7% acetonitrile and 0.01 M Britton Robinson 
buffer (pH 6.4) as a mobile phase. By the differential pulse voltammetry (DPV), CuNPs/AuNPs/BDD 
electrode enhances anodic peak currents of the insecticides substantially in compare with the 
bare BDD electrode. Under optimal conditions for amperometry (-1.6 V vs Ag/AgCl), wide linear 
dynamic range of insecticides was varied from 0.004 -1 mM (1.0 – 250 mg L-1). Moreover, an 
excellent detection limit (3SD/slope) as low as 0.75 µM (0.19 – 0.62 mg L-1) was achieved. Finally, 
this method was successfully applied for the measurement of concentration of insecticide 
compounds in the honey and vegetable samples with the percent recovered in the range of 
97.40% - 101.92%. Thus, this electrochemical sensor based on Cu and Au nanocomposite 
modified BDD electrode couple with u-HPLC can rapidly, selectively, and sensitively detect 
important insecticides.  
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4.1.2. Introduction 

Insecticides have a strong influence in agricultural industry as they help protect the 
food from nuisance pests and preserve food quality. Even though the use of these compounds 
can minimize the cost of food production, their residues are harmful to human and require a 
scrutinized inspection. One of the popular insecticides is the group of neonicotinoids introducing 
in early 1990s [100], the compound consists of nitro group and several N-containing ring. It is 
renowned as the most effective chemicals for controlling biting insect pests such as aphides, 
whiteflies, and some micro lepidoptera by attacking the nicotinic acetylcholine receptor (nAChR) 
and paralyzed the insects’ central nervous system [101, 102]. Upon contamination to crops, 
these compounds can be transported to all parts of plant including pollen or nectar which bees 
and other pollinating insects collect and consumed [103]. Consequently, many plants are likely 
to absorb the insecticides easily through the reproduction process. For that reason, the use of 
neonicotinoids is questioned by the European Food Safety Authority (EFSA) [104]. Since 2013 
some neonicotinoids including thiamethoxam, clothianidin, and imidacloprid were restricted 
[105]. European Union has designated maximum residue limit (MRLs) of acetamiprid in tea should 
be less than 100 µg kg-1 [106]. Japan also set the MRLs of imidacloprid in milk and chicken at 20 
µg kg-1 [107]. Currently, more countries are considered the toxicity of insecticides seriously.  

Various analytical approaches have been useful for detection of neonicotinoids such as 
UV-visible spectrometry [108], mass spectrometry [109], capillary electrophoresis [110], and etc. 
However, those assays are either offers high sensitivity with tedious laboratory practice or simple, 
unfortunately low sensitivity. Among others, electrochemical methods are convincing because it 
can offer remarkable sensitivity with simple, fast, and cost-effective detection [111]. Moreover, 
this technique can be coupled with flow analysis such as liquid chromatography, flow injection, 
and on-chip devices [112]. Chromatography is the most powerful method for separation utilizing 
the appropriate column, particularly when the plenty of mixtures were determined 
simultaneously. Nowadays, a commercially available system namely ultra-high-performance 
liquid chromatography or u-HPLC using sub 2 µm particle size and high-pressure pump (>10,000 
psi) are successful for the isolation of the complex samples [113]. Moreover, the method is 
automatic, high-throughput, and provide high reproducibility. Therefore, u-HPLC was employed 
for the separation of neonicotinoids before detection by the electrochemical method. 

The common analytical method in the electrochemistry is voltammetry. There are 
three electrodes employed in voltammetry, but the most significant electrode is the working 
electrode. The sensitivity of the detection relied chiefly on the conductivity of the material that 
used for a fabrication. A boron-doped diamond (BDD) electrode has proved to be a competent 
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electrode in substitution to other electrodes such as glassy carbon electrode or platinum 
electrode. Its good characteristics including wide detection potential window (≥ 3.5 V), high 
reproducibility, low surface absorption property, and stability to corrosive draw attentions for 
several applications [114-116]. In 2016, Brahim, M. B., et al. have published BDD for imidacloprid 
detection using square-wave voltammetry as analytical techniques [117]. The detection baseline 
was stable and allowed for the detection limit as low as 8.60 µM. To improve the sensitivity of 
the electrode, plenty of researches have demonstrated the use of metal electrodeposited 
electrode for the detection of insecticides. Lezi, N., and Economou, A. have developed sputter 
bismuth on disposable screen-printed electrode for the detection of neonicotinoids [118]. It was 
found that the capacitive current was increased and the current of the analyte was elevated 
accordingly. The detection limit was approximately 0.04 – 0.07 µM. In addition to metal, the 
nano-sizes particles were considered a great conductor with catalytic property as demonstrated 
by numerous of publications. Our group also reported gold nanoparticles modified BDD for the 
detection of arsenic ions [119], and gold-platinum nanoparticles for the determination of glucose 
[120]. The results reflect the catalytic features of the metal nanoparticles in which enhance 
reaction and enlarge the electroactive surface area of the electrode. Despite the good properties 
of the metal nanoparticles, there is no reports of the metal nanoparticles for the neonicotinoid’s 
detection. Therefore, this work interested in the metal nanoparticles modified electrode for the 
detection of important neonicotinoids. 

In this study, the bimetallic nanoparticles comprising of copper nanoparticles (CuNPs) 
and gold nanoparticles (AuNPs) were electrodeposited on BDD electrode (CuNPs/AuNPs/BDD) for 
the detection of four insecticides (dinotefuran, thiamethoxam, clothianidin, and imidacloprid) 
after the separation by u-HPLC in reverse phase mode. The redox reaction of the analytes has 
been described. The modified electrodes were characterized by scanning electron microscope 
(SEM), electrochemical impedance spectroscopy (EIS), and cyclic voltammetry (CV). Various 
conditions for electrode modification, u-HPLC separation and amperomtric detection were 
optimized. Under optimal conditions, different concentrations of analytes were injected into u-
HPLC and measured for the current signal for constructing the calibration curve. Finally, u-HPLC 
coupled amperometry developed in this work were applied for the determination of 
neonicotinoids in real vegetable and honey sample. 
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4.1.3. Experimental 

4.1.3.1. Chemicals 

Four insecticides including dinotefuran, thiamethoxam, clothianidin, and imidacloprid 
were purchased from The LGH Labor GmBH (Augsburg, Germany). Britton Robinson buffer (BRB) is 
consists of boric acid, acetic acid, sodium hydroxide (Merck, Darmstadt, Germany), and 
phosphoric acid (Carlo Erba Reagents, Barcelona, Spain). BRB at different pH were adjusted by 
mixing different proportions of the chemicals. Potassium tetrachloroaurate (III) (K[AuCl4]) was 
purchased from Wako Chemicals, Japan. Copper (II) sulfate (CuSO4) was obtained from BDH (BDH, 
England). The metal ions solutions were prepared in 0.2 M sulfuric acid (H2SO4). Potassium 
hexacyanoferrate (III) (K3Fe(CN)6) was purchased from Riedel-de Haën (Lower Saxony, Germany) 
and prepared in 0.1 M potassium chloride (KCl) for a characterization of the electrodes. Millipore 
Milli-Q purified water (18.2 MΩ cm) was used throughout the experiments. All chemicals and 
reagents used in this work are of analytical grade except when stated. A chromatographic grade 
acetonitrile was obtained from Merck, Darmstadt, Germany and employed as organic solvent for 
u-HPLC experiments. 

The standard solutions of insecticides at different concentrations were diluted with 
acetonitrile : Milli-Q water (50:50) from the stock solutions (10 mM) prepared in the same solvent. 
The solutions were filtered through with 0.22 µm nylon membrane before use in all u-HPLC 
experiments. The standard solutions were kept in the amber vial to protect the insecticides from 
the light degradation.  

4.1.3.2. Electrodes 

The boron-doped diamond (BDD) electrode (0.75 × 2 cm) was employed as the working 
electrode. A platinum (Pt) wire and Ag/AgCl were used as an auxiliary and reference electrode, 
respectively. CuNPs/AuNPs/BDD were prepared by electrodeposited metallic nanoparticles step-
wisely. First, an applied potential at -0.4 V were constantly applied to the BDD immersed in the 
solutions of gold solution (5 mM) for 30 seconds to reduce Au3+ to Au0. Next, the AuNPs modified 
BDD electrode was thoroughly rinsed with deionized water and blow with N2 gas until dry. Then, 
CuNPs were electrodeposited by applying fixed current of -225 µA to the AuNPs/BDD electrode 
for 90 seconds immersed in CuSO4 solution (5 mM). Cu0 nanoparticles were obtained because of 
an electrochemical reduction of Cu2+ on the electrode. After that, the surface of 
CuNPs/AuNPs/BDD were stabilized by performing cyclic voltammetry from 0 to 1 V for 20 cycles 
(0.1 V/s) in 0.1 M NaOH to prevent spontaneous oxidation of copper due to oxygen [121]. Finally, 
the bimetallic modified electrode was rinsed and dry as previously mention. The solution was 
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continuously stirred with a magnetic stir bar during the electrodeposition step. The surface 
morphology of CuNPs/AuNPs/BDD was studied by scanning electron microscopy (SEM) using a 
JSM7610 field emission scanning electron microscope (FESEM, JEOL Ltd., Japan). The high-
resolution images were obtained at 5.0 kV SEI with a magnification of x10,000. Electrochemical 
impedance spectroscopy (EIS) measurements were performed on a PalmSens4 
potentiostat/impedance analyzer (Palmsense BV, Netherland) and controlled with PSTrace 
software. The EIS was accomplished under the following conditions: 5 s tequilibration, 0.1 MHz 
maximum frequency, 0.01 Hz minimum frequency, and 0.1 V Eac. EIS experiments were carried 
out at room temperature. 

4.1.3.3. Electrochemical measurement 

Chronoamperometric experiments were studied with a CHI 660B electrochemical 
workstation (CH Instruments, Austin, TX). The detector in this work is a three-electrode system. 
The working electrode were as prepared CuNPs/AuNPs/BDD (geometric area = 0.3 cm2). The 
reference and counter electrode were Ag/AgCl and stainless-steel tube, respectively. The 
modified electrode was stood in the middle of the flow cell where the reduction occurs. The 
channel between the inlet/outlet and the electrode are separated by a thick silicon rubber 
gasket (~1 mm). The processing of current signal was done using CH instrument potentiostat 
1232A. 

4.1.3.4. u-HPLC instrumentation 

Chromatographic separations were performed using a KinetexTM core-shell C18 column 
(2.6 µm particle size, 50 mm x 4.6 mm i.d., Phenomenex Inc., CA, USA) with a reversed-phase 
mode. The u-HPLC pump model is LC-20ADXR (Shimadzu Corporation, Japan), with a 0.1–100 mL 
loop autosampler (SIL-20 A). Data obtained from the UV-visible detector (SPD-M20A) were 
obtained at a wavelength of 265 nm and analyzed with LC solution software (Shimadzu 
Corporation, Japan). The separation conditions were: 7% acetonitrile (organic solvent) mixed with 
93% 0.01 M BRB pH 6.4, flow rate 1 mL min-1, injection volume 7 µL, run time 10 min, and 
detection potential -1.6 V (vs. Ag/AgCl). C18 column was incubated in the oven which set at a 
temperature of 37 °C. The UV-visible detection cell was fixed at the same condition. All 
experiments were performed in three replications. The schematic of the instrumentation is 
presented in Figure 4.1. 
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Figure 4.1 Schematic of u-HPLC consisting of solvents deliver, 2 pumps, sample injector, 
analytical column, UV-vis and electrochemical detector, wastebottle, and data acquisition unit. 
WE, CE, and RE are working, counter, and reference electrode, respectively. 

4.1.3.5. Sample preparation for u-HPLC 

A water spinach, kale, and two types of honey were purchased from local markets of 
Bangkok.  

Vegetable samples: Acetonitrile of a volume 40 mL was added to chopped dry sample 
(10 g) and blended mechanically for 3 minutes by a juice blender. The mixtures were then 
centrifuged (4000 rpm) for 30 min until a clear solution was obtained. Next, the supernatant was 
filtered through a Buchner funnel with 0.2 µm filter and transferred to round bottom flask to 
evaporate the organic solvent using rotary vacuum evaporator. The residue was re-dissolved in 1 
mL of acetonitrile and deionized water (50:50) fortifying with neonicotinoids used in this work and 
filtered through 0.2 µm (nylon membrane). Three samples were prepared accordingly and added 
with various concentrations of neonicotinoids; 0.04, 0.2, and 0.4 mM. Finally, the solutions were 
directly injected into the u-HPLC system. The concentrations of the analytes were determined 
using the standard addition method and compared with the blank sample prepared with the 
same procedure.  

Honey samples: 1 g of honey was dissolved completely in 2 mL of deionized water by 
agitation with the shaker for 5 min, after 6.5 mL of acetonitrile was added. The mixtures were 
centrifuged (4000 rpm, 30 min) to separate the organic and aqueous phase. Next, the supernatant 
was evaporated under N2 gas until 100 µL was remained and spiked with neonicotinoids. After 
that the solutions were adjusted to desired concentrations of analytes and made up to 1 mL 
with acetonitrile:water (50:50). Finally, the solution was filtered through 0.2 µm nylon membrane 
before injection the u-HPLC system. 
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4.1.4. Results and discussion 

4.1.4.1. Characterization of CuNPs/AuNPs modified BDD electrode 

The surface morphology of the electrodes was investigated by field emission scanning 
electron microscopy (FESEM) and electrochemical impedance spectroscopy (EIS). Figure 4.2A 
displays a typical BDD electrode surface comprising of crystal faces or grains with different 
conductivity as a result from partly accumulated boron dopant [122]. After AuNPs 
electrodeposited on BDD, it is clearly observed that flower-like structure of AuNPs were isolated 
evenly among numerous tiny nanoparticles regardless of BDD edges as shown in Figure 4.2B. For 
CuNPs/BDD results (Figure 4.2C), CuNPs were smaller than AuNPs and non-uniformly presented 
on the grains of BDD. This is attributed to the high conductivity of boron concentration at the 
fringe position [123]. The distribution of the CuNPs/AuNPs bimetallic nanoparticles materials 
deposited BDD in Figure 4.2D contrasts with CuNPs/BDD that the nanoparticles were 
homogeneously dispersed throughout the electrode surface because CuNPs can grow on both 
the conductive site of the diamond layer and AuNPs [124]. This result suggests that AuNPs is 
responsible for the negative charges on the electrode surface in which Cu2+ can be reduced to 
Cu0 preferably [120]. Moreover, the study of an elemental mapping (see Figure 4.2(a)-(-d)) agrees 
with the results from FE-SEM that the AuNPs and CuNPs were uniformly distributed on the 
electrode surface. Thus, there are a significant amount of nanocatalysts electrodeposited on the 
electrode surface. 

 

Figure 4.2 SEM images of bare BDD (A), AuNPs/BDD (B), CuNPs/BDD (C), and CuNPs/AuNPs/BDD (D); 
and their elemental mapping BDD (a), AuNPs/BDD (b), CuNPs/BDD (c), CuNPs/AuNPs/BDD (d). The 
color represents silicon (blue color), gold (red color), and copper (green).  
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The conductivity from different electrodes were studied by EIS techniques and their 
Nyquist plots are shown in Figure 4.3A. From the curve, the charge transfer resistance or Rct of 
Fe(CN)63-/4- can be identified from the diameter of the semicircle. Rct equals to 120, 1.92, 2.10, and 
0.96 kΩ of BDD, AuNPs/BDD, CuNPs/BDD, and CuNPs/AuNPs/BDD, respectively. Surprisingly Rct of 
metal nanoparticles modified electrode was much lower than BDD indicating that the 
nanoparticles can facilitate the electrons transfer of the electroactive species to the electrode 
interface. This phenomenon assures that the enhancement of the conductivity derived from gold 
and copper nanocatalyst electrodeposited on the electrode surface. Additionally, 
CuNPs/AuNPs/BDD demonstrated the high conductivity compared with others electrode. Hence, 
the outstanding sensitivity can be achieved with bimetallic nanoparticles modified electrode. 

 

Figure 4.3 Nyquist plots (A), cyclic voltammogram (B), and plots between square root of scan 
rate (v1/2, V s-1) and current (µA) of unmodified BDD (blue line), AuNPs/BDD (red line), CuNPs/BDD 
(green line), and CuNPs/AuNPs/BDD (brown line). Testing solution is 5 mM Fe(CN)63-/4- in 0.1 M KCl. 

The electroactive surface area of metallic nanoparticles modified electrode were 
studied with a cyclic voltammetry. To estimate the area, each electrode was employed for the 
measurement of current at different scan rates in the presence of [Fe(CN)6]3-/4-. This active species 
was involved in this experiment because they possess fast electron transfer characteristic and the 
number of electron transfer is known (n=1). Figure 4.3C shows the cyclic voltammograms of BDD, 
AuNPs/BDD, CuNPs/BDD, and CuNPs/AuNPs/BDD at different scan rates. The equivalent cathodic 
and anodic peak are observed; therefore, the electrochemical reaction is reversible. The Randles-
Sevcik equation (Equation (21)) was employed for the determination of the active surface area:  
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 ip=(2.99x105)αn3/2ACD1/2𝑣1/2 (21) 

Where ip is the peak current (A) 
D is the diffusion coefficient of [Fe(CN)6]3-/4- (7.60x10-6 cm2 s-1 in 0.1 M KCl) 
C is the concentration of [Fe(CN)6]3-/4- (mol cm-3) 
n is the number of involved electrons in the reaction 

α is the transfer coefficient (0.5) 

 is the scan rate (V s-1).  

From the plot between ip and 1/2, the electroactive area of the electrodes is 
calculated to be 0.1703, 0.4465, 0.3447, and 0.5010 mm2 for BDD, AuNPs/BDD, CuNPs/BDD, and 
CuNPs/AuNPs/BDD, respectively. Thus, the electroactive surface area of the electrode was 
increased accordingly after modification with CuNPs, AuNPs, and CuNPs/AuNPs, respectively. 

4.1.4.2. Redox behavior of modified electrodes towards neonicotinoids 

Several groups have reported the electrochemical detection of neonicotinoids, 
particularly imidacloprid and thiamethoxam based on hanging mercury electrode [125, 126], silver 
amalgam electrode [127], and glassy carbon electrode [128]. In this work, the redox reaction of 
four insecticides was studied on CuNPs/AuNPs/BDD electrode. The voltammograms were 
evaluated using cyclic voltammetry. From CV in Figure 4.4, the redox reaction of all 
neonicotinoids is irreversible as only cathodic current was presented when scanning a full cycle 
and the result is corresponding to other reports [129]. Since unmodified BDD electrode offers 
limited sensitivity and in this case is unsuitable for the following experiments because the peak 
current is low. CuNPs/AuNPs/BDD was employed for other studies (see Figure 4.5). Under 
optimized CV conditions, the reduction potential vs. Ag/AgCl of dinotefuran (DIN), thiamethoxam 
(THM), clothianidin (CLO), and imidacloprid (IMD) were -1.73, -1.63, -1.49, and -1.46, respectively. 
There is a single reduction peak from THM, CLO, and IMD; while the two peaks were observed 
from DIN. According to the literature reviews, there are two reductions of the insecticides 
occurring step-wisely. First, the nitro group is reduced to hydroxylamine employing four electrons, 
and further reduced to amine group after accepting other two electrons [126]. However, the 
second step is obscured by the hydrogen evolution [130]. It can be concluded that the results in 
this study agrees very well with others.  
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Figure 4.4 Cyclic voltammogram of 5 mM DIN (A), 4 mM THM (B), 1.25 mM CLO(C), and 2 mM IMD 
(D) on unmodified electrode. The solution was prepared in 90% BRB buffer pH 7 : 10% 
acetonitrile and it was used as blank (grey line) for this study. 
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Figure 4.5 Cyclic voltammogram of 5 mM DIN (A), 4 mM THM (B), 1.25 mM CLO(C), and 2 mM IMD 
(D) on CuNPs/AuNPs/BDD electrode. The solution was prepared in 90% Britton-Robinson buffer 
pH 7 : 10% acetonitrile and it was used as blank (grey line) for this study. 

4.1.4.3. Method optimization 

4.1.4.3.1. Electrode modification 

Variable parameters that can influence the analyte detection signal were optimized. 
First, the parameters that affects the modification of BDD electrode by electrodeposition 
techniques including applying potential (0 to -0.8 V) and current (0 to -350 µA), deposition time (0 
to 300 s), and concentration of the metal ions (1 to 10 mM) were investigated. In this work, metal 
nanoparticles were deposited orderly. According to the literature review, AuNPs should be priory 
accumulated on the electrode because it favors other nanoparticles to be attracted by providing 
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the negatively charged. It was found that AuNPs were formed after -0.3 V was applied to the 
electrode (see Figure 4.6). -0.4 V was selected as the optimal applied potential as AuNPs 
gradually formed as isolated particles rather than agglomeration at this potential. In contrast with 
AuNPs, chronopotentiometry was choose for the electrodeposition of CuNPs. Applied current 
ranging from 0 to -350 µA with approximately 50 µA interval were employed in this experiment. It 
was found that at -225 µA yields the highest current from the cyclic voltammogram of 5 mM 
Fe(CN)63-/4- (in 0.1 M KCl), therefore this point was selected as the good condition for CuNPs 
modification. The deposition time in Figure 4.7 of both metals was optimized as a ratio between 
of AuNPs and CuNPs. The bar chart shows that the current increase with deposition time, while 
the opposite phenomena was observed for the peak current. However, the results were diverged 
after the current reaches maximum point. It happens due to the growth of nanoparticles to a 
larger scale and reduce the electroconductivity. It was clearly when AuNPs:CuNPs equals to 30:90 
s (1:3), the highest current was achieved with peak potential shifted towards the oxidation (vs. 
Ag/AgCl) and was set as the appropriated deposition time. Moreover, concentrations of gold and 
copper ions were studied and found that at 5 mM provides the highest current signal. 

 

Figure 4.6 Cyclic voltammogram of 5 mM Au3+ in 0.2 M H2SO4 performed on BDD electrode with 
the scan rate of 0.1 V s-1 
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Figure 4.7 Optimization of nanoparticles electrodeposited electrode: applied potential for AuNPs 
(A), applies current for CuNPs (B). Plots between current signals at different deposition time 
(tAuNPs/tCuNPs, s) (C) and peak potential (D) of 5 mM DIN (blue), 4 mM THM (red), 1.25 mM CLO 
(green), 2 mM IMD (brown) in 90% Britton-Robinson buffer pH 7 : 10% acetonitrile. 

4.1.4.3.2. u-HPLC separation and electrochemical detection 

The isocratic separation of neonicotinoids in this work was done in reverse phase 
system using C18 materials as the analytical column. Important parameters; percent organic 
solvent, injection volume, and flow rate were studied so that the good resolution of the 
chromatogram was obtained. In this work, acetonitrile was used as the organic solvent in the 
mobile phase of u-HPLC and was first optimized. The higher content of acetonitrile (>10%) the 
peaks of CLO and IMD cannot be separated with each other, therefore percent acetonitrile of 5 
to 9 were investigated. The results in Figure 4.8 show that at 7%, a good separation with Rs > 1.5 
can be calculated from the last two peaks. Thus, 7% acetonitrile was chosen for other 
experiments. For injection volume, the parameters were 3 to 25 µL was employed. Although the 
higher current signals can be noticed with increasing injection volume, the peaks were broadening 
and Rs is lower than 1.5. The efficient parameter was yielded when 7 µL was employed for the 
injection of the standard analytes, thus this volume was the optimized conditions. Finally, the 
flow rate was evaluated together with the percent acetonitrile. The results demonstrate that 
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faster separation can be achieved with elevating the flow of the system; however, 1 mL min-1 
gives more suitable separation with better resolution than highest flow rate with low content of 
the organic solvent. The peak width of DIN, THM, CLO, and IMD were 0.41, 0.55, 0.55, and 0.69 s, 
accordingly. The separation was completely with is 7.4 min which is acceptable for four 
compounds. From the chromatogram the optimal condition of percent acetonitrile, injection 
volume, and flow rate were 7%, 7µL, and 1 mL min-1, respectively. 

 

Figure 4.8 Optimization of % acetonitrile (A) and injection volume (B) 

Chronoamperometry was employed as a detection technique in this study. Different 
applied potentials in the range of -1.0 to -2.0 V were investigated for a proper analytical purpose. 
The result in Figure 4.9 was the plot between the applied potential (x-axis) and signal to baseline 
ratio (S/B). The optimal condition was determined at the maximum ratio of S/B between current 
signal (S) and current of the baseline (B). The current signal of both detection potential and the 
baseline increase with the applied potential. Under the optimal potential, the S/B results in the 
best condition for the electrochemical detection, whereas other ratio shows those numbers were 
lower. After a careful investigation, it was found that at -1.6 V produces a superior result than 
other applied potential for all compounds. Thus, -1.6 V was chosen as the suitable potential for 
the electrochemical detection of DIN, THM, CLO, and IMD. In addition to the detection potential, 
pH of Britton-Robinson buffer ranging from 2 to 10 were studied and the results are displayed in 
Figure 4.9. pH affects the detection of neonicotinoids significantly because the dissociation of the 
compounds relies on the pH of the solution. It was reported that neutral to slightly basic 
condition was used for electrochemical detection of some neonicotinoids [131]. From the results, 
it agrees that moderate pH buffer provides higher current signal. Moreover, there is a report of a 
degradation of pesticides at higher pH [132]. Therefore, in this work a pH of 6.4 was reasonable 
for detection of the analytical targets and employed for the following experiments.   
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Figure 4.9 Plot between signal-to-noise and applied potential at different applied potential (A) 
and plot between current signals and pH (B) of 5 mM DIN (blue), THM (red), CLO (green), IMD 
(brown) 

4.1.4.4. Analytical performance, repeatability, and reproducibility 

Different neonicotinoid concentrations were injected into the u-HPLC system and 
detected using amperometry techniques. Figure 4.10 shows the overlaying chromatograms and 
the calibration plots of DIN, THM, CLO, and IMD. Table 4.1 summarizes the analytical 
performance of DIN, THM, CLO, and IMD. The linear range of dinotefuran and thiamethoxam is 
ranging from 0.004 – 1 mM, whereas 0.008 – 1 mM was obtained from clothianidin and 
imidacloprid, respectively with a good linearity value (r2 > 0.99). Moreover, the calibration slopes 
have an excellent RSD (less than xx%) for triplicate measurements. The detection limit and the 
limit of quantification are calculated from 3SDblank/Slope and 10SDblank/Slope (different slope for 
each neonicotinoids) where SD is the standard deviation of blank (n=10). 0.75, 2.50, 1.68, and 
1.09 µM is achieved for the detection limit of DIN, THM, CLO, and IMD, respectively. Literature 
reviews of analytical characteristics based on electrochemical detection is compared in Table 4.2. 
Lower detection limit of this proposed method is attributed to the outstanding electrocatalytic 
properties derived from the bimetallic nanoparticles modified electrode. Furthermore, the 
reproducibility of the modified electrode is carried out. %CV of 1.05, 0.70, and 0.24 is obtained 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 109 

from the repeated measurements (n=7) of three different dinotefuran concentrations (0.04, 0.4, 
and 1 mM) on the same electrode. u-HPLC coupled with electrochemical detection using 
CuNPs/AuNPs/BDD as working electrode developed in this work shows a good performance for 
the determination and separation of four different insecticides. 

 

Figure 4.10 Chromatogram of nenocotinoid insecticides at different concentration (A), calibration 
plot of DIN (B), THM (C), CLO (E), and IMD (E) 
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Table 4.1 Summary of neonicotinoids analytical performance (n=3) 

Analyte Linear range(mM) Slope (µA mM-1) Intercept (µA) LOD (µM) LOQ (µM) 

DIN 0.008-1 10.3766 0.1835 0.75 2.49 

THM 0.008-1 3.0974 0.2321 2.50 8.33 

CLO 0.004-1 4.6063 0.1354 1.68 5.60 

IMD 0.004-1 7.0806 0.1481 1.09 3.64 

 Table 4.2 Comparison of analytical performance between this work and others 

Modified electrode 
Detection 
method 

Linear range 
(mM) 

LOD (µM) Analyte Real sample Reference 

BDD 
Square wave 
voltammetry 

0.03-0.2 8.60 Imidacloprid Plum juice [117] 

Sputtered bismuth 
thick-film electrode 

DPV 0-0.12 0.04-0.07 

Dinotefuran, 
thiamethoxam, 
clothianidin, 
imidacloprid, 
nitenpyram 

Distilled, 
tap, mineral, 
surface 
water 

[118] 

Tricresyl phosphate-
based carbon paste 
electrode 

DPV 0.015-0.166 - thiamethoxam 
River water, 
Actara 25 
WG 

[132] 

Graphene oxide 
modified glassy 
carbon electrode 

Square wave 
voltammetry 

0.01-0.2 7.9-8.3 
Thiamethoxam, 
imidacloprid 

Water, 
honey 

[133] 

CuNPs/AuNPs/BDD 
Amperometry 
coupled u-
HPLC 

0.004-1 0.75-2.50 

Dinotefuran, 
thiamethoxam, 
clothianidin, 
imidacloprid 

Vegetable, 
honey 

This work 
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4.1.4.5. Real samples application 

CuNPs/AuNPs/BDD was applied for the determination of neonicotinoids in real samples 
using the standard addition method. Water spinach and two honey samples were purchased 
from the local market and prepared for the analysis using the method described previous. The 
stock standard of four analytes of different concentrations (non-spiked, 0.04, 0.1, 0.2, and 0.4 
mM) was spiked into the sample. From Table 4.3, this developed method provides a good 
precision with %RSD and %recovery in the range of 0.03-1.19 and 97.14%-101.91%, respectively. 
To evaluate the accuracy of the results, the identical chromatographic assay was connected to 
the UV-visible detector (u-HPLC-UV) and determined for the concentrations of neonicotinoids in 
real samples using external calibration. Two techniques including amperometry employing 
CuNPs/AuNPs/BDD as working electrode and UV-visible detection were compared using a paired 
t-test at the 95% confidence criteria for all samples. Tcalculated of the results from the developed 
method and u-HPLC-UV (0.1 mM) equals to 0.6068 which lower than t-value of 3.1824. From the 
statistic, our method agrees with the standard u-HPLC-UV without null hypothesis rejecting. 
Therefore, the bimetallic nanoparticles modified electrode coupled with u-HPLC developed in 
this work demonstrates an alternative, sensitive, and reliable approach for the practical analysis 
of neonicotinoids in real samples. 

In this work, the stability study was investigated by injecting solutions prepared from 
the real samples for several days on the same and different electrode. The electrodeposition of 
the electrode was performed and stored at room temperature. Before the analysis, the 
nanoparticles modified electrode was activated by applying cyclic voltammetry for 20 cycles in 
0.1 M NaOH. In case of inter-day study, the surface activation was done once and used for all 
measurements. The results in Table 4.4 indicate that a good stability was obtained with 
%recovery in the range of 97.23-102.00%. A notable stability of intra-day study is also 
demonstrated by this modified electrode (0.90% of %CV is achieved from the continuous analysis 
for three days). The results reveal that our modified electrode provide satisfactory stability 
throughout the long period of the experiment.  
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Table 4.3 Recovery data for determination of the target nenicotinoids in vegetable and honey 
samples at CuNPs/AuNPs/BDD electrode compare with UV-vis detection method 

Samples 
Spiked 
level 
(µM) 

Analyte 
Amount found (µM) (x  SD) %Recovery 

Amperometry UV-vis Amperometry UV-vis 

Water spinach 
40 DIN 40.74 ± 0.57 40.29 ± 0.31 101.85 100.72 
 THM 39.61 ± 0.31 39.73 ± 0.10 99.01 99.32 

  CLO 40.18 ± 0.57 39.77 ± 0.29 100.45 99.43 
  IMD 40.10 ± 0.35 39.91 ± 0.27 100.26 99.79 
 100 DIN 100.64 ± 0.68 100.55 ± 0.58 100.64 100.55 
  THM 99.29 ± 0.72 99.39 ± 0.52 99.29 99.39 
  CLO 100.07 ± 1.02 99.95 ± 0.84 100.07 99.95 
  IMD 98.64 ± 1.03 98.91 ± 0.83 98.64 98.91 
 200 DIN 200.88 ± 0.52 201.41 ± 1.77 100.44 100.71 
  THM 201.52 ± 1.12 197.87 ± 1.02 100.76 98.94 
  CLO 200.48 ± 1.15 199.39 ± 1.77 100.24 99.69 
  IMD 199.29 ± 0.83 199.81 ± 1.07 99.64 99.91 
 400 DIN 393.66 ± 4.72 402.87 ± 2.05 98.41 100.72 
  THM 403.04 ± 3.13 403.03 ± 2.06 100.76 100.76 
  CLO 397.51 ± 4.71 399.40 ± 1.98 99.38 99.85 
  IMD 397.73 ± 2.29 399.52 ± 1.97 99.43 99.88 

Kale 40 DIN 40.37 ± 0.45 39.99 ± 0.21 100.93 99.98 
  THM 39.68 ± 0.48 40.29 ± 0.20 99.21 100.73 
  CLO 40.54 ± 0.39 39.90 ± 0.16 101.36 99.75 
  IMD 39.72 ± 0.43 40.07 ± 0.09 99.31 100.18 
 100 DIN 100.06 ± 0.04 100.29 ± 0.19 100.06 100.29 
  THM 100.04 ± 0.03 100.03 ± 0.07 100.04 100.03 
  CLO 99.98 ± 0.03 99.93 ± 0.14 99.98 99.93 
  IMD 99.99 ± 0.04 100.06 ± 0.19 99.99 100.06 
 200 DIN 197.20 ± 2.47 198.47 ± 1.49 98.60 99.24 
  THM 202.14 ± 1.72 199.03 ± 1.15 101.07 99.52 
  CLO 199.48 ± 3.03 201.28 ± 0.65 99.74 100.64 
  IMD 202.71 ± 2.77 199.76 ± 1.40 101.35 99.88 
 400 DIN 399.06 ± 1.87 395.88 ± 1.87 99.76 98.97 
  THM 396.73 ± 2.39 399.61 ± 1.53 99.18 99.90 
  CLO 395.35 ± 1.68 397.74 ± 2.56 98.84 99.44 
  IMD 400.01 ± 2.46 400.77 ± 2.47 100.00 100.19 

Honey I 40 DIN 39.25 ± 0.77 39.91 ± 0.21 98.12 99.78 
  THM 40.20 ± 0.32 40.29 ± 0.20 100.50 100.72 
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Samples 
Spiked 
level 
(µM) 

Analyte 
Amount found (µM) (x  SD) %Recovery 

Amperometry UV-vis Amperometry UV-vis 

  CLO 40.76 ± 0.76 39.93 ± 0.21 101.91 99.82 
  IMD 40.74 ± 0.87 39.94 ± 0.02 101.86 99.86 
 100 DIN 100.04 ± 0.37 99.99 ± 0.39 100.04 99.99 
  THM 99.73 ± 0.59 99.77 ± 0.84 99.73 99.77 
  CLO 100.47 ± 0.60 100.52 ± 0.92 100.47 100.52 
  IMD 100.90 ± 0.43 101.46 ± 0.74 100.90 101.46 
 200 DIN 202.93 ± 4.68 198.66 ± 1.63 101.46 99.33 
  THM 201.69 ± 3.86 201.88 ± 0.96 100.85 100.94 
  CLO 194.28 ± 1.54 200.74 ± 1.62 97.14 100.37 
  IMD 199.87 ± 4.38 199.96 ± 1.05 99.94 99.98 
 400 DIN 400.78 ± 0.91 397.02 ± 2.04 100.20 99.25 
  THM 400.36 ± 0.71 395.67 ± 3.51 100.09 98.92 
  CLO 399.04 ± 0.81 399.69 ± 3.71 99.76 99.92 
  IMD 399.22 ± 0.96 402.66 ± 2.82 99.80 100.66 

Honey II 40 DIN 39.99 ± 0.16 39.92 ± 0.31 99.97 99.79 
  THM 39.92 ± 0.16 39.53 ± 0.32 99.80 98.82 
  CLO 40.23 ± 0.04 40.14 ± 0.25 100.57 100.36 
  IMD 39.97 ± 0.14 39.99 ± 0.11 99.93 99.98 
 100 DIN 100.04 ± 0.80 100.05 ± 0.96 100.04 100.05 
  THM 98.63 ± 0.77 98.35 ± 0.96 98.63 98.35 
  CLO 99.99 ± 0.78 99.98 ± 0.98 99.99 99.98 
  IMD 99.93 ± 0.06 100.06 ± 0.04 99.93 100.06 
 200 DIN 200.07 ± 0.60 199.70 ± 0.56 100.04 99.85 
  THM 199.87 ± 0.59 199.14 ± 0.56 99.93 99.57 
  CLO 200.99 ± 0.13 200.25 ± 0.31 100.50 100.13 
  IMD 200.12 ± 0.52 199.63 ± 0.34 100.06 99.81 
 400 DIN 397.16 ± 2.87 397.16 ± 2.87 99.29 99.29 
  THM 394.54 ± 4.13 394.54 ± 4.13 98.63 98.63 
  CLO 400.28 ± 4.08 400.28 ± 4.08 100.07 100.07 
  IMD 402.55 ± 2.71 402.55 ± 2.71 100.64 100.64 
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Table 4.4 Interday and intraday study of CuNPs/AuNPs/BDD electrode for insecticides detection 
(n=3) 

Samples Spiked level (µM) Analyte 
Intra-day Inter-day 

%Recovery %RSD %Recovery %RSD 

Water Spinach 40 DIN 101.94 0.99 100.72 0.04 
  THM 99.07 1.01 99.32 0.04 
  CLO 100.52 0.47 100.81 0.04 
  IMD 100.31 1.11 99.39 0.04 
 100 DIN 100.69 0.96 99.52 0.10 
  THM 99.35 0.03 99.85 0.10 
  CLO 100.16 1.51 100.64 0.10 
  IMD 98.70 0.35 99.46 0.10 
 200 DIN 100.49 1.85 100.03 0.20 
  THM 100.83 0.50 99.00 0.20 
  CLO 100.34 0.72 100.76 0.20 
  IMD 99.74 0.19 99.04 0.20 
 400 DIN 98.48 0.08 99.76 0.40 
  THM 100.82 0.68 99.97 0.40 
  CLO 99.46 0.06 100.78 0.40 
  IMD 99.52 0.85 100.83 0.40 

Kale 40 DIN 101.02 1.12 99.93 0.04 
  THM 99.27 1.43 99.94 0.04 
  CLO 101.41 0.55 100.06 0.04 
  IMD 99.38 0.72 100.79 0.04 
 100 DIN 100.11 1.14 99.80 0.10 
  THM 100.09 0.04 100.25 0.10 
  CLO 100.04 1.95 100.39 0.10 
  IMD 100.05 0.17 100.10 0.10 
 200 DIN 98.68 1.67 100.00 0.20 
  THM 101.13 0.60 100.14 0.20 
  CLO 99.81 1.08 99.32 0.20 
  IMD 101.45 0.27 99.58 0.20 
 400 DIN 99.86 0.03 100.69 0.40 
  THM 99.26 0.08 99.94 0.40 
  CLO 98.89 0.02 99.07 0.40 
  IMD 100.10 0.95 99.96 0.40 

Honey I 40 DIN 98.19 1.15 99.52 0.04 
  THM 100.56 1.41 100.25 0.04 
  CLO 102.00 0.55 99.85 0.04 
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Samples Spiked level (µM) Analyte 
Intra-day Inter-day 

%Recovery %RSD %Recovery %RSD 
  IMD 101.93 0.71 100.80 0.04 
 100 DIN 100.14 1.14 99.89 0.10 
  THM 99.79 0.04 99.94 0.10 
  CLO 100.55 1.94 100.04 0.10 
  IMD 100.95 0.17 99.85 0.10 
 200 DIN 101.55 0.64 100.59 0.20 
  THM 100.94 0.60 101.52 0.20 
  CLO 97.23 1.11 99.42 0.20 
  IMD 100.03 0.28 101.03 0.20 
 400 DIN 100.25 0.03 100.47 0.40 
  THM 100.15 0.08 100.04 0.40 
  CLO 99.86 0.02 99.34 0.40 
  IMD 99.88 0.95 98.99 0.40 

Honey II 40 DIN 100.07 1.01 100.02 0.04 
  THM 99.89 0.95 100.73 0.04 
  CLO 100.62 0.23 99.86 0.04 
  IMD 100.01 1.66 98.90 0.04 
 100 DIN 100.12 1.21 100.43 0.10 
  THM 98.70 0.01 100.07 0.10 
  CLO 100.07 1.75 100.13 0.10 
  IMD 100.01 0.41 98.43 0.10 
 200 DIN 100.12 1.68 100.08 0.20 
  THM 99.99 0.22 100.11 0.20 
  CLO 100.56 0.43 99.92 0.20 
  IMD 100.12 0.08 99.63 0.20 
 400 DIN 99.36 0.12 100.22 0.40 
  THM 98.69 1.01 99.88 0.39 
  CLO 100.14 0.07 99.37 0.40 
  IMD 100.69 0.46 98.72 0.40 
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4.1.5. Conclusions 

Bimetallic nanoparticles modified boron-doped diamond electrode were developed for 
amperometric detection of four insecticides after ultra-high-performance liquid chromatography. 
AuNPs and CuNPs were electrodeposited homogenously according to SEM results onto the BDD 
surface and enhance the electroactive surface area with the additional improvement of the 
electrocatalytic properties towards the reduction of dinotefuran, thiamethoxam, clothianidin, and 
imidacloprid. A cathodic peak was observed at a potential approximately -1.6 V vs. Ag/AgCl for xx 
with the Britton-Robin buffer pH 6.4 (0.01 M) as a supporting electrolyte. The chromatographic 
method involves a reversed phase C18 as an analytical column and the separation was complete 
with in 8 min using 7% acetonitrile as an organic solvent. The excellent analytical performance 
was achieved in this work; the limit of detection for dinotefuran was calculated from 
3SDblank/slope and could be as low as 0.75 mM. Moreover, the wide linear dynamic range of 0.004 
– 1 mM for clothianidin and imidacloprid was obtained. This work demonstrates the practical for 
real sample analysis by applying the method for determination of neonicotinoids in a water 
spinach and honey samples. The results show exceptional recoveries in the range of 97.14-
101.91%. Furthermore, this proposed method has a good reproducibility and repeatability. In 
conclusion, a fast, reliable, and highly sensitive analytical method is demonstrated for the 
determination of important insectoids used in agricultural proposes.  
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4.2. Capillary open tubular anion-exchange chromatography and 
electrochemical detection of amino acids 

4.2.1. Abstract 

Anion-exchange chromatography with amperometric detection of underivatized amino 
acid using copper electrode was studied. A facile and sensitive electrochemical detection of 
amino acids without complicated derivatization procedure was coupled with isocratic 
chromatographic separation using PA10 nanoparticles coating on sulfonated COP capillary 
column in alkaline solution. Two electrode systems, Cu as the working electrode and stainless-
steel as the counter electrode, was used. The effects of analytical conditions including the 
optimal potential, the concentration of NaOH, and the choice of mobile phase for high affinity 
amino acids were described. Under the optimal condition (1 V applied potential, 20 mM NaOH 
carrier), the detection limit of serine was 20 fmol (0.42 mg L-1). The linear range shows a great 
correlation coefficient (>0.99). Cu amperometric sensor in this work shows a good reproducibility 
of 5.94% over one thousand injections.  
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4.2.2. Introduction 

Amino acids are building blocks of peptides and proteins. The structure consists of 
amine and carboxylic functional group connecting to the alpha carbon atom. Multiple amino 
acids are linked by peptide bond to form the peptides and proteins which is very specific. Each 
amino acid has different alkyl group that connect to alpha carbon atom. Different amino acids 
act as various biomarkers. For example, lysine indirectly involves in the process of turning fats 
into energy, lacking lysine causes slow growth and reproductive disorders [134]. Cysteine has 
been reported connected to depigmentation of hair, liver damage, and loss of muscle [135]. 
Therefore, the separation and determination of amino acids is essential. 

Recent chromatographic methods of amino acids have been progressed with the 
advantages of technology. Most of them are focused on liquid chromatography. The separation 
of amino acids can be achieved using reversed-stationary phase chromatography and ion-
exchange chromatography. However, the direct method is not simple because these molecules 
are absent of natural strong chromophore or fluorophore for photometric or fluorometric 
detection. Therefore, the pre- or post-column derivatization procedures are required to add the 
strong chromophore groups to amino acids for sensitive photometric detection. There are various 
derivative molecules such as ninhydrin [136], phenyl isothiocyanate [137], o-phthalaldehyde-2-
mercaptoethanol [138], etc. that were purposed for sensitive determination of amino acids in 
chromatographic system [139-141]. However, the method that is not required derivatization 
process is demand because it is convenient, rapid, and simple. Currently, electrochemical 
detection coupled with ion-exchange chromatography is applied with sensitive direct analysis of 
amines and amino acids without derivatization process. For avoiding the immediate fouling of 
noble metal electrode, pulsed or stripping voltammetry for underivatized amino acids was 
frequently employed [142, 143]. The detection mechanism depends on surface-catalyzed 
oxidation of amine functional group on the surface of metal. On the other hand, direct anodic 
oxidation at constant applied potential can occur on some metal and chemical modified 
electrode that made from non-noble material such as copper [144], nickel [145], cobalt, etc. For 
copper electrode, copper oxyhydroxide in alkaline media acts as amperometric probe for 
underivatized amino acids detection in liquid chromatography or capillary electrophoresis [146]. 
In this method, there is no electrode fouling of the working electrode. Thus, the constant applied 
potential can be practical. 

Recently, we have developed open tubular ion chromatography (OTIC) using 
cycloolefin polymer (COP) capillary column (19-28 µm). The column was sulfonated using 
mixtures of chlorosulfuric acid and glacial acetic acid, then coating with anion-exchange (AEX) 
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nanoparticles. Finally, AEX column was obtained and demonstrated that it can separate anions 
[5]. In addition, this achievement provides the possibility of the separation of another anion by 
changing the AEX nanoparticles that suitable with the analytes. In practical, the condition for 
detection on copper material agrees with the deprotonated amino acids that can be separated 
with AEX capillary column as well. 

In this study, the facile method for amperometric determination of amino acid in 
alkaline condition without derivatization procedure or pulsed voltammetry after AEX 
chromatography was developed. Even though, the gradient elution is necessary for a complete 
elution of all essential amino acids, the isocratic elution for important amino acids is described. 
Therefore, the objectives of this study were to investigate the optimal condition for separation 
and quantification of important amino acids. In this work, the fast and simple, also sensitive 
method for determination of amino acids is demonstrated. The purposed method can be readily 
assembled for portable amino acids detection in the future. 

4.2.3. Experimental 

4.2.3.1. Reagents 

All solutions were prepared from analytical reagent grade chemicals without 
purification and by using distilled deionized water. Sodium hydroxide pallets were purchased 
from Merck. Amino acids were purchased from VWR. Chlorosulfonic acid was purchased from 
Acros (www.acros.com). AEX latex suspensions (PA10) were received from Thermo Fisher Scientific 
(Dionex) (Sunnyvale, CA) as a gift.  

4.2.3.2. Amperometric experiments 

A DStat [147], an open-source and general-purpose potentiostat, was used for 
electrochemical measurements. The data acquisition was performed using DStat interface 
software. All voltammetry was carried out in two-electrode cell using the Cu working electrode 
and a stainless-steel counter electrode.  

4.2.3.3. Flow injection (FIA) and chromatographic measurements 

These experiments were conducted with electrochemical cell, consisting of 15-50 µm 
Cu copper electrode and a stainless-steel counter electrode. 

Four solenoid valves (SV), PET tubes, and a circuitry equipped with Programmable 
System-on-Chip (PSoC) 5/S5LP (www.cypress.com) and a LabVIEW (www.ni.com) were used for 
FIA and chromatographic experiments. 

http://www.acros.com/
http://www.cypress.com/
http://www.ni.com/
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A personal computer equipped with DStat interface allowed acquisition and processing 
of chromatograms. The mobile phase was purged from nitrogen, controlled by a miniature 
pressure controller model OEM-EP (Parker Hannifin Corp). Moreover, the eluent solution was kept 
in plastic bottles and sealed inside the plastic bags that filled with soda lime to minimize CO2 
dissolution.  

Chromatographic separations were performed by using a AEX-COP capillary column (19-
28 µm inner diameter, 150-180 cm length) prepared in our lab. 

4.2.3.4. Electrode preparation 

Cu (15-50 µm diameter) was used as the working electrode (WE). First, the 1.5-2 cm Cu 
wire was cut and inserted into polyethylene terephthalate (PET) or polyether ether ketone (PEEK) 
tube (370 µm outer diameter). Next, they were inserted into a stainless-steel needle (~700 µm 
outer diameter). Then, they were glued together with a casting resin. Finally, WE was placed in 
room temperature for 24 hours to completely dry the casting resin. The Cu wire was soldered to 
the shield cable to make connection with the DStat PCB. Prior use, the electrode was polished 
with sandpaper from number 6000 to 15000 respectively until the surface was smooth. The 
images of the electrode were obtained using digital microscope model VHX-5000 (Keyence Corp). 

A counter electrode (CE) was prepared from a stainless-steel tube (18 AWG). First, the 
tube (2-3 cm) was cut and polished with coarse sandpaper to remove sharp edges. Next, 2 
opposite holes was drilled to make the outlet of the solution. Then, it was soldered with the 
shield cable for connection with the DStat. 

An electrochemical cell was configured from WE, CE, and the column. The WE and 
column was inserted from the different ends of CE and met at the outlet (2 holes that was 
previously drilled). Occasionally, the PET tube (1.5-2 cm) was inserted at the end of the column 
to ensure that the outlet of the column was centralized and aligned very well with the WE. The 
schematic of the electrodes and their position are shown in Figure 4.11.  
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Figure 4.11 Schematic (A) and the image (B) of Cu working electrode, and the position of the 
electrodes at the end of the capillary column (C). 

4.2.3.5. Column preparation 

The column was prepared with 2 steps; sulfonation of the column, and latex coating. 
The procedure for polymerization and extrusion of the blank column was explained in previous 
publication and the instrument setup was similar to that work. COP column with 19 and 28 µm 
was obtained after the process. To sulfonate the column, first the COP was cut (150-180 cm). 
Second, N2 was passed through for 10 minutes to thoroughly dry the column. Third, the 
chlorosulfonic acid in glacial acetic acid (90:10 w/w) was passed through for 5 hours. Next, the 
column was washed out the remaining acid with glacial acetic acid and water, each for 1 hours. 
Then, it was put inside the oven at 80°C while 20 mM NaOH was passing. After that the column 
was washed with water for 30 minutes at room temperature. Cation-exchange (CEX) column was 
obtained. All pressure used in these steps was 100 psi. 

For coating with AEX, the CEX column was passed with PA10 nanoparticles for 2 hours 
using 20 psi N2 gas. Finally, the column was washed with water and ready to use. 

4.2.3.6. DStat printed circuit board preparation 

The schematic and components of the board is provided by Dryden, M. D. M. and 
groupThe plate was pasted with solder paste at the positions of the components. The 
components were placed onto the specific position carefully. Then the printed circuit board 
(PCB) was baked inside the oven at 150°C for 2 hours. DStat PCB was obtained. The electrode 
position was connected with female terminator. 

In order to prevent the detection with ambient noise, the rectangle metal box was 
used to cover the board. The box was drilled for 1-1.5 cm diameter and placed inside with 
insulating foam. The cable from WE and CE was passed through this hole to connect to DStat. 
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4.2.4. Results and discussion 

4.2.4.1. Detection of amino acids on Cu electrode 

From literature reviews, regarding Cu electrode in alkaline media show activity towards 
the oxidation of various organic molecules including carbohydrates and amines [148, 149]. 
Therefore, an electrochemistry of the Cu electrode as amperometric sensor for the determination 
of underivatized amino acids directly in the alkaline media was studied. Figure 4.12 displays the 
cyclic voltammogram of the Cu electrode in the presence of L-histidine in 20 mM NaOH solution. 
From the voltammogram, it was found that the oxidation peak at 0.32 and 0.85 V increase with 
the increase concentration of histidine during the anodic sweep. Moreover, the same 
electrochemical behavior of histidine was observed for other amino acids such as serine and 
proline. The potential obtained from this study was shifted (~0.3 V less) from the system using 

Ag/AgCl reference electrode [150]. In this work, the oxidation of Cu (Cu → Cu2+) in the presence 
of amino acids was appeared ~0.8-1 V. From literature review, the oxidation of carbohydrates and 
amino acids on Cu electrode has 2 mechanisms; electrocatalytic oxidation and complexation. 
Vary experimental conditions such as analytes, pH differences, and potential differences can 
result in different mechanism [151]. Thus, it is important to investigate the mechanism of this 
work. For the hypothesis, the mechanism of this work was attributed to the complexation of 
Cu(II) by amino acids increased the dissolution of Cu from the electrode surface. This 
phenomenon occurred in alkaline media which is corresponding to our system as well. Moreover, 
the images from the digital microscope before and after the injection was investigated. The 
surface of Cu was etching, and curvature shape was seen on the surface of Cu as in Figure 4.13A. 
In addition, the distance in Figure 4.13B measured from the surface can be used as a 
confirmation of a loss of the working electrode surface due to the dissolution of Cu. Therefore, it 
can be concluded that the reaction in this work involved the complexation of amino acids with 
Cu(II) that Cu(s) dissolve into the solution at certain applied potential (particularly 0.8-1 V). 
Finally, the equation for this reaction can be described as follows  

 Cu(s) + 2HL → CuL2 + 2H+ (22) 

where L is amino acids at the amine group. 
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Figure 4.12 Cyclic voltammograms at Cu electrode in 20 mM NaOH solution (blue line) and in 
the presence of 10 mM L-histidine. Scan rate, 50 mV/s. 

 

Figure 4.13 Surface of Cu electrode A) before the experiment a), and after applying potential (1 
V) for hundreds of injections b). The depth of the Cu measured from the surface B). Experimental 
conditions were; Column: PEEK (25 µm ID, 110 cm), flow rate: 60 nL/min, injection volume: 5 nL, 
WE: Cu (15 µm ID), applied potential: 1 V, carrier: 20 mM NaOH, and analyte: serine (5 mM). 
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Considering the study described previously, it is possible to use Cu as WE for 
amperometric detection of amino acids in moderated alkaline solution. To optimize the applied 
potential, hydrodynamic voltammograms of serine, phenylalanine, and glutamate at Cu electrode 
at different constant applied potential (0.8-1 V with 50 mV interval) was investigated. Figure 4.14 
shows the resulting plots between applied potential (V) and current (nA) obtained under flow 
injection conditions at 0.28 µL/min using 20 mM NaOH as carrier electrolyte. From the results, the 
maximum current response was observed at 0.9-1 V. Unlike a diffusion limited process, the 
current responses at higher potential exhibit decreased signals which is similar for all investigated 
amino acids. A similar behavior from other molecules in alkaline condition was observed on 
other metal electrodes [152] and it is in agreement with this work. Therefore, an operating 
potential of 1 V was chosen in the next experiments in order to achieve the best compromise of 
signal-to-noise ratio (S/N) for all amino acids in this work.  

 

Figure 4.14 Current signal of arginine, threonine, and serine using Cu electrode at different 
applied potentials. Experimental conditions were; Column: PEEK (25 µm ID, 40 cm), flow rate: 
0.28 µL/min, injection volume: 5 nL, WE: Cu (15 µm ID), applied potential: 0.8-1 V vs Ag/AgCl, 
carrier: 20 mM NaOH, and analyte: arginine (5 pmol), threonine (5 pmol), and serine (2.5 pmol). 

4.2.4.2. Effect of hydroxide concentration 

The interesting features of Cu or Cu modified electrode is the possibility of being an 
amperometric sensors for various electroactive molecules after chromatographic separation. It is 
notable that an oxidation of several electroactive organic compounds shows a good performance 
in alkaline solution. In the moderate alkaline condition, amine group of amino acids is 
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deprotonated and can be oxidized on the surface of the working electrode. Moreover, alkaline 
phase is required for the AEX chromatographic separation of weakly ionizable species such as 
amino acids. Thus, the hydroxide solution is suitable for a mobile phase at desired pH of 
chromatographic separation and a good conductivity for electrochemical detection of amino 
acids. To evaluate the optimal carrier electrolyte condition, the effects of various concentration 
of NaOH was investigated on the isocratic separation and detection of arginine, lysine, serine, 
isoleucine, and methionine. As can be seen in Figure 4.15 and Table 4.5, retention times of amino 
acids were slightly increased when increasing the concentration of NaOH. A similar behavior was 
observed on the metal-based electrodes separated by AEX column [153]. Hydroxide ions were 
important to the reaction on the surface of Cu as well. Considering the equation described 
previously (Equation (22)), increasing concentration of OH- can increase the products on WE and 
improved the current signal of the amperometric sensor as in Figure 4.15. The optimal condition 
for electrochemical detection of amino acids according to the experiment was 20 mM NaOH. 
Then, this condition was used for the rest of the experiments.  

 

Figure 4.15 Comparison of retention time and current signal of different concentration of NaOH 
(mM): 5 (blue line), 7.5 (red line), 10 (green line), and 20 (brown line). Experimental conditions; 
Column: PA10-COP (19 µm ID, 95 cm), flow rate: 40 nL/min, injection volume: 2.5 nL, WE: Cu (50 
µm ID), applied potential: 1 V, carrier: see results, and analyte (each amino acid 2.5 pmol): 
arginine (1), lysine (2), serine (3), isoleucine (4), and methionine (5). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 126 

Table 4.5 Influence of hydroxide concentration on the retention time (tr) and capacity factor (k) 
of some amino acids separated by PA10-COP analytical column 

Compound 
5 mM 7.5 mM 10 mM 20 mM 

tr (min) k tr (min) k tr (min) k tr (min) k 

Arginine 6.88 0.01 6.87 0.01 6.86 0.01 6.87 0.01 

Lysine 7.26 0.07 7.21 0.06 7.22 0.06 7.10 0.04 

Serine 8.06 0.19 7.85 0.15 7.90 0.16 7.57 0.11 

Isoleucine 9.21 0.35 8.48 0.25 8.52 0.25 8.09 0.19 

Methionine 9.50 0.40 9.07 0.33 8.86 0.30 8.44 0.24 

In addition to the concentration of the hydroxide, the reaction was depended on a 
formation of Cu-amino acids complexes. Amino acids have different pI because the alkyl group is 
different. High pI derives from the amino acids with extra amine functional group such as arginine 
and lysine, while glutamate and aspartate with 2 carboxylic group have low pI. The pI affects the 
deprotonation of the amine group in the alkaline condition. The molecules of amino acids at 
amine functional group are difficult to deprotonate when increase alkalinity. Particularly, it occurs 
with amino acids with high pI which there is 2 amine group. Thus, the amine group that available 
for the complexation with Cu on the electrode depended on the pI of each amino acid. 
Therefore, the relationship between the optimal S/N of 22 amino acids and their isoelectric point 
(pI) was studied. The experiments were performed in 20 mM NaOH with 15 µm diameter Cu 
electrode. The concentration of each amino acid was different to provide a good S/N for data 
analysis. The results were shown in Figure 4.16, high pI amino acids required greater applied 
potential to produce a good S/N comparing with other amino acids with low and moderate pI. 
This effect was more obvious than the relationship between the optimal S/N and the stability 
constant (K) of the amino acids in different ligand configuration, shown in Figure 4.16B. Therefore, 
the alkalinity has a strong effect with the amperometric sensor in this work. 
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Figure 4.16 Relationship between the optimal potential (V) of several amino acids and pI (A), 
and stability constant (K) (B). 

4.2.4.3. Liquid chromatographic measurements 

A major disadvantage of Cu electrode for the amperometric detection of various amino 
acids is the reaction occurs approximately the same potential. This behavior hinders the 
advantage of the electrochemical detection feature which is the ability to separate the mixture 
of analytes at different potential. Therefore, the oxidation of each amino acid using constant 
applied potential is indistinguishable and chromatographic separation is required. The separation 
of amino acids using our PA10-COP AEX analytical column used 20 mM NaOH as carrier and Cu as 
WE for electrochemical detection. A typical chromatogram was finished within 18 minutes with a 
good S/N as shown in Figure 4.17A. Retention times (tr) and capacity factor (k) of several amino 
acids separated and detected by amperometric sensor using Cu electrode were summarized in 
Table 4.6.  
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Figure 4.17 Isocratic chromatogram of a standard mixture of underivatized amino acids. 
Experimental conditions; Column: PA10-COP (19 µm ID, 159 cm for A) and 147 cm for B)), flow 
rate: 32 nL/min A), and 30 nL/min B), injection volume: 3 nL, WE: Cu (15 µm ID), applied 
potential: 1 V, carrier and analytes: see Table 2. 

Table 4.6 Analysis of amino acids performed with PA10-COP analytical column 

no Compound Concentration (pmol) tr (min) k eluent 

1 Arginine 1.5 14.32 0.01 

20 mM NaOH 

2 Lysine 3 14.79 0.04 

3 Alanine 3 15.47 0.09 

4 Glycine 3 

15.68 0.11 5 Valine 1.5 

6 Serine 0.75 

7 Proline 3 16.25 0.15 

8 Isoleucine 3 16.71 0.18 

9 Leucine 3 17.05 0.20 
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no Compound Concentration (pmol) tr (min) k eluent 

10 Methionine 1.5 
17.65 0.25 

11 Histidine 2.25 

12 Phenylalanine 3 16.24 0.24 

20 mM NaOH and 20 mM MSA 
13 Glutamate 6 19.57 0.49 

14 Aspartate 12 20.71 0.58 

15 Cystine 3 22.89 0.74 

Some amino acids such as histidine and glutamic acid have high affinity towards the 
stationary phase, therefore these molecules require stronger condition for the chromatographic 
separation. Such stronger eluents such as fluoride, bromide, nitrate, and methane sulfonate 
(CH3O3S-) can interact strongly with the AEX sites of the stationary phase. Therefore, strongly-
bonded amino acids are possible to elute from the analytical column. Several eluents were 
evaluated for the separation of histidine, phenylalanine, cystine, glutamate, and aspartate. It was 
found that the mixture of 20 mM NaOH and 20 mM CH3O3S- as an eluent can separated 5 target 
amino acids isocratically using our AEX chromatographic column within 23 minutes. The 
chromatographic peaks show a good resolution and analytical sensitivity as shown in Figure 4.17B. 
The analytical results were summarized in Table 4.6. 

4.2.4.4. Analytical performance 

For the study of linear range, the amperometric sensor was performed using serine and 
results are shown in Figure 4.18. The increase concentration of serine in the certain range 
responded linearly with the current signal with a correlative coefficient more than 0.99. 
Moreover, selected amino acids including serine, phenylalanine, and glutamate were used for the 
study of the detection limit in a simple FIA. The analytical COP column was substituted with 
PEEK capillary column (25 µm inner diameter with 5 nL injection volume) and used for the 
investigation. From the results, the detection limit of serine, phenylalanine, and glutamine were 
20 fmol, 50 fmol, and 600 fmol , respectively. Thus, a very low level of amino acids can be 
detected with Cu by amperometric method. The performance of our developed sensor was 
improved from other works comprising of several inorganic analytes detection on metal-based 
electrode [142, 154] or biological analytes detection using enzymatic catalytic method. In 
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addition, our sensor was performed better than using photometric detector coupled with the 
pre- or post-column derivatization procedure [141, 155, 156]. The reproducibility of this 
amperometric sensor was calculated as the percent relative standard deviation from 1000 
measurements was 5.94% demonstrating that our sensor had excellent performance. 

 

Figure 4.18 Linearity of response. Experimental conditions; Column: PA10-COP (28 µm ID, 150 
cm), flow rate: 0.35 µL/min, injection volume: 2.5 nL, WE: Cu (50 µm ID), applied potential: 1 V, 
carrier: 20 mM NaOH, and analytes: serine 12.5-1250 fmol.  
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4.2.5. Conclusion 

Amperometric sensors in alkaline solution after isocratic AEX chromatographic 
separation of several amino acids was developed. The AEX capillary column was prepared by 
sulfonation and coating with AEX latex PA10. Two electrode systems were used in this work; WE 
is Cu wire, and CE is made from stainless-steel tube. The reaction was described to be the 
complexation of Cu with amino acids. The concentration of NaOH and optimal potential was 
studied the separation and detection of amino acids. Under the best conditions, amino acids 
were eluted within 18-22 minutes with 20 mM NaOH. The high affinity amino acids were eluted 
with the mixture of 20 mM NaOH and 20 mM CH3O3S-. The amperometric measurement was 
performed at 1 V with serine offering the highest current response. The detection limit was 20 
fmol for serine, 50 fmol for phenylalanine, and 0.6 pmol for glutamate. Our amperometric sensor 
can successfully detect amino acids 1000 times with 5.94% RSD.  
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CHAPTER V 
Conclusions and future perspective 

5.1. Conclusions 

Nanomaterials have interesting properties that benefits for sensing applications. 
Electrochemical and colorimetric methods incorporating nanoparticles/composites for 
environmental and biological compounds were discussed. This dissertation was categorized into 
PART I: lab-on-paper applications, and PART II: the development of chromatographic technique 
and its applications. 

First, lab-on-paper applications was described. The label-free electrochemical assay for 
CRP was presented first. The analytical signal was derived from the resistance of the CRP/PMPC-
SH complex on the surface of the electrode. PMPC-SH contains a specific functional group for 
capturing CRP selectively and thiol-group that interacts with AuNPs using S-Au bond. The 
electrode was assembled with PAD to store all chemicals for all-in-one device. The analytical 
assay was successfully used for evaluation the concentration of CRP from the serum samples. 
Finally, PAD with colorimetric assay was developed for sensing of Pi from soil samples. The 
detection mechanism relies on the aggregation/anti-aggregation capability of MS-AgNPls and the 
competitive complexation of MS-AgNPls and Pi for Eu3+. The changing of purple color 
(aggregation) to red color (anti-aggregation) indicates the presence of Pi in the sample. A simple 
PAD for Pi detection was demonstrated for on-site analysis by different users. In conclusion, lab-
on-paper coupled with electrochemical and colorimetric method establish portable and 
disposable devices for the analysis of an environmental compound and a biomarker. 

Second, the chromatographic technique for separation and electrochemical detection 
of neonicotinoid insecticide was demonstrated. Bimetallic nanoparticles of CuNPs and AuNPs 
electrodeposited BDDE improve the detection through the catalytic property of AuNPs and 
affinity between copper and nitro-functional group of neonicotinoids. A new highly conductive 
materials was achieved. Individual peaks of each neonicotinoid were obtained after inject sample 
into u-HPLC system. The combination of the electrochemical analysis with u-HPLC are highly 
sensitive and rapid for insecticide identification and detection with an excellent reproducibility. 
Similarly, OTIC coupled amperometry was purposed for amino acids. OTIC employed AEX 
nanoparticles functionalized capillary column for separation of essential amino acids using ion-
exchange principle. The electrochemical detection was performed by oxidation of copper 
electrode to Cu2+ and the formation between Cu and amine complex. Highly sensitive method 
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was achieved with detection limits in less than fmol. This part demonstrates successful 
applications for lab-on-column for the analysis of food and amino acids. 

5.1. Future perspective 

The significant methods including lab-on-column and lab-on-paper together with 
electrochemistry and colorimetry lead to novel chemical/biosensors. Nanoparticles were 
employed for their excellent optical and electronic features which significantly improve the 
performance of the analytical tools. The developed devices demonstrate that they are accessible 
and portable. However, majority of the procedures have been reported in publications rather 
than practical applications. After further validation for on-site analysis, nanoparticles-based 
sensors are interesting maneuver that will affect the analytical detection in the future. 
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