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ABSTRACT (ENGLISH) 

# # 5772216123 : MAJOR CHEMISTRY 
KEYWORD: Colorimetric sensor Transparency-based device Boron-doped diamond (BDD) Pd nanoparticles 

(PdNPs) Electrochemical sensor Ultra-high performance liquid chromatography (UHPLC) Ternary 
CuNiAu alloy Trimetallic catalyst Electrocatalytic activity Synergistic effect Molecularly imprinted 

polymer (MIP) Polyaniline (PANI) β-agonists Salbutamol (SAL) Neurotransmitter Serotonin (5-
hydroxytrypyamine or 5-HT) Norepinephrine (NE) 

 Atchara Lomae : METHOD DEVELOPMENT FOR DETERMINATION OF ß-AGONISTS USING COLORIMETRIC AND 
ELECTROCHEMICAL SENSORS. Advisor: Dr. JANJIRA PANCHOMPOO Co-advisor: Prof. Dr. ORAWON 
CHAILAPAKUL,Assoc. Prof. Dr. Weena Siangproh 

  
This dissertation focused on the development of analytical sensors for quantitative analysis of various 

electroactive compounds such as β-agonists and neurotransmitters, which could be considered as important indicators 
for food-safety monitoring, drug doping control in sports, clinical testing, and health care inspection. Up to date, colorimetry 
and electrochemistry are the two attractive approaches that have extensively been employed as analytical sensing tools, 
due to their simple operation and interpretation, fast analysis time, good ability of coupling with other techniques, and 
high capability of miniaturization. With these two detection platforms, this dissertation would then be divided into two 
main parts: (1) The development of integrated platforms for the colorimetric sensor and its application; and (2) The 
development of integrated platforms for the electrochemical sensor and its application. In the first section, the 
transparency-based colorimetric sensor for salbutamol determination relying on the redox reaction was developed. Digital 
camera was used as the optical readout, and the noticeable color change, induced through the oxidation of salbutamol 
by strongly oxidizing permanganate (KMnO4), could then be monitored. In the second part, the selective electrochemical 
sensors were developed and classified into three sub-sections. For the first sub-section, the anti-fouling PdNPs-modified 

BDD electrode was combined with UHPLC separation system for the simultaneous determination of four β-agonists. The 
remarkable improvement in analytical efficiency regarding fast analysis and fouling resistance capability was attained. In 
the second sub-section, the molecularly imprinted polymer (MIP) with selective recognition of salbutamol was 
electrochemically synthesized and immobilized onto the polyaniline (PANI)-modified screen-printed graphene electrode. 
A great enhancement in selectivity of the proposed sensing system towards the oxidation of the target analyte (Salbutamol 
; SAL), could be obtained. Lastly, in the third sub-section, the synergistically electrocatalytic activity and the selectivity 
improvement of the trimetallic CuNiAu alloy towards the oxidation of monoamine neurotransmitters were first examined. 
The corresponding trimetallic CuNiAu composite was modified onto the screen-printed graphene electrode, and the 
developed electrochemical sensor was subsequently used for the simultaneous determination of serotonin (5-HT) and 
norepinephrine (NE). The enhanced analytical performance regarding the sensitivity and selectivity of this sensor could be 
achieved. Conclusively, the developed colorimetric and electrochemical sensors thoroughly studied in this dissertation 
could offer good sensitivity, high selectivity, affordability, simplification, and high-throughput analysis with great potential 
to be further developed for on-site applications. 
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CHAPTER 1 
INTRODUCTION 

1.1 Introduction 
In this globalized era, the demands of high sensitivity, good accuracy, facileness, 

and fast response of analytical approaches accompanying with scalably small and 

portable devices for various sensing applications have been readily rising on account 

of the research breakthrough and the advanced technology. Basically, the numerous 

sensors have been developed for different aspects of use, including industrial, 

agricultural, environmental and clinical application, in order to mainly facilitate human 

health and well-being, leading to better quality of life. For example, various sensing 

devices have been developed and potentially employed for quality control1-3, point 

of care testing 4, 5 and environmental monitoring6.  As extensively reported in the 

literature, the colorimetric and electrochemical techniques have attracted significant 

attention for sensing application as their detection platforms could be affordable, 

rapid, and user-friendly6, 7. In addition, the colorimetric and electrochemical sensor 

could be capable of miniaturization offering favorable advantages of reducing cost, 

decreasing chemical consumption and being portable for on-site application7-9.  

As for colorimetric analysis, it possesses real-time detection capabilities relying 

on the color change which could be clearly observed by the naked eye, and the color 

test could be simply conducted with no sophisticated and expensive instruments 

needed. Typically the color change observed could occur based on several strategies, 

including ion-exchange10, complexation11, 12, and redox reaction13-16. Among these 

mechanisms, the redox reaction, consisting of oxidation and reduction, is a simple and 

well-known method which involves the change in the oxidation number of a 

participating molecule, atom or ion through either gaining or losing electrons.  Herein, 

the colorimetric approach, based on redox reaction, has been developed in this work 

for quantification of salbutamol (SAL) in pharmaceutical drugs which could be 

potentially applied in the quality control process. Generally, salbutamol (SAL), 

classified as one of the β-agonist compounds, and typically used in medication for 
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asthma treatment, was selected as the representative analyte used to assess the 

developed detection method. In this work, the colorimetric sensor was fabricated using 

the transparency-based substrate providing vivid color change which could be easily 

seen as well as having mechanically robust, chemically inert and hydrophobic 

characteristics. The motivation and details of the developed transparency-based 

colorimetric devices are described in Chapter 3.  Although, the detection of SAL by 

colorimetry gave quite decent results,  showing a potential application for SAL 

measurement in asthma medication real samples, the execution of this colorimetric 

sensor in complex  media  containing some interferences such as human fluids and 

food samples still not applicable due to the low detection limit and unspecific or side 

reaction of color change.  

Thus, electrochemical detection could be considered as the prime method 

used to fabricate a sensing platform suitable for complex samples, which could be 

then overcome those colorimetric limitations. Basically, the electrochemical approach 

processes many advantages, including high sensitivity and selectivity, fast analysis, 

facileness, affordability, small-volume of sample consumption, and compatibility with 

microfabrication technologies7, 17. However, the operation of electrochemical 

technique for simultaneous determination of various β-agonists, which have almost 

the same oxidation potentials, still remains challenging due to their overlapping peak, 

lading to non or pretty low selectivity in detection. To overcome this drawback, 

coupling of various separation techniques such as high-performance liquid 

chromatography (HPLC) and ultrahigh-performance liquid chromatography (UHPLC) 

prior to the electrochemical detection (ECD) has been widely reported in the 

literature18, 19. The sample preparation and separation could then be pursued using 

these chromatographic separation approaches before the individual analyte 

chromatographically separated could be detected selectively by the electrochemical 

sensor.  However, there has been another issue regarding the electrode fouling during 

electrolysis of phenolic compounds, widely reported in the literature20, 21. Typically, 

the fouling resulting from the oxidation of these phenolic compounds has been well-
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known to be due to formation of dimeric or polymeric film, adsorbing onto the 

electrode surface via ᴨ -ᴨ  interaction22, 23, and subsequently resulting in passivation 

of electrode surface where no electrochemical response could be further obtained. 

Several studies have attempted to solve this electrode fouling problem, and one 

simple way to do so has been reported to be using the boron-doped diamond (BDD) 

as an alternative electrode material, offering the high resistance to electrode fouling 

due to the inert H terminated group and a little ᴨ -electron density on its structure24, 

25. Another obstacle in the electrochemical detection of β-agonist compounds that 

has been previously reported is the low sensitivity of signal response. This has then 

brought about the modification of BDD surface by catalytic palladium nanoparticles 

(PdNPs) which could remarkably increase the sensitivity of the electrochemistry-based 

systems.  Therefore, in this work, the electrochemical sensor based on PdNPs modified 

BDD integrating with UHPLC for simultaneous determination of four β-agonist 

compounds including terbutaline (TER), salbutamol (SAL), ractopamine (RAC) and 

clenbuterol (CLB)  has been developed, and the proposed UHPLC-coupled ECD sensor 

has been subsequently applied in biological and food samples. The procedures of 

chromatographic separation and surface modification of BDD sensing electrode, as well 

as the simultaneous detection of four-β-agonists are described in detail in Chapter 4.1. 

Though the selectivity of the electrochemical determination of β-agonists could 

successfully be enhance by coupling the chromatographic separation unit with the 

electrochemical detection platform, the separation method itself seem to have some 

drawback, including tediousness, high instrumental expenses, and sophisticated 

equipment with professional training needed. Hence, the development of a highly 

selective analytical method for the determination of β-agonists has become of great 

interest for future investigation. 

Throughout the past decade, the molecularly imprinted polymers (MIPs) have 

been attracting the attention of many researchers as they could be tailor-made with 

specific recognition sites for the target analyte, improving the selectivity of the 
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detection. Basically, the characteristic of MIPs has relied on a molecular recognition 

and specific interaction, mimicking antibody-like features with strong binding affinities 

toward the target analyte.  The synthesis of MIPs could be simply performed by 

copolymerization of functional monomers, crosslinkers, and template molecules to 

form a polymer. Afterwards the template molecules would be removed to generate 

the polymer with specific cavities that could particularly match the target analytes 

with specific shape, size, and functional groups26, 27. Moreover, the polymeric film 

thickness and the MIP morphology could be deliberately controlled during the 

synthesis to generate the most suitable MIP mold26, 28. The obtained MIP with binding 

cavities complementary to the target analyte has been reported to prosses unique 

properties, including high selectivity, long stability, great physical and chemical 

resistance, cost efficiency, and capability of modifying the electrode surface or being 

used as electrode material26, 28. Thereby in this work, the MIP with specific recognition 

site toward SAL could be synthesized simply by electro-polymerization to obtain the 

imprinted polymer sticking onto the working electrode surface, creating a MIP-based 

electrochemical sensor for selective determination of SAL, The experimental 

parameters regarding the MIP synthesis, the electrode surface modification, and the 

selective determination of SAL in complex biological media using the proposed 

electrochemical sensor have been thoroughly investigated and discussed in more 

detail in Chapter 4.2. 

Beside MIP technology, metal nanoparticles possessing comparatively high 

surface area and high catalytic capability have truly become the promising materials 

widely used as electrocatalysts in several electrochemistry-based applications, 

especially ones involving a range of organic compounds which generally have more or 

less the same oxidation potentials, resulting in the overlapping peaks and making them 

quite difficult to be electrochemically detected 29. Recently, it has been reported in 

the literature that the catalytic activities of metal nano-catalysts could be greatly 

enhanced if using either bimetallic or trimetallic nanoparticles, compared to the 

monometallic counterparts that showed the least catalytic performance 30-34.  Literally, 
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the enhanced catalytic activities of these multicomponent metallic nanoparticles 

could be attributed to the excellent synergistic effects of metal nanoparticles with 

diverse intrinsic properties. In this work, the trimetallic nanoparticles, consisting of Au, 

Cu and Ni, have been electrochemically synthesized and modified onto the surface of 

a screen-printed graphene electrode (SPGE), The obtained trimetallic CuNiAu modified 

SPGE synergistically showed the catalytic activity toward the electrochemical detection 

of biomarker, including serotonin (5-HT) and norepinephrine (NE), with completed 

separation of the two adjacent peaks located at potentials pretty close to each other. 

The scope of this study and the synergistically catalytic capability of the developed 

trimetallic nanoparticle modified SPGE sensor towards the oxidation of these 

biomolecules were described in detail in Chapter 4.3. 

 

1.2 Research objectives 
The main aims of this research are comprised of three achieving goals for the 

development of sensing devices with enhanced detection performance, as follows:  

1. To develop the analytical sensing tools (both colorimetric and 

electrochemical sensors) for the sensitive and selective determination of 

β-agonists (e.g. SAL) in pharmaceutical, biological and food samples.  

2. To improve the specification and performance of the electrochemical 

sensors for SAL determination using a wide range of electrode materials 

and modifiers, such as metal nanoparticles, BDD, and MIP.  

3. To enhance the selectivity and sensitivity of the electrochemical sensor 

using the trimetallic composite-modified electrode with increased 

electrocatalytic activity towards the oxidation of organic compounds. The 

developed sensing device showed the synergistic behaviors of trimetallic 

catalyst’s properties and could be applied for simultaneously measuring 

the biomarkers, including 5-HT and NE.  
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1.3 Scope of this research  
To develop the highly sensitive and selective sensors with detection platforms 

based on colorimetric and electrochemical approaches, as follows: 

1. Both colorimetric and electrochemical sensors were developed with 

miniaturized feature and portable design, being user-friendly and 

compatible to the on-site applications.  

2. The colorimetric sensing device for SAL detection was simply fabricated, 

and the color change should be easily and clearly observed by the naked 

eye. In addition, the color change intensity should be measured and 

processed accurately using ImageJ. 

3. To enhance the selectivity of the electrochemical sensors towards the 

detection of β-agonists, several procedures, involving either the use of 

UHPLC separation unit coupled with the ECD sensor, or the modification of 

electrode surface with MIP having SAL recognition sites, were thoroughly 

studied. 

There are five chapters in this dissertation. Chapter 1 is the introduction 

demonstrating the aspect and scope of this research. Chapter 2 is the theory 

comprising the detection methods (including colorimetric and electrochemical 

detection) and the fabrication of sensing devices. The development of the colorimetric 

sensor for SAL is then addressed in detail in Chapter 3.  Meanwhile the electrochemical 

sensor established a significant advance toward the selectivity was reported in Chapter 

4.  Lastly, Chapter 5 is the conclusion and future perspectives for this dissertation. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 
 

CHAPTER 2 

THEORY 

2.1 Sensor fabrication 
Nowadays, the demand for miniaturized sensing development has grown 

substantially throughout the years offered the portability, inexpensive and less sample 

and reagent requirement. With this perspective, the paper-based and polymer-based 

(e.g. polyvinylchloride (PVC) either opaque or transparent) materials have been 

extensively employed as valuable substrates for the development of sensors. The 

beneficial advantages including their affordability, biocompatibility, biodegradability, 

robustness, and easiness of miniaturization make these materials the first ranked-

choice for sensor substrates. Both papers and polymers have been reported to be 

broadly employed in diverse applications presented in numerous publications35-39. As 

for detection approach, the colorimetric and electrochemical techniques, offering rapid 

analysis, facile operation, and inherent miniaturization, have been widely used in many 

sensing devices. For example, as reported by Duenchay et.al 40, they presented the 

utilization of polymer-based transparent sheet for colorimetric determination of Ca(II) 

ion. The remarkable color change was obtained when comparing between before and 

after Ca (II) ion addition using the developed transparency-based sheet (Figure 2.1).  

Additionally, the polymeric substrate could be employed for electrochemical sensor 

fabricated by screen-printing method as shown in Figure 2.2.  Herein, the colorimetric 

transparency-based, and the electrochemistry-based sensors were fabricated and used 

in various applications, as described in Chapter 3 and 4.  
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 Figure 2.1 The transparency-based colorimetric sensor for Ca(II) ion determination 40 
 

   

 

 

 

 

 

Figure 2.2 The electrochemical sensors based on polymeric substrate.  
 

For the sensor fabrication, the hydrophobic barriers which could guard the 

reaction zone on polymeric substrate, could be fabricated by numerous methods 

including wax printing41, photolithography42, and direct printing of hydrophobic 

polymer43, 44. Due to the ease of hydrophobic barrier production, the wax printing 

has been employed to generate the wax-based hydrophobic barriers in this 

dissertation. This process consisted of only two steps as follows; (1) the design of 

wax pattern easily created by Adobe illustrator software, (2) the wax pattern 

printed onto polymeric substrate surface using Xerox colorqube (wax printer) 

(Figure 2.3).  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 9 

 

Figure 2.3 Wax printing process. 
 

2.2 Colorimetric detection 
 Presently, the colorimetric approach has attracted much attention due to its 

simple operation and observable visual interpretation. The colorimetric method has 

typically relied on the direct measurement of color change in a variety of reactions 

such as redox reaction13, 14, 36, enzymatic assay45, and complexation46.  Among these 

reactions, an oxidation-reduction (redox) reaction, which is a spontaneous chemical 

reaction relating to the transfer of electrons between two species, was selected in this 

dissertation. The common examples of redox reactions involving in sensing systems 

are nitrate (NO3
-) sensing involving the reduction of NO3

- to NO2 by Griess reaction47 

and the iodide ions (I-) determination principally based on the oxidation reaction of I- 

in the presence of Au(III) ion48. The colorimetric response has typically been obtained 

using spectrophotometer. However, it still suffers from complicated instrument and 

training requirement, restricting its uses only in the laboratory. Currently, the color 

intensity analysis software such as ImageJ and color assist have been developed 
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throughout the year, offering several convenient alternative methods for on-site 

applications.  

 

 

 

 

 

Figure 2.4 (a) The changing color of various concentrations of NO3
- in the presence of 

Griess reagent47. (b) The colorimetric performance of I- determination in the presence 
of Au3+ ion48.  
 

2.3 Electrochemical detection  
 The electrochemical detection is often be the first choice used for the 

miniaturized sensing platforms, popularly applied in various applications. The unique 

characteristic of electrochemistry is fast analysis, high sensitivity, compact size, and low 

power requirement. The electrochemical technique relies on the electrical quantity 

such as current, potential and charge measurement, occurring from the electron 

transfer of the interest analyte at the electrode/electrolyte interface.  Basically, the 

electrochemical measurement is based on the investigation of charge-transfer or 

electron transfer process at the electrode surface, where the potential is applied, and 

the corresponding current is then measured.   

 2.3.1 Faradaic and non-faradaic process   
 Basically, the interfacial electrode process consists of two main process. The 

first process, which involves the movement of electrons across the interfacial boundary 

of electrode/electrolyte by oxidation and/or reduction reactions that obey Faraday’s 

law (stating that the attained current flowing through an electrode/electrolyte interface 
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is proportionally driven by the amount of chemical change at an electrode-electrolyte 

boundary), is called faradaic process. The second one does not rely on the charge-

transfer process but the external current which flows through the electrode-electrolyte 

boundary occurring from the adsorption and desorption process, known as non-

faradaic processes. The non-faradaic current is termed as background current motif in 

electrochemical technique49. 

 2.3.2 Mass transfer  

 For electrochemical process, the molecules of interest need to be transported 

from the bulk solution toward the electrode surface for redox reaction occurring at 

electrode boundary. This driving force is called mass transfer process which critically 

affects the rate of the electrochemical process, along with the electron-transfer kinetic. 

Theoretically, there are three types of mass transport behavior as follows: 

 1. Migration is the movement of charged species under the influence of an 

electric field. With this relevant condition, the positive ion species will transport toward 

the negative charge whereas the negative ion species will transport toward the 

opposite direction. The ion mobility is influenced by the potential at electrode surface. 

To eradicate the ion migration, the high concentration of the electrolyte is typically 

employed.   

 2. Diffusion is the movement of species under the influence of a concentration 

gradient by moving from a region of high concentration toward the region of low 

concentration.   

 3. Convection is the movement of species under stirring or hydrodynamic 

condition. The fluid flow is generally driven by the density gradients, known as natural 

convection, and force convection which can be characterized by stagnant regions, 

laminar flow, and turbulent flow. 

Mass transfer to an electrode is governed by the Nernst-Planck equation50, 

written for one-dimensional mass transfer along the x-axis as    
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                  𝐽𝑖 (𝑥) = −𝐷𝑖
𝜕𝐶𝑖

𝜕𝑥
−

𝑍𝑖

𝑅𝑇
𝐷𝑖  𝐶𝑖

𝜕∅(𝑥)

𝜕𝑥
+ 𝐶𝑖𝑣(𝑥)               (2.1)  

 

Where  𝐽𝑖(𝑥) is the flux of species i (mol s-1 cm-2) at distance x from the surface, 𝐷𝑖 is 

the diffusion coefficient (cm2 s), 𝜕𝐶𝑖(𝑥) 𝜕(𝑥)⁄  is the concentration gradient at distance 

x, 𝜕∅(𝑥) 𝜕(𝑥)⁄  is the potential gradient, 𝑧𝑖 and 𝐶𝑖 are the charge (dimensionless) and 

concentration (mol cm-3) of species i, respectively, and 𝑣(𝑥) is the velocity (cm s-1) 

which a volume element in solution moves along the axis. The three terms on the 

right-hand side represent the contributions of diffusion, migration, and convection, 

respectively, to the flux. 

 2.3.3 Electrochemical techniques 
The electrochemical technique can be classified according to the property of 

electrical measurement in terms of potential, charge, or current for quantitative 

analysis of the interested analytes. In brief, there are 4 main electrochemical 

techniques consisting potentiometry, coulometry, amperometry, and voltammetry 

(Figure 2.5). 
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Figure 2.5 The family tree of interfacial electrochemical techniques51. 
 

In this research, voltammetry and amperometry were used as electrochemical 

detection methods. Therefore, an overview of these two techniques will be described 

in this chapter.   

     2.3.3.1 Voltammetry 
 The voltammetry is categorized in the class of electroanalytical techniques, 

relying on the measurement of current at the electrode surface by scanning potential. 

The plot of resulting current against potential is called a voltammogram. Voltammetry 

can be employed for studying electrochemical behavior of electroactive species that 

can be oxidized or reduced at the working electrode. The controlled potential of 

electrode causes the oxidation-reduction (redox) reaction of the electroactive species 

to occur. When the potential of electrode is controlled toward more negative 

direction, it causes the reduction reaction of electroactive species to occur at electrode 
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interface. In contrast when the potential of electrode is applied toward more positive 

direction, it causes the oxidation reaction of electroactive species to occur at electrode 

interface. Voltammetry can be classified as numerous types such as liner sweep 

voltammetry, polarography, cyclic voltammetry, staircase voltammetry, normal pulse 

voltammetry, differential pulse voltammetry, square wave voltammetry, anodic 

stripping voltammetry, cathodic stripping voltammetry, and adsorptive stripping 

voltammetry.   

 Herein, the voltammetric technique, employed in this dissertation including the 

cyclic voltammetry, differential pulse voltammetry and square wave voltammetry are 

also described.   

          2.3.3.1.1 Cyclic Voltammetry  
 Cyclic voltammetry (CV) is the most common technique utilized to initially 

study the electrochemical behavior of the electroactive species and the developed 

electrochemical system in terms of kinetic parameter, the redox potentials of the 

electroactive species, a number of intermediates, a number of reaction steps, and the 

stability of the product from the electrochemical reaction.  

 In this method, the potential of working electrode is scanned as a function of 

time as a triangular potential waveform (Figure 2.6a.). The potential is firstly scanned 

linearly from an initial value toward a set value, known as the switching potential, and 

then the potential of working electrode is scanned toward the opposite direction in 

order to return to the initial potential. As the potential is being scanned, the result is 

measured by the potentiostat. The resulting cyclic voltammogram created from the 

plot of the current against the potential is attained.   

 The acquired cyclic voltammogram of reversible redox couple during a single 

potential cycle is illustrated in Figure 2.6b.  It is assumed that there is only the reduced 

form (R) in the initial solution. The potential is scanned to a positive direction in the 

first half-cycle, indicating no oxidation occurring at starting potential. After the formal 
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potential (E0) for redox process is reached, the increased anodic current generates by 

the oxidation of reduced from (R) to oxidized form (O) and the signal then reached the 

top as a peak. With subsequent decreases in the current at excess reduction potential 

indicates a decrease in the analyte concentration near the electrode surface due to 

the accumulation of the product molecule. After the applied potential returns toward 

the initial potential, the O molecules are oxidized back to R form and the cathodic 

peak is observed52-54.  

For reversible system, at 25 °C, the concentration of the electroactive species 

is related to peak current governed by the Randles-Sevcik equation.  

                        𝑖𝑝 = (2.69 𝑥 105)𝑛3 2 ⁄ 𝐴𝐶𝐷1 2⁄ 𝑣1 2⁄                    (2.2) 

where n is the number of electrons, A is the electrode area (cm2), C is the 

concentration (mol cm-3), D is the diffusion coefficient (cm2 s-1), and v is the scan rate 

(V s-1).  

For a reversible system, the peaks position on the potential axis (Ep) depends 

on the formal potential of the redox reaction, which is centered between Ep,a and Ep,c: 

                  𝐸0 =
𝐸𝑝,𝑎+𝐸𝑝,𝑐

2
                                               (2.3) 

The separation between the peak potentials is governed by:  

                      ∆𝐸𝑃 = 𝐸𝑝,𝑎 − 𝐸𝑝,𝑐  =  
0.059

𝑛
 𝑣                           (2.4) 

  Therefore, the number of electron transfer in the redox reaction can be entirely 

calculated by equation 2.4. For example, a redox reaction involving one electron 

transfer provided ∆Ep of about 59 mV. Additionally, Ep is independent of scan rate for 
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reversible wave. When the current is proportional to the square root of the scan rate, 

this demonstrates the diffusion-controlled electrochemical process 55. 

 

Figure 2.6 (a) Potential-time excitation signal in cyclic voltammetric experiment 56 (b) 
typical cyclic voltammogram for a reversible process 52. 
 

          2.3.3.1.2 Differential-pulse voltammetry   
Differential-pulse voltammetry (DPV) is a powerful technique with an increased 

discrimination of Faradaic currents, derived by the electron-transfer at interfacial 

electrode. The DPV technique depends on the fixed-magnitude pulses, superimposing 

on a staircase waveform as shown in Figure 2.7a. The current difference at two points 
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between the point before the pulse application (t1) and at the end of the pulse (t2) is 

recorded. This current difference (Δi = i1-i2) of these points for each pulse is measured 

and plotted versus the base potential, the plot is known as differential pulse 

voltammogram as shown in Figure 2.7b. Additionally, the peak height is directly 

proportional to the concentration of the corresponding analytes involving the redox 

reaction occurring at working electrode57.   

 

 

 

 

 

 

Figure 2.7 (a) Excitation signal for differential-pulse voltammetry 58. (b) Differential 
pulse voltammogram. 
 

          2.3.3.1.3 Square-wave voltammetry (SWV)   
Square-wave voltammetry (SWV) is the fastest and the most sensitive of pulse 

voltammetry. With the characteristic of this technique, it enables the evaluation of the 

kinetics and mechanism of the electrode process. The symmetrical SWV waveform is 

derived from the application of potentials of height pulse amplitude (ΔE), which 

superimposed on a staircase potential step (Estep) as shown in Figure 2.8a. The 

difference in current is measured at the end of the forward pulse (tf) and the end of 

the reverse pulse (tr). Due to the opposite direction of the staircase scan in forward 

and reverse pulse, a difference current (∆i) is calculated from if – (-ir). With the opposite 

signs current, the higher net current is obtained, resulting in an extreme sensitivity of 

this technique. The shape of the square wave voltammogram is derived from the plot 

of current difference versus the base potential as shown in Figure 2.8c.57, 59, 60  
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Figure 2.8 (a) The potential modulation in square-wave voltammetry. (b) single 
potential cycle in square-wave voltammetry and (c) typical square-wave 
voltammogram60. 
 

     2.3.3.2 Amperometry  
Amperometry is one of the most extensively employed detection methods. 

The resulting current is directly monitored as a function of constant potential applied 

to the working electrode with respect to the reference electrode61. With this feature, 

the amperometric technique is a useful tool to integrate with flow system such as flow 

injection analysis (FIA)62, 63 and high-performance liquid chromatography (HPLC)18, 64. 

Typically, the magnitude of the resulting current is directly proportional to the 

concentration of the interested analyst which are reduced or oxidized at electrode 

surface.  
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Figure 2.9 (a) The excitation waveform (b) the resulting current-time response under 
static condition (c) the resulting current-time after integrated with flow system. 
 

     2.3.3.3 Electrochemical Impedance Spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) is one of the most complex 

techniques, measuring the resistance capability of electrons flowing through the 

working electrode. Unlike resistance, the impedance is observed in alternative current 

(AC) circuits which disobey the Ohm’s law. For EIS measurement, a sinusoidal voltage 

is applied across the three-electrode system and the change in frequency of an input 

sinusoidal signal is monitored57, 65. With the common knowledge about calculation of 

the frequency shift to complex numbers in impedance, it can be described in term of 

the real part of impedance Z’, referring to the resistance, and imaginary part Z, standing 

for capacitance”. The equation of complex number in impedance toward the Z’ and 

Z” parameters is presented below. 

 

𝑍(𝜔) =
𝐸

𝑖
= 𝑍0 exp(𝑖∅) = 𝑍0 exp(𝑐𝑜𝑠∅ − 𝑗𝑠𝑖𝑛∅) = 𝑍′ (𝜔) − 𝑍"(𝜔)       (2.5) 

 

Where Z is the impedance, Z0 is the impedance, which is expressed in term of 

a magnitude, E is the potential, I is the response signal, ∅ is the phase shift and 𝜔 is 

the radial frequency.  
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The plot of Z’ and Z” is called Nyquist plots (Figure 2.10). With this relevant 

feature, the EIS is normally used as surface sensitive tool for studying the morphology 

of electrode surface after modification. Additionally, the EIS technique is extensively 

applied for biosensors and other label-free assays.  

 

 

 

 

 

 

 

 

 

Figure 2.10  The Nyquist plot from simple Randles equivalent circuit for an 
electrochemical cell including the solution resistance (Rs), double layer charging at the 
electrode surface (Cdl), charge transfer resistance (Rct), and the Warburg Element (Zw) 
65.  

 

2.3.4 Electrochemical cell / instrumentation  
 In electrochemical process, the electron flow through the  
electrode/electrolyte interface is considered. For electrolyte phase, the charge species 

are moved under influence of electric field. This movement of ionic species in 

electrolyte phase can eliminate the migration of the interested analyte as addressed 

in Chapter 2.3.2. The liquid aqueous phase containing ionic species such as H+, Na+, K+ 

and Cl- are frequently employed as electrolyte in the electrochemical system. As for 

the electrodes, the electrochemical cell basically consists of three electrodes which 
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are working electrode (WE), reference electrode (RE) and auxiliary/ counter electrode 

(CE) which are described below66.  

     2.3.4.1 Working electrode (WE)  
 A working electrode (WE) is the most crucial electrode at which the redox 

reaction (oxidation or reduction) of the interested analyte is occurring. An oxidation 

reaction is driven by the application of positive potential toward WE. In contrast, the 

reduction reaction  is driven by the application of the negative potential toward WE67.  

Thus, the WE should have wide potential range suitable for monitoring an 

oxidation/reduction reaction. Additionally, it must be stable toward the corrosion 

attributing to the electrochemical process. With this perspective, the carbon-based 

material such as boron-doped diamond, screen-printed graphene electrode has been 

attractive used to make the WE. However, the carbon-based material still suffers from 

poor sensitivity and selectivity of some organic molecule. To improve these factors, 

the modifiers, in particular metal nanoparticles and polymers, are extensively used for 

the electrode modification. The property of carbon-based and other modified 

electrodes used in this dissertation is discussed below. 

          2.3.4.1.1 Boron-doped diamond electrode (BDD) 
 A boron-doped diamond electrode (BDD) has found wide-spread use for 

electrochemical oxidation of various organic compounds due to its excellent physical 

and chemical property68. The characteristic of BDD is wide solvent window, low 

background (low capacitance), high fouling resistance, stable at high temperature and 

pressures or in challenging environments, and biocompatibility25, 69. For BDD 

preparation, it is frequently produced by a chemical vapor deposition (CVD) technique 

at low pressure. Firstly, the diamond is synthetically grown onto silicon substrate by 

CVD. It relies on the generated carbon radical and the disassociated hydrogen (H) of 

gas phase carbon source at high temperatures, typically greater than 700 degree Celsius 

(ºC). Due to the wide band gap semiconductor of around 5.47 eV at 300 K 69, it makes 

diamond useless in electrochemical process. Thereby, the dopant impurities will be 
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added to improve the conducting property of diamond electrode. Because of its high 

replacement capability toward displaced carbon atoms position with a relatively small 

activation energy (0.37 eV), the boron is employed as the preferred dopant for 

improving electrical property of diamond, produced by CVD technique using diborane 

(B2H6) or trimethyl borate (B(OCH3)3) as the boron source. Although, the BDD offers 

several advantages as mentioned above, it still suffers from the low electrocatalytic 

activity. This drawback can be improved by modifying the BDD surface with metal 

nanoparticles, as described in detail later in Chapter 2.3.4.1.3.  

 

 

 

  

 

 

Figure 2.11 (a) Freestanding BDD electrode69 (b) Commercial BDD electrode70. 

 

          2.3.4.1.2 Screen-printed graphene electrode (SPGE)  
Graphene is a one-atom-thick sp2-bonded carbon sheet exhibiting a high 

electron conductivity, fast heterogeneous electron-transfer rate at edges and basal-

plane defect sites of graphene sheet and good biocompatibility. For the graphene-

based electrochemical sensor, there are numerous fabrication methods such as drop-

coating71, ink-Jet printing72, and screen-printing method35, 71. Among these fabrication 

methods, the screen-printing offers the inherent superiority of its manufacturing 

process, consisting of the inexpensiveness, high throughput, facileness and good 

reproducibility73, 74. Therefore, the graphene-based screen-printing method has been 

applied for diverse applications throughout the year. Nevertheless, it still has the low 
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electrocatalytic activity and lacks selectivity toward the oxidation of some organic 

compounds. To handle these drawbacks, the nanomaterials and polymeric modifiers 

are required for the modification of electrode surface, as described below.  

          2.3.4.1.3 Modified electrodes  
 For further improvement of the electrocatalytic property (in terms of sensitivity 

and selectivity), the noble metals and diverse supporting materials including polymer, 

carbon black, graphene oxide and reduced graphene oxide have been used for the 

modification of electrode surface. The noble metal nanoparticles and polymers, 

employed as electrode modifiers in this dissertation, are described below.  

2.3.4.1.3.1 Noble metal nanoparticle modified electrode   
 Up to date, the nanostructured metal (such as platinum; Pt, Gold; Au, 

palladium; Pd) and copper; Cu) is the most promising modifier for electrode 

modification, due to their unique properties of high catalytic activity toward, high 

surface area and excellent sensitivity improvement. Among these noble metals, gold 

nanoparticle (AuNP) is extensively used for electrode modification for electrochemical 

determination of pesticide18, 75 and phenolic compound76 attributing to their high 

catalytic activity toward the oxidation of  hydroxy (-OH) and sulfur (-SH) containing 

substances77. In addition to AuNPs, the palladium nanoparticle (PdNP) is the most 

interesting modifier toward the oxidation of phenolic compound. PdNPs are able to 

enhance the electron transfer rate of phenolic compound at electrode interface 

resulting in the increase in sensitivity of the electrochemical detector78. The 

monometallic modified electrode suffers from poor durability and high cost of 

modifier. Furthermore, the bimetallic and trimetallic modified electrodes have been 

developed through many researchers’ attempt. These combinations of metal 

elements such as PtAu34, PtFeNi79, PtPdRu80, PtPdCu81 and NiPtPd82, exhibited superior 

catalytic activity compared to the monometallic material. Additionally, the synergistic 

property of flexible and tunable composition can satisfy the varied demands for the 

decent electrochemical sensors.   
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2.3.4.1.3.2 Polymer-based modified electrode   
The use of conducting polymer-based materials, especially polyaniline (PANI) 

and poly(3,4-ethylenedioxythiophene) : poly(styrenesulfonate) (PEDOT:PSS), for  

improving the sensitivity of electrochemical sensor are broadened. These polymeric 

modifier exhibits the environmental stability83, good electrical conductivity84, 85, facile 

modification83 and biocompatibility86, making their use beneficial for several 

application such as super-capacitor87 and electroanalytical sensor83, 86, 88. Beside the 

sensitivity improvement, the polymeric film-based recognition system known as 

molecularly imprinted polymer (MIP) has been attracted attention for selectivity 

enhancement in electrochemical sensor. The MIP is identified as “the synthetic 

polymer”, exhibiting selective recognition sites of its cavities to the functionality and 

shape of the target molecule89, 90. For MIP polymerization, the desired geometrical and 

chemical match of MIP cavities can be easily tailored through the polymerization 

process using necessary component as follows: (i) The template is the interested 

molecule including complex or a molecular, ionic or macromolecular assembly, and 

micro-organisms, (ii) the monomer is the substance that can strongly bind with the 

template and form a specific complex with the template before polymerization, (iii) 

the cross-linker is considerable factor, used to fix the monomer-template formation 

and formed highly cross-linked rigid MIP polymer91. Once template is removed, the 

vacated recognition cavities are generated complementary to the template species. 

The MIP technique offers advantages of straightforward preparation, high physical 

stability, noticeable robustness, making it attractive in many fields, especially in 

electrochemical analysis26, 28. 

     2.3.4.2 Reference electrode (RE)  
A reference electrode (RE) should have the constant and well-known potential 

unaffected by the environmental system. The RE is employed to provide a standard 

potential for electrochemical process by controlling the applied potential toward WE. 

The most common one typically used as the primary reference electrode is Ag/AgCl 

electrode. It is constructed by immersing a Ag wire in a saturated solution of Ag and 
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KCl92. Currently, the commercial Ag/AgCl ink has been developed to enable facile 

fabrication by screen-printed method.  

     2.3.4.3 Counter electrode (CE)  
A counter electrode (CE) permits the flow of current toward WE for completing 

the circuit without disturbing the potential at RE. Therefore, the inert materials such as 

carbon and platinum are required for constructing the CE which has the opposite redox 

reaction against the WE93.  

2.4 Chromatography technique 
 Chromatography is one of the most established technique that employed for 

separating a mixture of chemical substances to its individual constituent. There are 

numerous types of chromatography techniques which are high performance liquid 

chromatography (HPLC), gas chromatography (GC), ion-exchange chromatography and 

affinity chromatography. Herein, the detailed principle of liquid chromatography (LC) is 

described below.    

 2.4.1 Principle of high-performance liquid chromatography (HPLC) 
 The separation of LC is basically relied on the distribution of the interested 

analytes between a mobile phase and a stationary phase, contained within the HPLC 

column. In HPLC measurement, the analyte is introduced into the column and then 

delivered through the column by the mobile phase. As analyte travel through the 

column, it can be separated due to the difference of physicochemical interaction with 

the stationary phase. The hydrophobic interaction is most frequently used in this 

separation system. Finally, the analyte is eluted in an order according to the strength 

of its interaction which depends on its properties. 

The measurement in HPLC is described in term of four key concepts which are 

capacity, efficiency, selectivity, and resolution94. The detail of these major concepts is 

explained below.  
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     2.4.1.1 Capacity Factor 
The capacity factor (𝑘′𝑅 ) is used to define the efficiency of the HPLC column in 

term of the capacity to retain sample and the separation ability to separate the analyte 

component.  Furthermore, 𝑘′𝑅  factor can be determined from the strength of the 

interaction between the analyte molecule and the packing material within the LC 

column as expressed in equation 2.6.  

                                   𝑘′𝑅 =
𝑡𝑟 −𝑡0 

𝑡0
=

𝑡′𝑟 

𝑡0
                                          (2.6) 

Where tr  is the retention time of the interested analyte 

 t0 is the column’s void time 

  t’r is the adjusted retention of the interested analyte 

 2.4.1.2 Column selectivity 
 The selectivity of the chromatographic system is a term used to describe the 

separation efficiency of between two components. The separation factor is defined in 

term of 𝛼.  

𝛼 =  
𝑡2−𝑡0

𝑡1−𝑡0
=

𝑘′2

𝑘′1
                                           (2.7) 

 The 𝛼 value range from 1 which derived by the elution time of component 1 

and 2. To improve the selectivity, the significant factors controlling the changing 

selectivity by the alteration of the analyte and stationary phase interaction, are the 

mobile phase component and stationary phase type.  

     2.4.1.3 Column efficiency  
 Theoretically, the chromatographic column is considered to be composed of 

numerously individual section, known as “plates”, which permit the analyte to 

equilibrate between the mobile phase and stationary phase. Thus, the greater number 

of theoretical plates (N), are the more efficient chromatographic column is considered 

to be. These terms are expressed as follows:  

                                                        𝑁 =  
𝐿

𝐻
                                                           (2.8) 
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  Where L is the length of the column (millimeter, mm) 

     2.4.1.4 Resolution  
    The resolution (Rs) is defined as the degree of separation in the proposed 

chromatographic system. This factor is influences from capacity, selectivity, and 

efficiency of the column.  The relationship of these factors is expressed below.  

                           𝑅𝑠 = (
√𝑁

4
) (

𝛼−1

𝛼
) (

𝑘′2

1+𝑘′2
)                             (2.9) 

 The Rs value greater than 0.5 is acceptable for quantitative analysis because 

the peak of two interested analytes are well separated. 

     2.4.1.5 Band Broadening   
The narrow band width of the sample becomes broad after traveling through 

the column. This phenomenon is actually caused by the transport mechanisms of the 

analyte through a chromatographic column. There are three powerful mechanisms as 

follows: (i) the mass transport in mobile phase, (ii) the mass transport in stationary 

phase and (iii) the longitudinal diffusion. These diffusion factors, contributing to the 

band broadening phenomena, are considered in terms of the rate theory described by 

the Van Deemter equation.   

       𝐻 = 𝐴 +
𝐵

𝜇
+ (𝐶𝑠 + 𝐶𝑚)𝜇                              (2.10)   

Where A is the factors relevant to the multipath flows of the analyte in column 

(called Eddy diffusion), B is referred to the longitudinal diffusion and the Cs and Cm 

represent to the mass transport resistance in stationary phase and mobile phase, 

respectively,  𝜇 is referred to the velocity 95.  

2.4.2 Instrumentation of HPLC  
Figure 2.12 shows the representation of the HPLC system. There are main five 

components in HPLC system including the solvent reservoir, the sample injection, the 

pump, chromatographic column, and detector96. A brief description of each 

component is given in this section. 
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     2.4.2.1 Solvent reservoir   
The mobile phase in HPLC system is typically a mixture of the polar and non-

polar liquid component contained in a glass reservoir. The concentration of mobile 

phase relating to the composition of the sample is considered. Consequently, the 

elution method is divided into two methods which are isocratic elution and gradient 

elution. The isocratic elution is the use of constant mobile concentration throughout 

the separation process, meanwhile the gradient elution changes mobile phase 

concentration throughout the separation process. The mobile phase concentration in 

HPLC system is controlled by solvent programming.  

     2.4.2.2 Sample injection system 
A micro-syringe is frequently used for direct injection of the sample into the 

column. Recently, the auto sampling device in HPLC system is developed for user 

convenience. The simplest way of injection is the use of an injection valve. It allows 

the specific volume of the sample passing through the column. The amount of the 

injected sample is usually varied in the range of 10 – 100 μL 

     2.4.2.3 Pump 
Pump is typically employed for delivery of the mobile phase throughout the 

chromatographic column. Since the change in solvent flow rate will affect the retention 

time in the identification of the analysis. The pump system is important to use for 

maintaining the constant flow rate during the analysis. The normal operating pressure 

of the pump system is around 0-4000 psi. The efficiency in separation increases with 

the increasing flow rate. Therefore, the flow rates are generally operated at high psi.   

     2.4.2.4 Column  
The separation process is performed inside the column, either coated liquid 

stationary phase, or loaded packing solid particle. The columns normally have an 

internal diameter (i.d) in the range of 4.5 to 5 mm and the length of 10 to 25 cm. 

Additionally, the number of theoretical plates (N) is influenced by the length of the 

column. The longer length provides the higher N resulting the high separation 
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efficiency. However, it suffers from the long-time analysis. While the shorter column 

offers rapid analysis, but the N is limited. The analysis time and separation efficiency 

are compromisingly considered. In addition, the chemical composition of the analyte 

importantly influences the selection of stationary phase. There are various types of 

stationary phase encountered inside the column such as silica, styrene-divinylbenzene, 

polysaccharide or octadecyl chain (C18). Therefore, the stationary types and column 

length are crucial factor for naturally varied application.  

     2.4.2.5 Detector  
The use of HPLC detector relies on the analyte. The HPLC detector is classified 

into two types which are universal detector and selective detector. The response of 

universal detector, such as the refractive index IR and conductometric detector, is 

derived from the similar structure of the interest molecule, whereas the response of 

selective detector is obtained by the specific molecular structure of the analyte. The 

absorbance, fluorescence, and electrochemical detectors are termed selective 

detectors, popularly utilized for HPLC analysis. 

 

 

Figure 2.12 Preparative HPLC system. 
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     2.4.2.6 Ultra-high-performance liquid chromatography (UHPLC)  
 The ultra-high-performance liquid chromatography (UHPLC) is the other type 

of HPLC relying on similar principles of liquid chromatography. UHPLC is constructed 

to improve the efficiency and analysis time of the HPLC separation by the 

development in term of instrumentation. The comparison between HPLC and UHPLC 

regarding the equipment and separation efficiency is expressed in Table 2.1 

Table 2.1 The comparison between HPLC and UHPLC 97 
 

Parameter HPLC UHPLC 

Pressure 6000 psi 100,000 psi 

Particle size 5 μm 1.7 μm 

Flow rate mL/min μL/min 

Resolution Relatively low Relatively high 

 

The separation efficiency of UHPLC is improved by greatly reducing packing 

particles and increasing flow rate operation. Thus, the band broadening is reduced, 

leading to sensitivity enhancement.    
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CHAPTER 3 
THE DEVELOPMENT OF INTEGRATED PLATFORMS FOR COLORIMETRIC 

SENSOR AND ITS APPLICATION 
 

 Colorimetry has been promisingly and powerfully integrated to the miniaturized 

platforms in the past two decades. This colorimetric detection platform offers portable 

device, simple operation, affordability and easy-to-use. In this chapter, the 

transparency-based colorimetric sensor was fabricated for salbutamol (SAL) 

determination. The detail of this work is reported below.  
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3.1 Development of transparency-based analytical device for facile colorimetric 
determination of salbutamol 
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Abstract 
The low-cost and portable transparency-based analytical device (TAD) for 

colorimetric determination of salbutamol (SAL) was first developed. The TAD was 

simply fabricated by wax-printing onto a transparent polymer-based substrate to 

create the hydrophobic barriers and the colorimetric reaction zones where the color 

changes could be easily observed with the naked eye. In this work, potassium 

permanganate (KMnO4) was simply used as a colorimetric reagent for SAL. Once SAL 

reacted with KMnO4 in the acidified system, it could undergo oxidation and the color 

of KMnO4 subsequently changed from light pink to orange. The reaction color could 

also be recorded using a digital camera and then analyzed by ImageJ for quantitative 

analysis. Under the optimized conditions, the developed method together with the 

TAD exhibited high efficiency for SAL determination with a linear calibration ranging 

from 0.5 to 40 mg·L-1. Limits of detection (LOD) and quantitation (LOQ) were found to 

be 0.05 and 0.17 mg·L-1, respectively. Furthermore, the proposed TAD-based sensor 

was applied for SAL determination in drug samples with %recovery and %RSD in the 

ranges of 81.00 to 108.87% and 1.32 to 7.53%, respectively. 

 

 

Keywords: Salbutamol; Potassium permanganate; Transparency-based analytical 

device; Colorimetric detection; Redox reaction 
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3.1.1 Introduction 
 Salbutamol (SAL), which belongs to a class of ß2-adrenergic agonists, is 

commonly used as bronchodilator for the treatment of human chronic obstructive 

pulmonary disease and asthma 98, 99. Besides, SAL is generally employed in veterinary 

medication 100 as it can induce relaxation of smooth muscle and decrease systemic 

vascular resistance 101. However, high doses of SAL have anabolic-like effects (e.g. 

promoting protein production for muscle build-up and enhancing strength 

performance) which are sometimes used illegally by athletes in sports. According to 

the World Anti-Doping Agency (WADA), the concentration of SAL greater than 1000 

ng/mL (equal to 3 µM) found in urine literally indicates the doping behavior in athletes 
22, 102-104. Moreover, SAL is the most common ß2-agonist used in animal feed as growth 

promoter and meat leaner, enhancing the transformation of nutritive body fat to more 

muscle in livestock 98-100. However, SAL used in animals for growth promotion would 

readily accumulate in their tissues and organs and could directly be transferred to 

humans through the food chain (e.g. consumption of animal products), causing serious 

effects on human health in numerous symptoms including palpitation, tremors and 

nervousness 98, 99. The use of SAL as growth promoter has generally been banned in 

many countries, especially in China and the European Union 105, 106. Therefore, the 

development of a reliable and sensitive analytical device and method for 

determination of SAL with quick identification and confirmation is crucially needed to 

control the drug abuse for both growth promotion and sports-doping. 

 According to the literature, various analytical techniques have previously been 

developed for SAL determination, including UHPLC-ECD 78, HPLC-UV/Vis 107, , LC-MS 108, 

LC-MS/MS 106, UPLC-MS/MS 102, CE 109, 110 and immunoassay 111. Although these 

methods are comparatively precise and sensitive, they inevitably have some 

disadvantages, such as time-consuming process, complicated procedure, expensive 

instrumentation, and unsuitable for quick screening test and on-site applications 112, 
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113. Consequently, colorimetry which has become highly attractive for qualitative and 

quantitative analysis seems to be the potential method for rapid detection of SAL, due 

to its simplicity, straightforward signal readout, minimum sample and reagent 

consumption, and inexpensive apparatus. Considering the colorimetric readout, UV-vis 

spectrophotometer has been reported to be the traditional tool for colorimetry 114, 115, 

but the instrument itself is still somewhat sophisticated and unsatisfactory for on-site 

applications. Hence a digital camera or a camera phone accompanying with the image 

processing application has been simply used as an alternative device for colorimetric 

detection with potential applications for point-of-care and on-site testing 116-118. 

Moreover, the microfluidic technology has been currently utilized for miniaturization 

of various portable devices, making them fitting for field-based testing applications. 

Generally, papers have been widely used as substrates in this technology, to fabricate 

various types of “paper-based analytical devices (µPADs)”. Since first development in 

2007, the µPAD has experienced rapid growth over the past decade because of their 

affordable, simple and portable properties 119, 120. Other polymer-based materials such 

as plastic commercial films (both transparent and opaque) which are made of either 

polyvinyl chloride (PVC) or polyethylene terephthalate (PET) have also become of 

great interest as substrate materials due to their chemical inertness, physical 

robustness, excellent flexibility and high resistance to water and moisture, resulting in 

the long term stability and durability, compared to the µPADs 121. 

In this work, the transparent polymer-based material, namely PET has been first 

employed as substrate for the fabrication of a portable gadget, so-called “transparency 

PET-based analytical device (TAD)” for colorimetric determination of SAL. Unlike the 

µPADs, the developed TAD could be simply manufactured by wax printing onto the 

PET sheet, generating the hydrophobic regions and the transparent colorimetric 

detection areas where a vivid color change could be obviously seen (owning to the 

high transparency of PET). The obtained TAD could then be used compactly in 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 36 

association with a simple colorimetric method in which the acidified potassium 

permanganate (KMnO4) was basically employed as reagent for facile colorimetric 

determination of SAL. Typically, potassium permanganate is a well-known strong 

oxidizing agent that could quickly oxidize SAL in acidic system, while the permanganate 

itself would simultaneously underdo reduction, resulting in the color change (from 

light pink to light orange) which could be clearly observed either by the naked eye for 

qualitative screening test, or by a digital camera together with an image processing 

software for quantitative analysis. Subsequently, the proposed colorimetric device and 

method could be potentially applied for SAL detection in bronchodilator drug samples 

with comparable results to those labelled on the medicine, demonstrating a proof of 

concept for quality control in pharmaceutical industry. 

3.1.2 Experimental 
3.1.2.1 Chemicals and materials 

 Salbutamol sulfate was purchased from Sigma-Aldrich (Missouri, USA). 

Potassium permanganate (KMnO4) used as colorimetric reagent was obtained from 

Carlo Erba Reagents (Chaussée du Vexin, French). To determine the exact 

concentration of potassium permanganate solution; once prepared, it was 

standardized with sodium oxalate (Na2C2O4) which was bought form J.T. Baker chemical 

company (Loughborough, UK). Sulfuric acid (H2SO4) was gained from Merck (reagent 

grade 95-97%, Gernsheim, Germany). Milli-Q water form Millipore (R ≥ 18.2 MΩ cm) was 

used throughout experiments. 
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3.1.2.2 Design and fabrication of TADs 
 A wax-printing technique, which has been reported to be a simple, fast and 

low-cost method for the fabrication of various µPADs 41, 122, 123, was deliberately used 

in this work to create the TAD. Generally, the device pattern designing was performed 

by Adobe illustrator software, and the wax-pattern layout was then printed onto the 

transparency-based PET sheet (bought from local store in Bangkok, Thailand) using the 

wax printer (Xerox ColorQube 8570, Japan) in order to create the hydrophobic barrier 

and the transparent colorimetric reaction zone with diameter of 0.6 cm. Note that the 

color of hydrophobic wax-pattern was selected to be complementary to the 

colorimetric reaction region. 

3.1.2.3 Colorimetric detection of SAL on the TAD 
 Potassium permanganate was simply used as a colorimetric reagent for SAL 

detection. The measurement was performed as follows: 10 µL of KMnO4 were directly 

dropped onto the transparency PET-based device at the transparent reaction zone, 

following by 20 µL of H2SO4 and 5 µL of standard SAL (with varying concentrations), 

respectively. Next, the final volume of solution mixture was adjusted to 40 µL using 

Milli-Q water. The color change (from pale pink to varying shades of tinted orange, 

depending on the concentration of SAL) at the reaction zone could subsequently be 

observed by the naked eye within the optimized reaction time of 11 min, applicable 

to qualitative measurement. As for quantitative analysis, the image of the resulting 

color of the solution mixture on the TAD was thoroughly recorded by a digital camera 

(Cannon EOS 1000 D1, Japan) in a light-control box, and the color intensity of the 

sample solution was then measured by ImageJ software. Finally, a calibration curve 

showing the relationship between color intensity and concentration of SAL could be 

constructed. 
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3.1.2.4 Analysis of SAL in pharmaceutical samples 
 Various brands of pharmaceutical tablets containing SAL (purchased from drug 

store) were used for validation of the proposed colorimetric method with the 

developed TAD. Firstly, the tablets were weighed out in order to determine the average 

weight per tablet, and they were ground using a mortar and pestle. Then, a certain 

amount of sample powder was weighed once again into a 100-mL volumetric flask. 

After that, the drug sample was extracted with 50 mL of Milli-Q water for 1 h in a 

shaker, followed by a sonication in an ultrasonic bath for 10 min. The final volume of 

sample solution was subsequently adjusted to 100 mL using Milli-Q water. The 

obtained sample solution would then be filtered through a 0.45 µM 

polytetrafluoroethylene (PTFE) syringe filter to remove undissolved binder, prior to use 

in the experiment 103, 124, 125. 

 Regarding the recovery study, it should be noted that the standard SAL was 

spiked into the sample solution before the extraction in three different concentrations 

of 2.5, 10.0 and 25.0 ppm, respectively. The percent recovery of SAL added to the 

drug sample could then be calculated from these spiked samples. 

3.1.3 Results and discussion 
3.1.3.1 Colorimetric determination of SAL on the TAD 

 In this work, SAL was first determined using potassium permanganate (KMnO4), 

a very common oxidant, as a colorimetric reagent. Once SAL reacted with 

permanganate in an acidified system at room temperature, the color of permanganate 

would simply change from light pink to pale orange which could be clearly observed, 

as shown in Figure 3.1. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 39 

 

Figure 3.1 TAD with the reaction solution of 0.15 mM KMnO4 in 0.5 mM H2SO4 in the 
absence (a) and presence (b) of 10 ppm SAL, and the color change from light pink (a) 
to pale orange (b) could be clearly observed on the TAD. 
 

The reaction of SAL and potassium permanganate which caused the color 

change could be simply explained by a redox process and the corresponding standard 

half-cell potentials (E0) of both half reactions. Typically, permanganate has been very 

well known to be a powerful oxidizing agent, and the oxidation behaviour of SAL has 

also been extensively reported in the literature. Therefore, in this colorimetric 

measurement, SAL which was colorless would get oxidized with its standard half-cell 

potential of −0.78 V vs SHE 22, as shown in Eq (1), whereas the pale pink permanganate 

ion would simultaneously undergo reduction in mildly acidic condition with the 

reported standard reduction potential of +1.68 V vs SHE 126 to form the brownish 

manganese(IV) oxide (MnO2), leading to the color change from light pink to orange, as 

shown in Eq (2). The standard cell potential (Ecell
0 ) of this redox reaction could be 

calculated and it was found to be +2.46 V vs SHE, confirming the spontaneous reaction 

between SAL and permanganate ion. 
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 E° = −0.78 V        (3.1) 

    MnO4
-+ 4H+ + 3e-  ⇌   MnO2 + 2H2O E° = +1.68 V        (3.2) 

In addition, the fabrication of the miniaturized colorimetric devices for SAL 

detection has been thoroughly investigated by wax-printing onto two types of 

substrates, including paper and PET sheet which resulted in the PAD and the TAD, 

respectively. The results demonstrated that the TAD seemed to be more compatible 

with the proposed redox-based colorimetric detecting method, giving more intense 

and well steady color which could be precisely observed, compared to the PAD, as 

shown in Fig 2. It can be seen that the pink color of the permanganate itself on the 

PAD seemed already too faded at the beginning (Figure 3.2a), and when SAL was 

subsequently added to react with the permanganate reagent, the color change 

became less intense and unstable (Figure 3.2b). This could be possibly due to the side 

reaction between the oxidizing permanganate agent and the cellulose-based paper 

where the cellulose could also get oxidized by permanganate, resulting in the unclear 

and inconsistent color of the reagent on the PAD 127. Therefore, the transparent PET 

sheet was chosen as substrate material for the fabrication of colorimetric TAD sensor 

as it was chemically inert towards the permanganate ion, and it also provided a vivid 

color change for SAL determination. 
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Figure 3.2 PAD with the reaction solution of 0.15 mM KMnO4 in 0.5 mM H2SO4 in the 
absence (a) and presence (b) of 10 ppm SAL, where the color change could not be 
clearly observed on the PAD. 
 

3.1.3.2 Optimization of colorimetric detection conditions for SAL analysis 
 The experimental conditions for the colorimetric determination of SAL on the 

TAD have been next investigated. Since the colorimetric detection was performed 

under the acidified system using permanganate as the regent, the corresponding 

parameters, including type of acid, concentration of acid, concentration of 

permanganate reagent, reaction time, and reaction temperature were therefore 

optimized. In this study, a representative SAL concentration of 10 ppm was used 

constantly in the optimization as it would cause a well detectable color change , and 

the color intensity of the reacting solution before and after SAL addition was measured 

and reported as Iblank and Isample, respectively. The intensity value of the color change 

(∆I) according to the redox reaction between permanganate and SAL could then be 

quantitatively calculated by subtracting the blank solution from the sample response 

(∆I = Isample – Iblank). 

3.1.3.2.1 Effects of acid type 
 The influence of acid type on the colorimetric detection of SAL was first 

examined using various strong and weak acids, including sulfuric acid (H2SO4), 

hydrochloric acid (HCl), perchloric acid (HClO4), nitric acid (HNO3), and acetic acid 

(CH3COOH) at the same concentration of 1 mM. Figure 3.3 shows the plots of sample’s 

color intensity change (∆I) against various types of acid used in this study. As clearly 
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seen form the results, different types of acid, either strong or weak ones, did not seem 

to have a significant effect on the color change of permanganate when reacted with 

SAL. However, it should be noted that the redox reaction between permanganate and 

SAL had to be done in acidic medium as the reduction process generally required 

additional protons, as illustrated in Eq (3.1). Therefore, sulfuric acid was chosen as acid 

species used further in this work, according to the previous study reported by J. 

Huclová, et.al. 104 Moreover, sulfuric acid would dissociate into sulfate ion which was 

the common ion already present in the system from the dissolution of salbutamol 

sulfate (C13H21NO3·0.5H2SO4) used as standard SAL reagent. 

 

Figure 3.3 Effects of acid type on the colorimetric determination of SAL using 
permanganate in acidic medium as reagent. 
 

3.1.3.2.2 Effects of sulfuric acid concentration 
The concentration of sulfuric acid that might affect the color change intensity 

in the colorimetric measurement of SAL was next examined over a range of 0.2 – 3.0 

mM, and the obtained results were displayed in Figure 3.4a. It could be clearly 
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observed that the color change intensity (∆I) of the reacting solution increased with 

increasing concentration of sulfuric acid from 0.2 to 0.5 mM. After that, the ∆I intensity 

decreased constantly with increasing concentrations of sulfuric acid up to 3.0 mM. As 

discussed earlier that the reduction of permanganate would generally occur under 

slightly acidic condition (cf. Eq (3.1) indicating the four-proton-accepting reaction), the 

mild concentration of sulfuric acid of 0.5 mM likely seemed to be more favored by 

that redox reaction, showing the highest color change intensity. When high 

concentrations of sulfuric acid (with several more protons as well) were present in the 

system, the permanganate ion could further undergo a five-electron and eight-proton 

transfer reduction to form the colorless Mn2+ 126, leading to the drop in orange-ish 

color intensity, as observed in this study. Therefore, the optimal concentration of 

sulfuric acid highly capable of detecting SAL was found to be 0.5 mM. 

3.1.3.2.3 Effects of permanganate concentration 
 The effects of permanganate concentration used as the colorimetric reagent 

was subsequently investigated in a concentration range of 0.1 – 0.3 mM, and the 

corresponding results were shown in Figure 3.4b. Typically, the ∆I values increased 

with increasing concentration of permanganate ion up to 0.15 mM. When the 

permanganate concentration was above 0.15 mM, the color change intensity got 

declined instantly. Since high concentration of permanganate would give an intense 

purple color which could not visibly fade away during the redox reaction, the color 

change of this intensely purple permanganate could not be clearly observed during 

the reaction with SAL. Consequently, the concentration of 0.15 mM KMnO4, possessing 

a pale pink color was selected as an optimal condition for further measurements.  
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Figure 3.4 Plots showing the effects of experimental parameters, including ( a) 
concentration of H2SO4, and ( b)  concentration of KMnO4 on the colorimetric 
determination of SAL. 
 

3.1.3.2.4 Effects of reaction time and temperature 
 The reaction time and temperature that would play an important role in the 

reaction kinetics have been also investigated. Briefly, the effects of reaction time and 

temperature were studied within 1−20 min at 25 °C, and 1−15 min at 30, 40 and 50 °C, 

respectively. Figure 3.5 shows the color change intensity (∆I) observed over a range of 

time at increasing temperatures. The highest color change intensity could be achieved 

within 14, 11, 8 and 5 min at 25, 30, 40 and 50 °C, respectively, indicating that the 

maximum reaction had already developed. The results clearly demonstrated that the 

reaction rate increased with increasing temperature. However, at the temperatures 

above 30 °C (cf. Figure 3.5c and d), the sample’s color intensity observed at the largest 

values of ∆I got somewhat decreased, resulting in lowering the sensitivity of the 

detection by ca. 18.2% when compared to the highest ∆I obtained at 30 °C. Therefore, 

the reaction temperature of 30 °C together with the 11 min reaction time were chosen 

as the optimal conditions for the quick and sensitive determination of SAL. 
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Figure 3.5 Effects of reaction time (studied within 20 min) and temperature at ( a)  25 
°C, (b) 30 °C, (c) 40 °C and (d) 50 °C on the colorimetric detection of SAL. 
 

3.1.3.3 Performance study of the proposed colorimetric method on the 
TAD 
 Under the optimal conditions, the performance of the proposed colorimetric 

method combined with the TAD was subsequently investigated for quantitative 

analysis of SAL. Upon the addition of SAL in the concentration ranging from 0−40 ppm, 

the light pink of permanganate reagent slightly changed to orange-tinted color, as 

shown in Figure 3.6a. Basically, the experiments were performed in triplicate, and the 

average color change intensity (∆I) obtained was then plotted against the SAL 

concentration, as shown as an inset in Fig 6(b). As clearly seen in Figure 3.6b, the color 

intensity values of the reacting solution increased steadily but not linearly with the 

increase of SAL concentration. When the color change intensity (∆I) was plotted with 

respect to the log scale of SAL concentration, as shown in Figure 3.6b, a linear response 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 46 

of SAL detection could be obtained in the range of 0 to 40 ppm under controlling the 

temperature of reaction at 30 °C with a correlation coefficient of 0.9944. Furthermore, 

the limits of detection (LOD) and quantification (LOQ) could be calculated using 3σ 

method (where σ is the standard deviation of the blank solution), and found to be 

0.05 and 0.17 ppm, respectively. 

Figure 3.6 ( a)  Corresponding images of the colorimetric detection of SAL at various 
concentrations ranging from 0 − 40 ppm on the TAD colorimetric sensor, and (b)  Plot 
of linear regression analysis with the SAL concentrations of 0. 5 –  40.0 ppm in a log 
scale.  Inset:  Plot of the average color change intensity against the concentration of 
SAL in a range of 0.5 – 40.0 ppm. 
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3.1.3.4 Colorimetric determination of SAL in real samples 
 In order to validate the developed colorimetric method and the corresponding 

TAD sensor, the determination of SAL in a range of commercially available drug 

samples has been performed using permanganate as the colorimetric reagent spotting 

on the proposed transparent PET-based device. A recovery study was also carried out 

using an external standard method. Generally, it was found that the experimental 

values for various drug samples were in good agreement with those labelled on the 

medicine with relative errors less than 8.8%, demonstrating good accuracy for 

quantitative analysis, as shown in Table 3.1. In addition, the %recoveries and %RSD of 

the spiked drug samples were found to be in the range of 81.00 − 108.87% and 1.32 

− 7.53%, respectively, as presented in Table 3.2. The results typically showed 

satisfactory recoveries with high precision, as well as indicating a proof of concept of 

the potential capability of the developed colorimetric method and TAD sensor in 

pharmaceutical application. 

Table 3.1 Colorimetric determination of SAL in real drug samples using 
permanganate as oxidizing agent at the transparent PET-based sensor. 

Samples 

Salbutamol content 

% Relative error Labeled value 

(mg / tablet) 

Contents found 

(mg / tablet) 

Sample 1 2 2.18 ± 0.06 8.8 

Sample 2 2 2.05 ± 0.21 2.7 

Sample 3 2 1.85 ± 0.11 7.3 

Sample 4 4 4.30 ± 0.36 7.4 

Sample 5 4 4.13 ± 0.20 3.3 

Sample 6 4 4.19 ± 0.17 4.7 
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Table 3. 2 Recovery study for SAL determination in the spiked drug samples (n=3). 

Sample 
Spiked 
(ppm) 

Found (ppm) 

Mean ± SD 

Recovery (%) 

Mean ± SD 
RSD (%) 

Sample 1 

0 10.89 ± 0.29 - - 

2.5 12.98 ± 0.17 83.60 ± 6.93 1.33 

10 21.55 ± 0.57 106.60 ± 5.72 2.65 

25 35.52 ± 2.20 98.53 ± 8.79 6.19 

Sample 2 

0 10.27 ± 1.06 - - 

2.5 12.98 ± 0.34 108.53 ± 13.63 2.62 

10 18.76 ± 0.25 84.93 ± 2.48 1.32 

25 37.45 ± 0.99 108.72 ± 3.95 2.64 

Sample 3 

0 9.27 ± 0.53 - - 

2.5 11.31 ± 0.15 81.47± 6.00 1.33 

10 18.37 ± 1.38 81.00 ± 13.83 7.53 

25 33.68 ± 2.40 97.64 ± 9.59 7.12 

Sample 4 

0 10.74 ± 0.91 - - 

2.5 13.39 ± 0.18 105.87 ± 7.16 6.67 

10 20.26 ± 0.27 95.23 ± 2.71 2.85 

25 37.45 ± 0.99 106.84 ± 3.95 3.70 

Sample 5 

0 10.33 ± 0.50 - - 

2.5 12.98 ± 0.17 106.00 ± 6.93 6.54 

10 21.22 ± 0.28 108.87 ± 2.83 2.60 

25 36.05 ± 0.99 102.89 ± 3.97 3.86 

Sample 6 

0 10.47 ± 0.42 - - 

2.5 12.78 ± 0.17 92.53 ± 6.70 7.24 

10 19.65 ± 0.52 91.80 ± 5.20 5.66 

25 36.90 ± 1.93 105.73 ± 7.74 7.32 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 49 

3.1.4 Conclusion 
 A transparent PET-based analytical device (TAD), which is inexpensive, portable, 

and simply manufactured, suitable for colorimetric application was first developed for 

facile qualitative and quantitative detection of SAL The TAD was rapidly and easily 

fabricated by wax-printing method and the colorimetric detection of SAL was simply 

performed based on the redox reaction of the oxidizing permanganate reagent and 

the reducing SAL sample. In the presence of SAL, the color of permanganate in acidic 

medium would visibly change from light pink to pale orange at 30 °C within 11 min 

reaction time, which could be clearly observed by the naked eye. The proposed 

colorimetric TAD sensor showed high performance towards SAL measurement with low 

detection limit of 0.05 ppm. Additionally, this method was successfully applied for 

determination of SAL in several drug samples where the acceptable relative errors of 

less than 9%, the satisfied recoveries of 81.00 – 108.87%, and the good RSD of 1.32 – 

7.53% could be thoroughly obtained, highlighting that this colorimetric method 

coupled with the TAD sensor was highly capable of detecting SAL with high accuracy 

and precision. 
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CHAPTER 4 
THE DEVELOPMENT OF INTEGRATED PLATFORMS FOR 

ELECTROCHEMICAL SENSOR AND ITS APPLICATION 
 For a long period of time, the electrochemical techniques have become a 

promising tool for sensor development attributing to its beneficial property such as 

cost-effectiveness, high throughput analysis, straightforward operation, and high 

sensitivity. However, the key challenge confronting high selectivity for the 

electrochemical detection is the overlapping peaks of the related structural 

compounds with close redox potentials. To improve the selectivity in the detection, 

the electrochemical technique is integrated to various platforms, including a separation 

unit, a recognition system, and a miniaturized device, as described in this chapter. 

There are three main parts in this chapter as follows: 

- Part I (section 4.1) reports on simultaneous determination of β-agonists by 

UHPLC coupled with electrochemical detection based on palladium nanoparticles 

modified  

BDD electrode 

- Part II (section 4.2) reports on a ready-to-use electrochemical origami-like 

sensor based on molecular imprinting for selective detection of SAL  

- Part III (section 4.3) reports on synergistically catalytic activity of trimetallic 

CuNiAu modified SPGE toward distinguishable oxidation of NE and 5-HT.  
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Abstract 
Palladium nanoparticles (PdNPs) modified boron-doped diamond (BDD) electrode 

was simply fabricated via electrodeposition technique for the sensitive electro-analysis of 

four β-agonist compounds, including terbutaline (TER), salbutamol (SAL), ractopamine (RAC), 

and clenbuterol (CLB) after a prior separation by ultra-high performance liquid 

chromatography (UHPLC).  The separation was carried out using a reverse phase C18 column 

with gradient elution of appropriate proportion between methanol and phosphate buffer 

solution (PBS) pH 7.0 at a flow rate of 1.0 min mL-1.  The following electrochemical detection 

(ECD) was accomplished by amperometric method with a detection potential of 1.0 V vs 

Ag/AgCl.  The modified BDD electrode, unlike other carbon-based electrodes used for β-

agonists detection, typically showed the superior anti-fouling ability and provided excellent 

long-term stability, resulting in no complicated cleaning steps needed during each 

determination.The measurement of β-agonists using the PdNPs modified BDD electrode 

integrated with UHPLC showed a linear relationship in the range of 0.2 to 200 µg mL-1 with 

detection limits of 0.04, 0.02, and 0.03 µg mL-1 for TER, SAL, and RAC, respectively.  

Meanwhile, CLB displayed linearly in the range of 0.5 to 200 µg mL-1 with a detection limit 

of 0.19 µg mL-1.  Moreover, this method was successfully applied to detect β-agonists in 

diverse samples, including swine feed, swine meat, and human urine with satisfied recoveries 

in the range from 80.5% to 110.0%.  Reliability of this developed method was also validated 

with ultra-high performance liquid chromatography coupled with ultra-violet detection 

(UHPLC-UV), and the results showed highly quantitative agreement between the two 

methods.  Therefore, the PdNPs modified BDD could be productively utilized as effective 

electrodes, with good electrocatalytic activity of PdNPs towards β-agonists oxidation and 

favorable anti-fouling performance of BDD.  The simultaneous detection of four β-agonists 

by UHPLC-ECD exhibited good stability, acceptable reusability, high sensitivity, and rapid 

analysis.  

Keywords: Palladium nanoparticles (PdNPs); Boron-doped diamond (BDD); Anti-fouling; β-

agonists; UHPLC-ECD 
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4.1.1. Introduction  

 Beta-adrenoceptor agonists (β-agonists) are derivatives of phenyl-

ethanolamine with different substituents on aromatic ring and terminal amino group. 

Terbutaline (TER), salbutamol (SAL), ractopamine (RAC), and clenbuterol (CLB), as 

shown in Figure 4.1.1, are important β-agonist compounds that have been extensively 

studied. These compounds have been commonly used as a bronchodilator medicine 

for the treatment of human chronic obstructive pulmonary disease and asthma 99, 128, 

129. They typically have ability to induce smooth muscle relaxation in the lung and to 

decrease systemic vascular resistance 130. However, TER and SAL have been misused 

as doping drugs in the athletes to enhance performance due to their ergogenic 

potentials and anabolic effects 131, 132. Besides doping drugs, the forbidden application 

of β-agonist compounds especially SAL, RAC, and CLB as veterinary drugs has been 

widely employed in livestock, to enhance the fat level transformation to muscle 

protein production 133, 134. These abuses have caused the poisonous effects to human 

health via the consumption, resulting in various symptomatic expressions such as 

palpitation, tremors and nervousness99, 129. For this reason, World Anti-Doping Agency 

(WADA) and European Union (EU) have therefore monitored and controlled these 

abused substances used as doping agents and grown promotors, respectively. 

According to the WADA prohibited list, TER is forbidden to present in urine while the 

presence of SAL in urine higher than 1000 ng mL-1 (or 3µM) indicated the intake of 

performance-enhanced drugs (doping) 131, 132. Moreover, all compounds have generally 

been banned for use as growth promoters in China and the EU 106, 135. Therefore, the 

determination of these four β-agonists is necessary in order to control and monitor 

the abuse of these substance. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 54 

 

Figure 4.1.1 Structures of terbutaline (TER), salbutamol (SAL), ractopamine (RAC) and 
clenbuterol (CLB). 
 

 Currently, the modern analytical techniques of combined chromatography and 

mass spectrometry (MS) have been widely used as the standard methods for β-

agonists detection 100, 136, 137. Although these compounds can be chromatographically 

separated, and subsequently detected by MS at very low concentration levels with 

high accuracy and precision, the sophisticated instrument setup and expensive 

instrumentation of mass spectrometry, as well as the high cost of maintenance are the 

major limitations of using MS as the detection tool. Ultra-high performance liquid 

chromatography with electrochemical detection (UHPLC-ECD) is therefore an appealing 

approach for the quantification of β-agonist compounds. UHPLC offers the higher 

resolution and efficiency compared to traditional high performance liquid 

chromatography (HPLC) because it has lower dispersion length of the separated zone 

and therefore needs lower volume of analyte. As the short column has been used in 

the solid separation phase, the system can be also operated under high pressure (> 

10,000 psi) 137. ECD exhibits distinct advantages of inexpensive instrument, high 

sensitivity and simple operation and maintenance. However, the challenge of the 
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determination of β-agonists by ECD is the strong adsorption of β-agonist compounds 

on the electrode surface which results in a decrease in sensitivity and the electrode 

itself is incapable of being used repetitively, unless several cleaning steps are carried 

out 131, 138. 

As previously reported in the literature, both SAL and RAC typically possess the 

phenolic hydroxyl substituents, and their electrochemical behaviors are dominated by 

the oxidation of these hydroxyl groups on the aromatic ring 139-141, generating some 

free radical species which could then form the C-C linked dimers that can subsequently 

adsorb on and passivate the electrode surface 22, 142. Similar adsorptive behavior has 

also been reported for the oxidation of TER which is attributed to the resorcinol group 

in its molecule143, 144. As for CLB which contains amine-substituted group, the 

electrochemical response of CLB involves the oxidation of amine functional group, 

forming the radical cations which could then undergo the “head to tail” coupling, 

resulting in the formation of dimers that can strongly adsorb onto the electrode surface 
145, 146. In order to overcome this electrode passivation caused by the oxidation of β-

agonists, the use of anti-fouling materials, especially boron doped diamond (BDD), is 

thought to be an effective way. According to the literature 24, 147, the BDD was generally 

fabricated on Si supports via hydrogen plasma chemical vapor deposition (CVD) 

method, generating H-terminated moiety at the BDD surface which was believed to be 

a potential functionality for adsorptive inertness. Due to the weak adsorption of polar 

compounds on their H-terminated surfaces, the BDD electrodes typically offer the anti-

fouling ability in electroanalysis. Basically, the fouling resistance capability of BDD 

electrode has been studied in various applications where the surface fouling was the 

obstacle to the long-term stability of the electrode. According to the literature, the 

BDD electrodes could prevent the fouling of their surface during the electrochemical 

detection of chlorine 148, norepinephrine and serotonin149, as well as new psychoactive 

substances e.g. 2,5-dimethoxy-N-(2-methoxybenzyl)phenethylamines (NBOMes) 150, 
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whereas this fouling resistance could not be achieved with such carbon-based 

electrodes. Additionally, the BDD has many attracted electrochemical properties, as 

follows: (i) low and stable background current, (ii) wide potential range, and (iii) 

corrosive resistance owing to the chemically inert behavior of the electrode surface 
151, 152. With these perspectives, BDD could be considered as an alternative working 

electrode (WE) used for β-agonists determination.  

Besides dealing with the electrode fouling problem, another key issue for β-

agonists electrochemical detection is to improve the sensitivity of the electrochemical 

responses. The modification of electrode surface with nanomaterials has been 

considered to enhance the sensitivity since they have large specific surface area, 

excellent conductivity and extraordinary electrocatalytic activity. Various 

nanomaterials such as gold nanoparticles (AuNPs) 29, copper/cuprous oxide 

nanoparticles (Cu/Cu2ONPs) 153, manganese nanoparticles (MnNPs) 154, and 

silver/palladium (AgPd) bimetallic material 155, have been  modified on the electrode 

for β-agonists determination.  Among these nanomaterials, palladium nanoparticles 

(PdNPs), reported to be able to improve the electron transfer kinetics of phenolic 

compounds at electrode surface, have been attractively in attention as the catalytic 

electrode modifiers for enhancing the sensitivity of various phenolic compounds such 

as dopamine, epinephrine and uric acid 156-159. Since β-agonists typically contain 

phenolic moieties in their structures, the PdNPs could potentially be modified onto 

the electrode for the determination of β-agonists.  

Herein, we demonstrate the use of PdNPs-modified BDD as an amperometric 

sensor combined to the UHPLC separation technique for simultaneous determination 

of four β-agonists. Due to the anti-fouling activity of BDD and the electrocatalytic 

ability of PdNPs, this proposed system could overcome the limitation of electrode 

fouling without any cleaning steps during the detection, and the current responses 
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could be enhanced, resulting in higher sensitivity.  Moreover, the combination of 

UHPLC and electrochemical detection could successfully analyse the target analytes 

and was prosperously applied in diverse samples including swine feed, swine meat, 

and urine. The results indicated that this proposed method provided high capability of 

monitoring and controlling the abuse of these β-agonists as doping agents and growth 

promoters. 

4.1.2 Materials and methods 
4.1.2.1 Chemicals and reagents 

 All chemicals used in this work were of analytical grade, and all solutions were 

prepared using Milli-Q water from Millipore (R ≥ 18.2 MΩ cm at 25 °C).  Methanol (HPLC-

grade), hydrochloric acid (HCl), and phosphoric acid (H3PO4) were obtained from Merck 

(Darmstadt, Germany).  Potassium dihydrogen phosphate (KH2PO4), disodium hydrogen 

phosphate (Na2HPO4), potassium chloride (KCl), and sodium hydroxide (NaOH) were 

purchased from Merck (Darmstadt, Germany).  Standard salbutamol, clenbuterol 

hydrochloride, ractopamine hydrochloride, and terbutaline hydrochloride were 

obtained from Sigma-Aldrich (St. Louis, MO, USA).  Palladium (II) chloride (PdCl2) was 

purchased from Wako Pure Chemical Industries (Chuo-Ku, Osaka, Japan). 

 All of stock standard solutions (100 µg mL-1) were prepared by dissolving 1 mg 

of each standard in methanol.  The solutions were then placed in an amber bottle 

and stored at 4 °C.  As for working standard solutions preparation, the stock standard 

solution was diluted in suitable proportion of methanol and 0.05 M phosphate buffer 

solution (50:50; v:v), and the solution was mixed using a vortex mixer.  All solutions 

and solvents were filtered through 0.22 µm nylon membranes before analysis by 

UHPLC-ECD. 
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4.1.2.2 Fabrication and modification of PdNPs modified BDD electrode 
 The electrochemical experiments were performed using an CH instrument 

potentiostat 1232A (CHI Instrument, Inc., USA) at room temperature (25 °C).  Boron 

doped diamond (BDD), silver/ silver chloride (Ag/AgCl), and platinum (Pt) electrodes 

were used as working, reference, and auxiliary electrodes, respectively. The BDD 

electrode was prepared by a microwave plasma-assisted chemical vapor deposition 

system (Astex Corporation).  In this study, the BDD electrode was obtained from 

Associate Prof. Dr. Takeshi Kondo’s Laboratory at Tokyo University of Science. To 

prepare the PdNPs modified BDD electrode using a cyclic voltammetric (CV) technique, 

the three-electrode system was placed into a cell containing 1 mL of 0.2 mM PdCl2 in 

0.1 M KCl, followed by the electrochemical deposition of palladium onto BDD surface 

with a repetitive potential scans between 1.2 and -0.25 V vs Ag/AgCl at the scan rate 

of 10 mV s-1 for seven cycles 160. Then the PdNPs modified BDD was rinsed with distilled 

water and dried with air-gun before being applied for further electrochemical studies.  

4.1.2.3 UHPLC-ECD and apparatus 
 The UHPLC separation unit consists of a reversed-phase column with an LC-

20ADXR solvent deliver unit (Shinadzu Corporation, Japan), an autosampler (SIL-20A) 

with 0.1-100 mL loop. A KinetexTM core shell C18 column (50 mm × 4.6 mm i.d. with 

particle size of 2.6 µm, Phenomenex) was employed for separation of the analytes and 

was instantly controlled at 37 °C.  The mobile phase comprised 40% methanol and 

60% phosphate buffer 0.05 M (pH 7) with gradient elution using gradually increased 

portion of methanol in the range of  5% – 15% at 0 – 7 min.  After that the methanol 

proportion was continuously increased to 40% at 10 min, and kept maintained with 

methanol 40% at 10 -12 min.  The mobile phase was delivered with a constant flow 

rate of 1 mL min-1 with injection volume of 8 µL. 

 For electrochemical measurement, the thin-layer flow cell consists of a working 

PdNPs modified BDD electrode, a Ag/AgCl reference electrode (Bioanalytical system 
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Inc., USA), and a stainless-steel tube auxiliary electrode. An amperometric technique 

was executed for an electrochemical detection of β-agonists with no intense chemical 

cleaning steps required. 

4.1.2.4. Sample preparation  
 Three types of real samples including swine feed, swine meat, and urine were 

investigated.  All feeds and swine meats were obtained from supermarkets and local 

fresh markets in Thailand. Artificial urine was purchased from Carolina Biological Supply 

Company (Burlington, USA). 

 For swine feed, the feed samples were prepared according to the previous 

literature110, 161.  Firstly, 1.0 g of finely ground swine feeds were accurately weighed 

into 25.0 mL centrifuge tubes, and then feed powder was dissolved in the 3.0 mL 

mixture of acetone and 1.0 mol L-1 NaOH (9:1; v:v).  After that the mixture was 

sonicated by supersonic vibration for 5 min followed by centrifugation with 10,000 rpm 

at 5°C for 10 min.  The extraction was repeated for four times and the clear 

supernatants were collected.  Later, the combined supernatants were evaporated by 

nitrogen-blowing.  Then, the obtained residues were dissolved in 1 mL of 0.05 M 

phosphate buffer (pH 7.0), and 1 mL of hexane was subsequently added to remove 

fats and oils.  The resulting solution was centrifuged at 10,000 rpm and 5°C for 5 min, 

and the water phase was afterward collected for analysis.  For the detection, the above 

extracted solution was diluted with methanol and 0.05 M phosphate buffer (pH 7.0) 

mixture (50:50; v:v) and the spiked method was performed. Then the estimated 

recovery percentage was calculated. 

 The swine meat preparation has been fully described previously in the 

literature111.  The meat samples were homogenized by laboratory blender and 4 g of 

homogenized meat was correctly weighed into the centrifuge tube. The fat digestion 

was proceeded by addition of 6 mL HCl (0.01 M) with vortex mixing and incubated at 
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room temperature for 30 min.  Next, the mixture was centrifuged with 3000 rpm at 

25°C for 10 min and the clear supernatant was collected.  The above extracted solution 

was diluted with the mixture of 50:50 (v:v) methanol and 0.05 M phosphate buffer (pH 

7.0) and used for preparation a series of samples by “spiking” the extracted solution 

with β-agonists standard solution.  

 For urine preparation, the artificial urine was diluted with the mixture of 

methanol and 0.05 M phosphate buffer (pH 7) (50:50; v:v).  The recoveries of the spiked 

β-agonists standard solution were thoroughly studies. 

4.1.3 Results and discussion 
4.1.3.1 Influence of electrodeposition parameter 
For the electrode modification using electrodeposition (CV) technique, the 

parameters including concentration of Pd solution, scan rate, and number of cycles 

which affected to the size and shape of PdNPs were optimized. To obtain the optimal 

condition of PdNPs modified BDD, the dependence of all parameters was studied by 

DPV, and the results were reported in term of the relationship between current 

response of SAL and studied parameter. The Pd (II) concentrations were studied in the 

range of 0.01 to 0.5 mM. Figure 4.1.2A displayed the current signal of SAL in 0.05 M 

phosphate buffer pH 7. The current signal increased when the Pd (II) concentration 

increased from 0.01 to 0.2 mM, and then peak current decreased with further increased 

of Pd concentrations from 0.2 to 0.5 mM. Thus 0.2 mM Pd (II) concentration was 

selected for the modification step.  The scan rate of CV was investigated in the range 

of 5 to 100 mVs-1 and showed in Figure 4.1.2B. The current response first significantly 

increased from 5 to 10 mVs-1 and then decreased from 10 to 100 mVs-1. Therefore, 

scan rate of 10 mVs-1 was chosen as optimized condition for the electrodeposition 

step. The number of cycles in CV was considered as last parameter in range of 3 to 15 

cycles as showed in Figure 4.1.2C. The current signal increased as number of cycles 
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from 3 to 7 cycles and gradually deceased from 7 to 15 cycles. Consequently, 7 cycles 

were used as the optimal cycles for modification of PdNPs onto BDD surface.  

 

Figure 4.1.2 Effects of (A) Pd (II) concentration, (B) scan rate, and (C) number of cycles 
on the PdNPs modification on BDD electrodes. 
 

4.1.3.2 Characterization of PdNPs deposition onto BDD electrode 
 The PdNPs modified BDD electrode was accomplished using electro-deposition 

method. Generally, the potential was repeatedly scanned between 1.2 V and -0.25 V 

vs Ag/AgCl in Pd (II) solution by cyclic voltammetry (CV). The surface morphology of 

the PdNPs modified BDD electrode together with the bare BDD were characterized 

using a JSM-7610F field emission scanning electron microscopy (FE-SEM) (JEOL ltd., 

Japan), as shown in Figure 4.1.3.  The smooth surface of the bare BDD electrode with 

no Pd present could be observed as seen in Figure 4.1.3 (a and b), whereas a wide 

range of PdNPs distribution on the BDD surface under different numbers of CV-scanned 

cycles (from 3 to 15 cycles) in PdCl2 solution could be noticed, as presented in Figure 

4.1.3 (c,e and g). The average size and shape of the PdNPs have changed from spherical 

to flower-like structure, due to the agglomeration of the PdNPs with increasing number 

of electrodeposition cycles. Experimentally, the amount of PdNPs on BDD surface was 

found to increase ca. 0.14%, 1.19%, and 19.58% with number of CV scans of 3, 7, and 

15 cycles, respectively, as shown in EDS elemental Pd map results Figure 4.1.3 (b,d,f 

and h) and Figure 4.1.4.  Obviously, the presence of PdNPs on BDD surface provided 
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an increase of the electroactive surface area and subsequently enhanced the 

electrocatalytic oxidation of β-agonist compounds. The large degree of 

electrocatalytic oxidation of the analytes could be observed at a large amount of 

PdNPs on BDD surface (e.g. when 15 electrodeposition cycles were carried out). 

However, the high baseline current was also observed when the large amount of PdNPs 

was present on the electrode surface. This high capacitive background current was 

much unbeneficial for the detection due to the increase of signal to background (S/N) 

response, resulting in the lower sensitivity. Considering the highly catalytic property 

and the active surface area of PdNPs, along with the optimally low background current, 

the seven cycles of repeated CV scans were then used for the electrochemical 

deposition of PdNPs on BDD electrode. 
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Figure 4.1.3 The SEM image (a) and the EDS elemental Pd map (b) of bare BDD 
electrode. The SEM images (c),(e),(g) and the EDS elemental Pd maps (d),(f),(h) of 
different deposition CV scans in PdNPs modification step. 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 64 

 

 

Figure 4.1.4 (a,e,i) EDS elemental Pd on BDD map, (b,f,j) EDS elemental C map , (c,j,k) 
EDS elemental Pd map and (d, h, l) EDX results of 3, 7 and 15 repetitive cycles of 
PdNPs modified BDD electrode, respectively.  
 

4.1.3.3 Electrochemical responses of β-agonists at PdNPs modified BDD 
electrode 
 In order to study the performance of the PdNPs modified BDD electrode, the 

electrochemical behaviors and the oxidative current responses of four β-agonists were 

investigated using cyclic voltammetry (CV) with a scanned potential range of 0.0 V to 

1.6 V vs Ag/AgCl at the PdNPs modified BDD electrode, compared with the bare BDD 

electrode, shown in Figure 4.1.5. It can be clearly seen in Figure 4.1.5(a-d) that these 

four β-agonists studied, especially SAL and RAC, typically gave an ill-defined oxidation 

peak with large oxidation overpotential at the unmodified BDD electrode (black line). 
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On the other hand, a clear increase in the oxidation peak current of could be observed 

at the PdNPs/BDD electrode (orange line), and the oxidation peak potential slightly 

shifted towards less positive potentials. In comparison with the bare BDD electrode, 

the oxidation peak current of TER, SAL, RAC and CLB obtained using the PdNPs 

modified BDD electrode was found to be significantly higher (ca. three-fold, two-fold, 

four-fold and fifteen-fold, respectively), as shown in Figure 4.1.5(e), indicating the better 

electron transfer kinetics at the PdNPs-modified BDD electrode. Moreover, the higher 

sensitivity of β-agonists observed at the PdNPs-modified BDD electrode could be 

attributed to the electrocatalytic activity of PdNPs that potentially enhanced the 

degree of β-agonist oxidation with lower overpotential. 
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Figure 4.1.5 Cyclic voltammograms of 10 mM (a) TER, (b) SAL, (c) RAC and (d) CLB in 
MeOH: PBS (50:50; v/v) with a potential scanned from 0.0 to 1.6 V vs Ag/AgCl at a bare 
BDD electrode (black line) and a PdNPs-modified electrode (orange line) with a scan 
rate of 100 mV s-1, as well as a column chart (e) comparing oxidation current responses 

of four β-agonists at bare BDD and PdNPs-modified BDD electrode. 
 

4.1.3.4. UHPLC separation of four β-agonists 
4.1.3.4.1 Effects of the proportion of MeOH 

 In this study, the UHPLC was used to separate TER, SAL, CLB, and RAC prior to 

the detection with electrochemical sensor (PdNPs-modified BDD electrode). For the 

separation step, a reverse phase column (C18) was used to separate four β-agonists 

by gradient elution. The proportion of MeOH in a mobile phase that had an effect on 

the retention characteristics of the target analytes has been first investigated. When 

the ratio of MeOH in the mobile phase was lower than 15%, the complete separation 

of TER and SAL could be observed within 4 min while the separation of RAC and CLB 

was subsequently observed over 20 min. On the contrary, when the proportion of 

MeOH was constantly maintained at 40%, the co-eluting of TER and SAL could be 
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clearly seen. Thus, the gradient elution was necessarily performed to obtain the 

complete and rapid separation. In this work, the proportion of MeOH was gradually 

increased from 5% to 15% within 7 min to properly separate SAL and TER. Then, the 

MeOH ratio was continually increased to 40 % within 10 min and kept maintained at 

this condition up to 12 min, resulting in the separation of RAC and CLB. Noted that the 

analysis time for these four β-agonists is relatively rapid when using this gradient 

elution, and all compounds were completely separated and detected within 11 min.  

In order to avoid the clogged problem in UHPLC when using high concentration of salt, 

the 0.05 M phosphate buffer solution (pH 7) was then chosen as aqueous electrolyte 

in this work. The chromatogram obtained from the separation of standard β-agonists 

mixture was shown in Figure 4.1.6. The retention times of TER, SAL, RAC and CLB were 

3.18, 3.67, 10.0, and 10.69 min, respectively.  Retention time in this proposed system 

was found to have %RSD ranging from 0.1% to 1.5%, indicating the good stability.  The 

peak widths of TER, SAL, RAC and CLB were found to be 27.0, 31.2, 24.0, and 22.8 s, 

respectively.  Therefore, this proposed system presented rapid separation and highly 

sensitive detection of these four β-agonist compounds.   
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Figure 4.1.6 UHPLC-ECD chromatogram of 10 µg mL-1 of (a) TER, (b) SAL, (c) RAC, and 
(d) CLB at PdNPs modified BDD electrode in a (0.05 M phosphate buffer solution (pH 
7): MeOH) mobile phase with the detection potential of 1.0 V vs Ag/AgCl; the injection 
volume of 10 µL; and the flow rate of   1 mL min-1. This chromatogram was a 
representative of three independent repetitions. 
 

4.1.3.4.2 Effects of injection volume 
 Different sample injection volumes were subsequently examined in the range 

of 2 to 20 µL. The current responses of the mixed standard β-agonists solution were 

exhibited in Figure 4.1.7. As seen from the results, the current signals of TER and SAL 

increased with the injection volume increased from 2 to 12 µL, and then gradually 

decreased when the sample was loaded into the system up to 12 to 20 µL whereas 

the current signals of RAC and CLB were in a linear relationship with the injection 

volume up to 20 µL.  However, the chromatographic peak shape of TER and SAL could 

be observed to be distorted at high injection volumes (12 µL to 20 µL) as shown in 

Figure 4.1.7B. Regarding to the chromatograms shown in Figure 4.1.7A, it can be noticed 

that the complete separation of RAC and CLB could be observed at all sample 

injection volumes studied, but the incomplete separation of TER and SAL occurred at 
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high injection volumes (from 12 µL to 20 µL). Therefore, the resolution (Rs) of TER and 

SAL was then calculated to evaluate the optimal sample injection volume. Rs of the 

four analytes injected solution at 2, 5, 8, 10,12, 15 and 20 µL were 1.84, 1.89, 1.52, 

1.45, 1.40, 1.02 and 0.91, respectively. According to HPLC theory, Rs is a quantified peak 

spacing in liquid chromatography and Rs which is equal to 1.5 is the selected value to 

indicate the minimum acceptable separation efficiency of the two chromatographic 

peaks.  Considering both Rs and peak current, the sample injection volume of 8 µL was 

generally chosen as an optimal condition to obtain high sensitivity and well separation 

of these four β-agonists.  

Figure 4.1.7 (A) Amperometric chromatograms of different injection volumes at PdNPs 
modified BDD for a 10 µg mL-1 of (a) TER, (b) SAL, (c) RAC, and (d) CLB. (B) Current 
responses of (   ) TER, (   ) SAL,  (    ) RAC, and (    ) CLB in a mobile phase solution of 
0.05 M phosphate buffer solution (pH 7): MeOH, with the detection potential of 1.0 V 
vs Ag/AgCl, and the flow rate of 1 mL min-1. Each data point represents the average 
current of three repetitive experiments. 
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4.1.3.4.3 Effects of buffer pH 

 pH of buffer solution typically influenced on the charge formation on each β-

agonist species that could correspondingly change the interaction between β-agonist 

and the stationary phase (C18), thereby affecting the chromatographic separation and 

the amperometric responses. In this work, phosphate buffer solution of pH 4 to 9 was 

extensively evaluated.  The resulting current responses were shown in Figure 4.1.8a. 

The results demonstrated that the current response of SAL increased with increasing 

pH while the current responses of RAC, TER, and CLB slightly increased when pH gently 

rose up to 7, 8 and 8, respectively. The chromatographic dissociation of each 

compound was literally associated to the analyte/stationary phase (C-18) interaction.  

The acid dissociation constant (pKa1) values of TER, SAL, RAC, and CLB were 8.8162, 

9.2163, 9.4164 and 9.6165, respectively. When pH of buffer solution was either lower than 

7 (which is close to the pKa1 of TER (-OH group)162), or lower than 8 (which locates 

nearby the pKa1 of SAL163, RAC164, and CLB(-NH2 group) 165), the strong attraction 

between the deprotonated hydrophobic β-agonist compound and the hydrophobic 

stationary phase was generated, leading to the enhanced separation efficiency and the 

high current responses of the separated-baselines.  Conversely, as pH of buffer solution 

was higher than 8, the fully protonated β-agonist compound possessed a relatively 

weak hydrophobic property, resulting in a decrease in the separation efficiency and 

the current responses, caused by the overlapping baselines. Therefore, the phosphate 

buffer solution of pH 7 was considered as a suitable pH for working electrolyte to 

achieve the well-defined amperometric signals. 

4.1.3.4.4 Effects of detection potential 
 The detection potential was also investigated by hydrodynamic voltammetry 

with the potential ranging from 0.8 V to 1.2 V vs Ag/AgCl using the optimal conditions 

previously studied, and the results were illustrated in Figure 4.1.8b.  It can be obviously 

seen that the detection potential had an ultimate effect on the oxidation reaction of 
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β-agonist compounds at electrode surface with direct proportion to the oxidation 

current. Although the more positive detection potential could give higher oxidation 

current, the background current also increased, resulting from the MeOH oxidation 166, 

167.  In this case, the results were reported as a net current after background subtraction 

(S/B).  Therefore, the detection potential of 1.0 V vs Ag/AgCl was selected as the 

optimal potential to obtain the high sensitivity of all β-agonist compounds. 

 

Figure 4.1.8 Effect of (a) pH and (b) detection potential on (   ) TER, (   ) SAL, (   ) RAC, 
and (   ) CLB with injection volume of 8 µL, and the flow rate of 1 mL min-1 using 
PdNPs-modified BDD electrode coupled with UHPLC. Each data point represents the 
average of three repetitive experiments 
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4.1.3.4.5 Electrode fouling during the analysis of β-agonist 
compounds at PdNPs modified electrode 

To examine the anti-fouling properties of the PdNPs-modified BDD electrode, 

the conventional screen-printed carbon electrode (SPCE) was chosen as a comparison. 

The responses of both electrodes (PdNPs/BDD vs. SPCE) in the detection of four β-

agonists were collect using the same electrode surface in each repeated experiment 

without any cleaning steps.  The amperometric peak current of each analyte obtained 

in the first measurement was identified as 100% normalized current.  As exhibited in 

Figure 4.1.9, the normalized currents of TER, SAL, RAC, and CLB in 10 measurements 

using the SPCE (black line) instantly increased to 147.5%, 157.2%, 151.5%, and 258.8%, 

respectively, indicating the high degree of adsorption of polymeric β-agonists film on 

the electrode surface. According to the literature 20, 22, the formation of this passivating 

polymeric β-agonists film continues on two steps. The first step involved the oxidation 

of phenolic hydroxy group to generate free radical species followed by the 

combination of two moieties to form dimeric product in the second step. Due to the 

electroactive species of dimeric β-agonist products adsorbed on the electrode surface, 

the current response could be instantly increased during repetitive scans which gave 

the inaccurate results. Therefore, the reuse of SPCE was limited by this electrode 

fouling characteristic. Meanwhile, the PdNPs modified BDD electrode (orange line) 

provided the reproducible current response in 10 measurements with a slight increase 

of normalized current up to only 105.0%. After 10 measurements, the normalized 

current got instantly increased (to higher than 105%), potentially indicating that the 

adsorption of the β-agonists’ oxidation products could typically occur at the 11th 

analysis. Therefore, the results implied that the PdNPs modified BDD electrode could 

be used for the analysis up to 10 times, due to the maximal anti-fouling capability of 

this BDD electrode.  The fouling resistance of BDD literally originated from the 

extremely weak adsorption of polar compound onto H-terminated BDD, which resulted 
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in the continuous determination of these powerful adsorbed species without any 

complicated pre-treatment and cleaning steps 151, 152, 168. 

Additionally, the proposed electrode proffered excellent repeatability and 

reproducibility with acceptable relative standard deviation (RSD) values of 3.6%, 1.5%, 

4.1% and 5.0% for TER, SAL, RAC and CLB, respectively. The comparing results 

demonstrated that the PdNPs modified BDD electrode offered the improvement of 

repeatability and robustness for continuous measurement of these four β-agonists. 

Figure 4.1.9 Plots between amperometric normalized current of 10 µg mL-1 (a) TER, (b) 
SAL, (c) RAC and (d) CLB and number of successive measurements using SPCE (black 
line) and PdNPs-modified BDD electrode (orange line). All parameters were performed 
under optimal conditions. Note that the first peak current measured in each case has 
been normalized to 100%. 
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4.1.3.5 Method Validation 

 Different concentrations of four β-agonists were measured for constructing 

calibration curves.  All studies were performed using UHPLC-ECD under optimal 

conditions with three repetitious measurements and the results were reported in Table 

4.1.1.  The calibration curves of all compounds were displayed in Figure 4.1.10, and it 

could be clearly seen that all of them exhibited good linearity with correlation 

coefficients (R2) in the range of 0.9941-0.9967.  The limits of detection (LODs) were 

determined from the analyte concentration corresponding to the three-time signal-to-

noise (3S/N) method, which were found to be 40.0, 20.0, 30.0, and 60.0 ng mL-1 for 

TER, SAL, RAC, and CLB, respectively. Additionally, the efficiency of PdNPs modified 

BDD electrode was compared to other electrodes reported previously in the literature 

for β-agonists determination, as summarized in Table 4.1.2. Although, the proposed 

PdNPs modified BDD electrode possessed higher LOD than other electrodes, it could 

potentially be used for the simultaneous determination of four β-agonists without 

electrode fouling problem which has been reported to be the drawback of those 

conventional glassy carbon electrodes. It has been highlighted in the literature that 

the electrode fouling was generally caused by the adsorption of the analysts onto the 

electrode surface and typically made the detection method more complicated and 

time-consuming due to several steps of electrode cleaning. Therefore, this proposed 

BDD electrode feasibly showed good anti-fouling property, with good sensitivity and 

rapid analysis for β-agonist compounds.  
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Table 4.1.1 Regression equations, linearities, the limits of detection (LODs) and the 

limits of quantification (LOQs) of UHPLC-ECD for the analysis of four β-agonistsa   
(n = 3). 

β-agonist 

Compound 
Regression Equation b R2 

Linear range 

(µg mL-1) 

LOD  

(ng mL-1) 

LOQ 

(µg mL-1) 

TER y = 27.2x + 0.492 0.997 0.2 - 20 40.0 0.12 

SAL y = 10.1x + 1.42 0.996 0.2 - 20 20.0 0.10 

RAC y = 29.5x + 5.50 0.994 0.2 - 20 30.0 0.10 

CLB y = 5.34x + 5.08 0.996 0.5 - 20 60.0 0.20 

 a The same experimental condition as in Fig.6. 
 b y is peak current (nA) of electrochemical detection; x: concentration of analytes (µg mL-1). 

 

Table 4.1.2 Previous literature using other electrodes for the UHPLC combined with 

electrochemical detection of β-agonist compounds. 

Electrode 
Detection 

Method 
Analyte 

Linearity 

range  

(ng mL-1) 

LOD 

(ng mL-1) 
Real Samples Ref. 

Glassy carbon 

electrode (GCE) 
Amperometry CLB 1 - 25 0.5 Calf urine  131 

Glassy carbon 

electrode (GCE) 

Pulse 

amperometry 
CLB 5 - 100 5 Bovine tissue 138 

PdNPs modified BDD 

electrode 
Amperometry 

TER 

SAL 

RAC 

CLB 

200 – 2000 

200 – 2000 

200 – 2000 

500 - 2000 

40  

20 

30 

60 

Swine feed 

Swine meat 

Urine  

This work 
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Figure 4.1.10 The amperometric chromatograms of (a) TER, (b) SAL, (c) RAC, and (d) 
CLB in the concentration range of 0.2 – 20 µg mL-1 at PdNPs modified BDD electrode 
after being separated by UHPLC and the corresponding calibration plots (inset). The 
experiments were performed under optimal conditions.  
 

4.1.3.6 Analytical applications 
  The applicability of the proposed UHPLC-ECD system for the simultaneous 

determination of four β-agonists in various samples was evaluated. In this work, feed, 

meat, and urine samples were used in the quantitative analysis.  The feed and meat 

samples were purchased from supermarket and local fresh market in Thailand. The 

artificial urine was used as real urine replacement.  The different concentrations of β-

agonists standard solution were spiked into the extracted samples, and then the spiked 

samples solution was diluted 20 times with MeOH: 0.05 M phosphate buffer (50:50; 

v:v). The repeatability of this proposed system was estimated through inter-day and 

intra-day spiked samples under optimal conditions. The results were summarized in 

Table 4.2.3. The recoveries of inter-day experiments were obtained in the range of 

80.5% – 110% with RSDs ranging from 0.10% to 8.2%, and intra-day recoveries were 

found to be in the range of 80.3% – 108% with RSDs ranging from 0.10% to 7.3%. It 
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was indicating that this proposed UHPLC-ECD method had great precision for 

simultaneous detection of four β-agonists in real samples. 

 After examining the precision of the UHPLC coupled with ECD (PdNPs/BDD), the 

acceptability and reliability of this proposed method were tested, and the response 

was then compared with the validated method (UHPLC-UV). The paired t-test at 95% 

confidence was used to compare the obtained data from UHPLC-UV and UHPLC-ECD.  

The comparable results were described in Table 4.1.4.  The calculated t-values of 

three concentrations in the spiked samples (0.50, 5.0, and 15 µg mL-1 of analytes 

represent the low, medium, and high levels of β-agonists, respectively) were found in 

the range of 0.252 to 2.315 which was significantly lower than critical t-value (2.447). 

This could imply that the results from UHPLC-ECD method has similar accuracy to 

those obtained from UHPLC- UV method. As the result, The PdNPs modified BDD 

electrode coupled with UHPLC is acceptable of simultaneous determination of four 

β-agonists in various type of samples with high sensitivity and reproducibility. 
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4.1.4 Conclusion 
 The PdNPs modified BDD electrode was firstly fabricated and proposed for 

determination of TER, SAL, RAC and CLB after their separation using UHPLC. The 

proposed UHPLC-ECD system presented the rapid separation and the reproduced 

analysis of four β-agonists within 11 min. The modified BDD electrode offered 

excellent repeatability and stability of the electrode surface for continuous detection 

of these compounds up to 10 times attributed to the excellent anti-fouling capability 

with satisfactory decreasing current lower than 5% RSD values. As a result, no 

complicated and time-consuming cleaning steps are needed in this work, compared 

to the previous study. Additionally, the high stability and reproducibility of this method 

were observed via the inter-day and intra-day spilked samples with %RSD lower than 

7%. Furthermore, the developed method was acceptable and reliable comparing with 

UHPLC-UV method, and it was successfully applied in various samples including swine 

feed, swine meat, and urine with satisfactory recoveries.
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PART II 

4.2 A ready-to-use electrochemical origami-like sensor based on molecular 
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Abstract  
Currently, the ready-to-use with a simplified, reliable, inexpensive devices is 

extremely needed as well as the high selectivity and portable device. Herein, an 

origami-like electrochemical paper-based analytical device (origami-ePAD) was 

established for salbutamol (SAL) determination. An enhanced selectivity and sensitivity 

of origami-ePAD could be acquired from the molecularly imprinted polymer and 

conducting polymer, utilized as modifier for electrochemical embedment onto screen-

printed graphene electrode surface. The polyaniline (PANI) was firstly employed for 

electrode surface modification to enhance the conducting property of SPGE and assist 

the embedment of MIP on the electrochemical sensing surface. For the preparation of 

MIP, the co-electropolymerization of 3-aminophenyl boronic acid (APB) and o-

phenylenediamine (o-PD) in presence of the template molecule (SAL) was performed. 

Since PAD exhibits the capable of incubating sample, washing, and delivering the 

reagent, this developed origami-ePAD offers the convenient use through only one drop 

of running buffer solution in EIS measurement. Using origami-ePADs based 

MIP/PANI/SPGE under optimized condition, the linearity was found to be in the range 

of 0.05 – 20 μg mL-1 with an excellent LOD of 7.5 ng mL-1. The MIP/PANI/SPGE 

integrated origami-PAD could be used to measure SAL in a urine sample with 

satisfactory % recoveries from 88.2 to 101.4%. This established origami-ePAD based 

MIP/PANI/SPGE sensor offered the numerous advantages of simplicity, and the ability 

to perform a multiple step in one device only. This proposed sensor could be 

exceptionally applied in biological sample with good accuracy and great reliability, 

acquiesced in the obtained results from standard HPLC-UV method.   

  

Keyword; Molecularly imprinted polymer (MIP), Polyaniline (PANI), Salbutamol (SAL), 

origami-ePADs.  
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4.2.1 Introduction 

  The illegal use of salbutamol (SAL), categorized as one of the β2 -receptor 

agonists, as growth-promoting and doping agents has become an apparent issue 

worldwide.  Currently, SAL is prevalently used as meat leaning and doping agents as it 

possesses ergogenic action. Typically, SAL could enhance the muscle mass through 

the fat level transformation169, 170 Yet, the utilization of SAL for improving athlete 

performance has still been illegal130, 171 . Consequently, the application of SAL is 

therefore strictly controlled by laws and regulations. According to World Anti-Doping 

Agency (WADA), the maximum SAL content of 1000 ng mL-1 found in urine, has been 

legally allowed 172. Due to the misuse of SAL, the development of SAL sensor for 

monitoring and controlling of its usage has extensively received much attention. 

However, dominant characteristics of the applied sensor such as portability, 

affordability, simplicity should also be realized. 

 There are numerous methods for determination of SAL including 

spectrophotometry173, 174, high-performance liquid chromatography169, 

electrochemistry175, 176, aptamer based sensor 177and EILISA approach178. Among these 

techniques, electrochemical approaches could be used as portable sensing systems 

for SAL determination because of its capability of miniaturization, as well as being 

inexpensive, rapid, user-friendly and, highly sensitive7, 17. However, the critical 

challenge of electrochemical strategy is the sensitive measurement of target analyte 

in complex media, especially in biological and food samples. Recently, researchers 

have been improved the selectivity of electrochemical method by employing   the 

electrode modification and the uses of the  separation technique including HPLC179, 180 

or UHPLC 78, as previously reported in the literature. Although these 

chromatographically integrated electrochemical techniques offer high selectivity and 

sensitivity, they are some limitation such as time consuming, require complicated and 

expensive instrumentation, and skilled operators. These limitations making them are 
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unsuitable for the development of a portable sensor. Due to these selectivity 

drawbacks, the specific modification of electrochemical sensor surface with recognition 

system is therefore greatly required.  

Molecularly imprinted polymers (MIP) is one of recognition techniques that 

have attracted growing interest for numerous applications especially in biological areas. 

This technique has been extensively developed and integrated with electrochemical 

sensing platforms in order to improve their detection selectivity. The principle of MIP 

approach is based on “lock and key” mechanism in which the target analytes are 

captured into the generated cavities with physical and chemical interactions. The MIP 

preparation is carried out by the polymerization of monomer and cross-linker in the 

presence of the molecule of interest, called the template. The cavities distribute over 

the MIPs surface with complementary size, shape, and chemical functionality are then 

developed after the removal of specific template molecule 27, 90. With the aid of 

electropolymerization procedure, the MIP film directly grows on electrode surface, and 

its thickness can be simultaneously controlled by changing the polymerization 

condition.26, 181. As relevant features addressed, the MIP-based electrochemical 

biosensor have consecutively developed for extensive applications supported by 

many publications181-185.  The MIP-based sensor exhibited high stability and selectivity, 

prominent reusability, and good reproducibility 185, 186. So far, Taher Alizadeh and co-

workers 140 studied the use of Cu2+-mediated imprinted polymer-based carbon paste 

electrode as sensing platform for SAL determination, and the results revealed that 

offered high sensitivity of SAL determination with the limit of detection (LOD) of  

6.0 × 10−10 M. In addition, another research article published by Decha Dechtrirat  et.al, 
85 reported the embedment of MIP recognition layer onto PEDOT: PSS/graphene 

electrode surface for SAL measurement, and the improved analytical performance of 

their proposed sensor could be enhanced. Nonetheless, these troublesome of MIP-

based platforms persistently require complicated multi-steps sequential process of 
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removing template, washing and incubation of the template and the analyte, 

respectively.  Moreover, long analysis time is also required to complete the detection 

step making them inconvenient for the end-users. To eradicate these obstacles, a 

microfluidic paper-based device (μPAD) platform for a ready-to-use sensor was 

created35, 187. The advantage features of μPADs are attributed to its affordability, ease 

of fabrication and adaptability in the design of sensor. Also, a small sample volume is 

needed for completing each measurement.  As previously reported by Abdulhadee 

Yakoh et.al., the highly adaptable design of μPADs has been investigated, and 

developed sensor could be used for the electrochemical detection either stopped 

flow and flow system. By employing this developed sensing platform, multiple steps 

of experiment could be combined, and the analysis time could subsequently be 

reduced 9, 38, 188, 189. 

Herein, we demonstrated the ready-to-use MIP-based electrochemical 

impedance sensor with origami and sliding PAD design for the determination of SAL. In 

this present work, the sliding PAD consisted of three removal channels for loading 

sample, washing, and detection.  All these steps could be finished by sliding the 

movable PAD sequentially with each introduction of the sample solution and a carrier 

buffer. In addition, the developed PAD was firstly merged with MIP-based polyaniline 

modified screen-printed graphene electrode (MIP/PANI/SPGE) to create the 

electrochemical sensor. This proposed strategy offered high selectivity and sensitivity, 

as well as providing simplicity in the detection. Moreover, this created sensing platform 

could be successfully applied to examine SAL in urine sample with satisfactory results, 

indicating that the proposed sensor could be used as an alternative tool for measuring 

SAL in complex biological samples with high selectivity. 
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4.2.2. Experimental 
4.2.2.1 Materials and equipment. 

   All commercial chemicals and reagents utilized in this study were analytical 

grade and used as received without further purification. Salbutamol sulfate, 

clenbuterol hydrochloride, ractopamine, phosphate buffered saline (PBS) and 

potassium ferricyanide were purchased from Sigma Aldrich (St. Louis, MO, USA). The 

monomer and cross-linker which are 3-aminophenylboronic acid hemisulfate salt and 

o-phenylenediamine (o-PD), orderly, were acquired from Sigma Aldrich (St. Louis, MO, 

USA). Aniline was purchased from AppliChem (Darmstadt, Germany). Potassium 

hexacynoferrate(III), [K3Fe(CN)6] and potassium hexacyanoferrate(II), [K4Fe(CN)6] were 

purchased from Sigma Aldrich (St. Louis, MO, USA). Acetic acid, sodium acetate, sulfuric 

acid and perchloric acid were purchased from Merck (Darmstdt, Germany).  All 

solutions were freshly prepared in ultrapure water produced by a Milli-Q system (18.2 

MΩcm) from Millipore. The PVC used as electrode substrate was obtained from 

Deecraft (Bangkok, Thailiand). The conductive ink-material for manufacturing screen-

printed electrode including graphene and Ag/AgCl ink were purchased from Serve 

science (Bangkok, Thailand) and Gwent group/Sun Chemical (Pontypool,U.K.), 

respectively. For manufacturing the sliding paper-based device (Sliding-PADs) and 

holding paper-based devices (holding-PAD), Whatman No.4 chromatography paper was 

used as substrate material and acquired from Fisher Scientific (PA). The hydrophobic 

and hydrophilic areas on PAD were created by a Xerox ColorQube 8570 (CT) wax 

printer. The surface morphology of the modified electrode was verified by a Scanning 

Electron Microscope and Energy Dispersive X-ray Spectrometer (SEM-EDS) (IT-500HR) 

(JEOL Ltd., Japan). The characterization of MIP was performed by cyclic voltammetry 

(CV) and electrochemical impedance spectroscopy (EIS). All electrochemical 

measurements were carried out using a potentiostat from PlamSens.  
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4.2.2.2 Preparation of polyaniline modified screen-printed graphene 
electrode (PANI/SPGE). 
 Polyaniline film was coated on SPGE surface using a cyclic voltammetry as 

previously described  190. For electropolymerization procedure, the potential sweep 

was scanned from -0.2 and 0.9 V (versus Ag/AgCl) with a scan rate of 50 mVs-1 for 20 

cycles in 1 M HClO4 containing of 3 mM aniline.  

4.2.2.3 Preparation of imprinted and non-imprinted electrode. 
 The MIP film was electrochemically embedded onto the PANI/SPGE using 

cyclic voltammetry according to the previous report 85. The experiment was carried 

out by employing the sweeping potential ranging from 0 to 1.2 V ( vs Ag/AgCl)  with a 

scan rate of 50 mVs-1 for 20 cycles in a mixture solution comprising 5 mM 

aminophenylboronic acid, 5 mM o-PD and 2.5 mM salbutamol sulfate dissolved in 200 

mM acetate buffer. After the polymerizing step, the template molecule was then 

removed by immersing the modified PANI/SPGE in a 0.1 M H2SO4 for 7 min. The 

according electrode was thoroughly rinsed with excess amount of Milli-water in order 

to extract any loose binding SAL molecules on electrode surface. For comparison, a 

non-imprinted electrode was also prepared using the same procedure, except that the 

template molecule (SAL) was excluded from the experiment.    

4.2.2.4 Fabrication of the origami-ePAD. 
 The origami-ePAD consisted of two main parts: the buffer holding and the 

sequential sliding compartments. All device designs were created by employing Adobe 

Illustrator CC (Adobe System, USA). A wax pattern was printed onto Whatman grade 4 

chromatography paper using a wax-printing technique (Wax-printer, Xerox ColorQube 

8570, Japan). After that, the printed paper was subsequently placed in an oven at 160 

ºC for 1 min to melt the printed wax in order to generate the wax barrier on PAD.  

Next, the hydrophilic zone in sample loading channel was punctured to create the 

sample zone on sliding-PAD. To assemble solution surplus, blotting paper was 
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attached along the bottom-side of sliding-PAD. Before devices assembling, the small 

holes for fluid flow in washing step were created around WE of the MIP based 

PANI/SPGE (Figure 4.2.1a). Next, the punched double-side adhesive tape was directly 

stuck over the electrode, creating retraining solution channel (Figure 4.2.1b). After that, 

this established electrode was then attached onto the holding-PAD (Figure 4.2.1c). To 

assemble devices, the sliding-PAD was placed over the holding-PAD, followed by fold 

of sensor channel over the sliding PADs as shown in Figure 4.2.1e. The upper side of 

sliding-PAD was then folded again over the holding-PADs to sandwich the 

electrochemical sensor (Figure 4.2.1f-g). After that, the holding buffer channel was 

flipped over the sliding PAD as shown in Figure 4.2.1g.  Finally, the established PAD 

was sandwiched using two acrylic plates as holder to tighten the origami ePAD by 

magnet (Figure 4.2.1h).  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 89 

 

Figure 4.2.1 Schematic illustration of the fabrication of the origami-ePAD based 
MIP/PANI/SPGE device as follows: (a) the small holes were created around WE, (b) the 
holed double-side adhesive tape was stuck over the electrode. (c) the constructed 
electrode was then attached onto the holding PADs. For sliding-PADs manufacture, (d) 
the holding PADs was firstly placed beneath sliding PADs. Then (e) the sensing channel 
contained MIP modified electrode was fliped over the sliding PADs, followed by the 
fold of upper-side of sliding-PAD over electrode sensor.  After that, the (f) the holding 
channel was flipped again over the sliding PADs. The established device was shown in 
(g). Finally, (h) the attained device was sandwiched between two acrylic plates and 
tightened by the magnet.    
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4.2.2.5 Measurement of SAL using the origami-like electrochemical paper-
based analytical device (origami-ePAD). 
 To measure SAL using the developed origami-ePAD modified with MIP, SAL 

standard or sample solution was directly added on the “sample loading” channel and 

then incubated for 7 min to allow binding between SAL and its complementary cavities 

on MIP. Next, the sliding PAD was slipped to the “washing” channel, followed by the 

addition of running buffer solution onto the solution reservoir. After this step, the 

running buffer, carrying all residue and non-binding SAL, straightforwardly flowed to 

the electrode surface and the absorbent pad attached at the bottom-side of the sliding 

PAD, respectively.  For the detection step, the sliding PAD was slipped towards the 

reagent reservoir, stored the [Fe(CN)6]3-/4- solution as electroactive probe. Additionally, 

the stopped mobility of solution was designated by the wax barrier channel opposite 

to the reagent reservoir. In this work, electrochemical impedance spectroscopy (EIS) 

was employed in the detection since it provides simplified operation and high 

sensitivity. 

4.2.2.6 Preparation of real sample. 
 Artificial urine purchased from Carolina lot 37260601 (York Road, Burlington) 

was prepared in PBS buffer (pH 7.4). The samples were spiked with various 

concentration of standard SAL. Finally, the recoveries were thoroughly calculated and 

compared to demonstrate the efficiency and applicability of this proposed sensor. 

4.2.3. Results and discussion 
4.2.3.1 Characterization of the MIP modified PANI/SPGE 

 In this work, the characterization of the sequential modification electrode of 

SPGE, polymeric film generated from polyaniline modified SPGE (PANI/SPGE) and MIP 

film produced from aminophenylboronic-co-o-PD modified PANI/SPGE, was carried out 

by EIS technique. EIS has been typically used to confirm the achieving modification of 

electrochemical sensor surface. The basis of this technique relies on the electrode’s 
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capability to resist the flow of electron transfer at its interface. As depicted in the 

Nyquist plot (Figure 4.2.2a), at the SPGE, the small semicircle diameters (Rct) of Nyquist 

plot was observed (1.76 kΩ) indicating that the electron could be directly transfered 

toward electrode surface without any hindrance. However, after modifying with PANI, 

a comprehensive decrease in Rct value was observed (0.80 kΩ) indicating the greater 

conducting property of PANI/SPGE in comparison to the bare SPGE. Additionally, when 

the cross-linker and analyte template were polymerized onto the PANI/SPGE, the Rct 

value further increased to 333.4 kΩ, confirming the successful fabrication of the MIP 

layer on the electrode surface. Nonetheless, after extracting the template molecule, 

the surface with specific cavities noticeably decreased in the Rct response, suggesting 

the improved electron-transfer capability at the electrode interface. This achieved 

result might be generated cavities distributing on the entire surface could enhance the 

electro-active surface area of the modified sensor, resulting in the lower responsive 

Rct.  Finally, the Rct value was found to increase again after the incubating step. This 

result revealed the forbidden electron transfer between redox probe and interfacial 

of electrode sensor attributing to the binding between SAL and specific cavities of MIP.  

Moreover, these results were consistent with the electron transfer rate (Ket) calculated 

from equation 4.2.1.  

 

                                                             𝐾𝑒𝑡 =
𝑅𝑇

𝑛2𝐹2𝑅𝑐𝑡𝐴𝐶
                                        (4.2.1)  

  

 Where R is the ideal gas constant (JK-1 mol-1), T is temperature (K), n is a 

number of electron transfer, F is the faraday constant, Rct value is obtained from 

Nyquist plot, A is the geometrical area of the electrode surface (cm2), and C redox is 

the concentration of [Fe(CN)6] 3-/4- solution (10 mM). 
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  Additionally, the change of electrode surface was thoroughly characterized 

using cyclic voltammetry. As show in Figure 4.2.2b, after polymerization of MIP, the 

current response of 10 mM redox probe (Fe (CN)63-/4-) was lower than that PANI/SPGE 

and SPGE.  These might be attributed to the higher insulating property of the MIP 

polymeric film embedded on the electrode surface, resulting in the low penetration 

of electron toward interfacial electrode. After the template molecule was removed, 

the modified electrode with MIP cavities possessed the higher current response of the 

redox signal compared to the MIP/PANI/SPGE. After that the current response rapidly 

decreased once again after incubating SAL owing to rebinding of target molecule in 

MIP cavities. The obtained EIS and CV results confirmed that the deposition of PANI 

and MIP could be achieved. 
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Figure 4.2.2 The characterization of  MIP/PANI/SPGE sensor in the step-by-step 
modification for the SAL determination by (a) EIS technique and its data was obtained 
for the equivalent circuit including solution resistance (R1), charge transfer resistance 
(R2), constant Phase Element (Q) and warburg element (W), and (b) CV of 10 mM 

[Fe(CN)6]3-/4- in absent and present of 10 μg mL-1 of SAL with potential scan from -0.8 
– 1.0 V vs Ag/AgCl and scan rate of 100 mVs-1.  
 

Table 4.2.1 The Rct and Ket values of different electrodes. 
 

Electrode Rct / kΩ  Ket x 10 -5 cm s-1 

SPGE 1.76 9.2  

PANI/SPGE 0.806 20  

MIP/PANI/SPGE  333.4 0.048 

MIP/PANI/SPGE after template removal 18.7 0.86  

MIP/PANI/SPGE after rebinding SAL 33.4 0.48  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 94 

4.2.3.2 Optimization of influence parameters for SAL determination using 
the MIP/PANI/SPGE.   
 Importantly, the sensitivity of EIS response could be affected by the 

concentrations of aminophenylboronic, o-PD and PANI. Thus, these factors were 

optimized using EIS technique as follows: 

4.2.3.2.1 Effect of aniline concentration on PANI thickness 
 According to rich amine groups on the PANI’s backbone and its conductive 

property191, 192, the PANI was therefore considered as polymeric material to modify 

electrode surface. This incident might be attributed to the dipole induce dipole or 

hydrogen bond between functional groups in both co-monomers including -OH and -

NH2 and backbone of PANI191. The polymeric PANI was simultaneously synthesized and 

deposited on the electrode surface via electropolymerization process. Therefore, the 

concentration of aniline and number of CV scan for creating the PANI film were 

optimized. The concentration of aniline was firstly investigated in the range of 1- 10 

mM. The Rct response of redox probe after rebinding SAL subtracted the Rct response 

of redox probe after removal template was reported as ΔRct. In this case, the 

difference in ΔRct response was expected in order to acquire the highly sensitive 

sensor. As displayed in Figure 4.2.3a, the lowest ΔRct response was observed at 1 mM 

aniline. A possible explanation could be that PANI incompletely covered the whole 

electrode surface, resulting in the low efficiency of MIP formation. However, the highest 

ΔRct response was obtained when 3 mM of aniline was employed in the polymerizing 

step. It indicated that the entire surface sensor was covered by the polymeric PANI 

film, allowing more MIP to adsorb on the electrode surface. Nonetheless, the ΔRct 

value abruptly decreased and became constant when high concentration (more than 

3 mM) of aniline was applied. The high aniline concentration used might cause the 

branch polymer193 which could obstruct the deposition of the MIP polymeric film.  
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     Moreover, the thickness of polymeric film covering the electrode surface 

should also be evaluated since it could affect the measurement. Regarding the 

electrochemical polymerization, the polymeric thickness can be simply controlled by 

varying number of cycles in cyclic voltammetry34, 194.  The number of CV cycles was 

investigated in the range from 5 to 30 cycles, and it was found that the ΔRct value 

gradually increased with increasing the number of CV scans from 5 to 20 cycles (Figure 

4.2.3b). This signal increment could be attributed to the progressive deposition of MIP 

on PANI film during the polymerization process. However, the ΔRct value immediately 

decreased when 30 cycles of CV scan were employed. This result suggested that the 

higher thickness film could be generated, resulting in the low electron-transfer 

capability of the redox probe.  Therefore, it could be concluded that 3 mM of aniline 

and 20 cycles of CV scans were the optimal conditions for this system. Thus, these 

parameters were selected for further experiments.   

4.2.3.2.2 Effect of MIP-template formation 
 To target the SAL, the APB containing -OH and -NH2 functional groups85, 

offering H-bond accepter against SAL molecule was employed as functional monomer. 

However, the only use of aminophenylboronic acid and SAL for producing MIP, being 

undesirable binding impedimentary. Thus, the o-PD presenting low affinity against 

template molecule was co-polymerized with APB and template molecule to suppress 

this non-specific binding. The molar ratio of monomer to template importantly affects 

the efficiency toward SAL determination such as sensitivity and response time that was 

assessed. The MIP, prepared in different [APB]: [SAL] ratio of 1:2, 1:1, 2:1, 4:1 and 8:1, 

was embedded in optimizing PANI used for electrode modification as displayed in 

Figure 4.2.3c. It could be seen in Figure 4.2.3c that the ΔRct value increased with 

increasing the molar ratio from 1:2 to 2:1, indicating an enlargement of MIP cavities 

against SAL molecule. However, the decrease in ΔRct value in any excess 

concentrations of APM (at 4:1 and 8:1 molar ratio of AMP against SAL) could be 
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observed. This result indicated that the MIP cavities could be covered by excess 

polymeric-AMP consequently affected the decrease in effective cavities. Thus, APB: 

SAL molar ratio of 2:1 was therefore selected as the optimal condition to fabricate an 

effective MIP layer. These results were consistent with those obtained from the 

computational simulation reported by Dechtrirat et.al85, suggesting that one template 

molecule can be stable with two surrounding APB monomers via the H-bonding. 

 Beside suppressing non-specific binding, o-PD also has the capability to form 

rigid polymer via binding with another nearby APB. Hence, the molar ratio between 

APM and o-PD which could significantly affect the selectivity and capacity of MIP 

binding was next investigated and the obtained results were as shown in Figure 4.2.3d. 

The [APB]: [o-PD] ratios of 2:1, 1:1, 1:2, 1:3, 1:4 and 1:6 were used for preparing MIP in 

this optimizing step. The ΔRct response of SAL on the MIP modified PANI/SPGE was 

then compared. In the presence of lowest molar ratio of o-PD, the lowest ΔRct was 

obtained. This result could be explained by the uncertain mechanical property of the 

MIP cavities owning to uncompleted creation 91. However, the obtained results 

exhibited that the ΔRct responses gradually increased with increasing the molar ratio 

(Figure 4.2.3d) and reached a maximum current at [APB]: [o-PD] ratio of 1:1. After higher 

concentration, the ΔRct responses then reached a plateau, and as a result, it could be 

presumed that the high concentration of o-PD against APB could reduce the recognized 

moiety per unit of MIPs via overabundantly strong MIP formation. Thereby, the o-PD: 

APB: SAL molar ratio of 2: 2 :1 was considered for effective polymerization of MIP. 

4.2.3.2.3 Effect of MIP thickness  
  In this study, the MIP thickness could be simply controlled by changing the 

number of CV scan during the electrochemical polymerization as described above. The 

ΔRct values of SAL on the MIP modified PANI/SPGE were utterly examined in different 

number of CV scans from 5 to 30 cycles. Figure 4.2.3e shows that the ΔRct response 
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reached a maximum value with 20 cycles of scan, which might be due to an 

enhancement of the specifically recognized cavities during the polymerization process. 

However, these obtained ΔRct values suddenly decreased after increasing number of 

scan cycles (more than 30 cycles) were applied. The thickness of MIP affects the 

presence of the recognized sites on the modified sensor.  Herein, the proper thickness 

of MIP could be achieved by using 20 cycles of electrochemical polymerization. 
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Figure 4.2.3 The effects of (a) aniline concentration, (b) number of CV scans in aniline 
polymerization step, (c) the molar ratio between monomer and target analyte, (d) the 
molar ratio between monomer  and cross-linker and (e) number of CV scans in MIP 
polymerization step, these parameters were investigated using EIS techniques for 

determination of 10 μg mL-1 SAL.  All experimental results were obtained from the 
mean of three repetitive measurements.    
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4.2.3.3 Optimization of influent parameters for electrochemically SAL 
detection using sliding PADs based MIP/PAN/SPGE. 
 For SAL detection employing EIS technique, the mass transfer including 

diffusion, migration, and convection, significantly affected on electrochemical dynamic 

behavior of electrochemical species as reconcile the Nernst-Planck equation 195. These 

mass transfer should be eliminated in practical electrochemical system for proper 

resistance response. Particularly, the convection from porous media of paper substrate 

was importantly affected to the flow rate and fluid motion in paper-based devices. 

Herein, the sliding PADs was specifically designed to circumvent this convection effect 

in detection step. As illustrated in figure 4.2.4, there are three steps for SAL analysis as 

follows: (1) simple loading step, the wax-barrier channel is specially built in bottom 

side of sliding PADs , resulting in stopping mobility of the sample solution for rebinding 

SAL within MIP cavities, (2) washing step, the hydrophilic channel was created in both 

sides of sliding PADs for delivery the non-binding molecule straightforward the waste 

collector, (3) reagent loading and EIS detection step, the wax-barrier channel is also 

built in bottom side of sliding PADs for stopping mobility of solution, called stopped-

flow, during EIS measurement.  To confirm the stopped flow concept, the cyclic 

voltammetry was used for considered the Fe (CN)6 
3-/4- behavior. As shown in Figure 

4.2.5a the cyclic voltammetry of Fe (CN)6 
3-/4- from 4 uninterrupted cycles of CV 

exhibited high reproducibility. This evidence obviously demonstrated that the 

proposed device was achieved in stopped fluid motion. Thus, it could be deduced 

that the design of sliding PADs proffers an efficiency for electrochemical detection, 

requiring stationary solution system. 
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Figure 4.2.4 Schematic illustration of sequential sliding-step for SAL determination. 
 

4.2.3.3.1 Influence of incubation time for SAL detection 
using sliding PADs based MIP/PAN/SPGE.  

 In addition, the crucial parameter for SAL detection using sliding PADs based 

MIP/PANI/SPGE is incubation time for rebinding between SAL and specific cavities of 

MIP. For incubated sample in sliding PADs device, the wax barrier placing on opposite 

side of sample reservoir in sliding PADs device as shown in Fig.1 was generated. The 

rebinding time was assessed in the range of 1 to 20 min. The Figure 4.2.5b displays the 

increasing ΔRct with increase of rebinding time and reaches the maximum response 

after incubation time over 7 min due to enhancing the binding capability of SAL toward 

specific cavities in MIP.  And then the ΔRct remains constant after incubation time up 

to 7 min because of saturated SAL binding capability. Therefore, the 7 min incubation 

time was chosen previous to electrochemical determination of SAL.  
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4.2.3.3.2 Influence of Fe (CN)6 3-/4- concentration for SAL 
detection using sliding PADs based MIP/PAN/SPGE.  

 In this study, SAL determination was measured indirectly from the impeded 

electron transfer of Fe (CN)6 3-/4- on the interfacial surface. Then the concentration of 

redox probe was investigated for improved sensitivity of the proposed assay. The 

different concentration of redox probe in the range of 0.5 to 10 mM was dropped on 

reagent reservoir in sliding PADs and their EIS response were compared.  Figure 4.2.5c 

shows that ΔRct gradually increased and reached the maximum ΔRct when using the 

concentration of redox probe up to 3 mM.  After that, the saturated ΔRct was produced 

after using the concentration over 3 mM.  In this case, the 10 mM Fe (CN)6 3-/4- was 

established for SAL measurement by considering the persistence and degradability of 

redox probe as well as the stability of the proposed device.  

 
Figure 4.2.5 (a) The Cyclic voltammogram of 10 mM Fe (CN)6 3-/4- with scan rate100 mV 

s-1 and continuous four repetitive measurements. The changing ΔRct response of 10 μg 
mL -1 with (b) varied rebinding time in the range of 1 to 15 min and (c) different 
electroactive species concentration from 0.5 to 10 mM.  
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4.2.3.4 Analytical figures of merit 
 The efficiency of sliding PADs based MIP/PAN/SPGE for SAL determination was 

evaluated under optimized condition. For this purpose, the concentration of SAL was 

employed in the range of 0.05 to 15 μg mL-1.  Figure 4.2.6 shows the change of ΔRct 

respect to SAL concentration. The increasing ΔRct is directly proportional with the SAL 

concentration according to the equation ΔRct = 3.7303 log [SAL] + 14.89 with a 

correlation coefficient (R2) of 0.9925. This proposed approach provided the limit of 

detection (LOD) of 7.50 ng mL-1, calculated by 3 times of the standard deviation of the 

blank and slope of the calibration plot (3.7303), referred as the sensitivity. All the 

experiments were obtained from the mean of 3 times replicates. Compared with the 

other modified electrode in Table 2, the MIP/PANI/SPGE sensor combined with sliding 

PADs device offered more sensitivity with a lower detection limit.  

 
Figure 4.2.6 (a) The Rct response of various SAL concentration in the range of 0.05 to 

20 μg mL-1 using MIP/PANI/SPGE accompanying with sliding PADs.  (b) The linear 
calibration plot of SAL concentration (inset picture) and its logarithm against the 

changing ΔRct response.  
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Table 4.2.2 The comparison the analytical performance for SAL determination using 
different electrode.  

Electrode 
Linear range  

( μg mL-1) 

LOD 

(μg mL-1) 
References 

Pd NPs/BDD 0.2 – 2.0 0.02 78 

Poly taurine/ZrO2/GCE 1.20 – 52.6 0.005 196 

Chitosan-MWCNT/GCE 0.12 - 9.57 0.02 197 

Poly(amino sulfonic 

acid)/GCE 
0.48 – 24.0 0.14 198 

MIP/PANI/SPGE 0.05 - 20 0.0075 This work 

 

4.2.3.5 Reproducibility, Selectivity and Stability of the sliding-PADs based 
electrochemical detection.  
 For practical sliding-PADs based MIP/PANI/SPGE device, the reproducibility is 

the crucial factor for evaluation of constructed device. To assess this reproducibility, 

the five electrodes were used for detecting SAL with different three concentration of 

0.05, 1 and 10 μg mL-1. The acceptable relative standard deviation (%RSD) in the range 

of 2.9 to 6.8 % was obtained, implying that the sliding-PADs based MIP/PANI/SPGE 

offered excellent fabrication reproducibility.  

 To evaluate the selectivity of proposed system, the change in EIS 

response(ΔRct) of the proposed MIP sensor toward TER, RAC and PHE which structurally 

related to SAL was studied.  The obtained ΔRct of molecular imprinted polymer (MIP) 

and molecular non-imprinted polymer modified electrode integrated sliding-PADs was 

compared as shown in Figure 4.2.7.  The low ΔRct of NIP modified electrode was 

observed due to non-specific adsorption on polymeric surface whereas the superior 

change in the EIS response (ΔRct) of MIP modified electrode toward SAL was noticed 
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than the others. This high selectivity could be occurring from complimentary binding 

site between imprinted cavities and the functional group of SAL structure. However, 

TER having similar hydroxy-amine side chain motif to SAL provided higher ΔRct than 

RAC and PHE attributing to partial binding of its functional moiety to imprinted cavity. 

While the RAC is markedly too large and PHE is considerably too small than imprinted 

cavity. The non-binding molecule of RAC and PHE could be eliminated in washing step 

resulting in lower ΔRct. Additionally, the higher ΔRct of SAL using MIP modified 

electrode than using NIP modified electrode implied that the response was only 

obtained from specific binding of SAL moiety and MIP cavities.  

 Additionally, the stability of sliding PADs based MIP/PANI/SPGE sensor was 

investigated. The removed template of MIP/PANI/SPGE was prepared by the same 

procedure and stored desiccator for 2 weeks. As displayed in Figure 4.2.10, the EIS 

response remained stable for 2 weeks with the normalized response of 99.46% from 

the initial EIS response value and %RSD after 14 days storage time of the proposed 

sensor was significantly found to be 1.22% (less than 5%). This result demonstrated 

that this proposed senor exhibited good stability up to 2 weeks. 
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Figure 4.2.7 The selectivity test of other structurally related to SAL including TER, RAC 
and PHE by comparison of MIP and NIP based electrochemical sensor.   

 

Figure 4.2.8 The storage stability of the sliding PADs based MIP/PANI/SPGE. 
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4.2.3.6 Determination of SAL in urine sample. 
 The proposed device was employed for SAL determination in urine sample in 

order to investigating its efficiency. The known amounts of SAL were added in urine 

sample (spike method) for recovery analysis.  As summarized in Table 4.2.3, the % 

recovery and %RSDs were found to be in the ranges of 88.2 – 101.4 % and 2.3 – 9.0 

%, respectively. Additionally, the reliability of this proposed system was investigated 

by using HPLC-UV method as a standard method for validation.  The compared 

%recovery and %RSD were shown in Table 4.2.3. The calculated t-values of two 

different method was found to be 0.31, being significantly lower than the critical t-

critical value (3.18) at the 95% confidence interval. It indicated that the achieved 

results from the proposed method and HPLC-UV were no significant difference. Thus, 

It was deduced that the developed sliding PADs based MIP/PANI/SPGE exhibited the 

great reliability and high performance for real sample application.  

Table 4.2.3 Determination of SAL in urine sample. The recovery and RSD were 
obtained from the mean of three measurements. 

Sample 
Spiked 

μg mL-1 

Found 

μg mL-1  
Recovery (%) RSD (%) 

Sliding PADs HPLC-UV Sliding PADs HPLC-UV Sliding PADs HPLC-UV 

Urine 

0.0 ND ND - - - - 

0.20 0.22 0.19 110.0 94.1 6.3 8.0 

3.0 2.9 2.7 97.7 91.6 9.0 5.6 

12 12.2 11.5 101.4 95.5 2.3 2.2 

ND = not detectable 
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4.2.4 Conclusion 
 MIP based electrochemical sensor integrated with sliding-PADs for SAL 

determination was attained fabrication. In this case, a MIP was carried out by 

electropolymerization of aminophenylboronic acid and o-phenylenendiamine 

accompanying with the template molecule. The MIP was embedded on the PANI/SPGE, 

used for assisting the uniform MIP adsorption on electrode surface and improving the 

sensitivity of the proposed sensor. For end-user convenience, the paper-based was 

designed, called sliding-PADs, assisting in delivery sample and reagent in one drop only 

of running buffer. Under the optimized condition, the sliding PADs based 

MIP/PANI/SPGE presents its momentous efficiency with LOD of 7.5 ng mL-1 and wide 

linearity in the range of 0.05 – 20 ng mL-1. Additionally, the established sensor also 

offered significant selectivity, high reproducibility, and satisfying stability. Moreover, the 

proposed sensor was achieving applied in real samples with significant % recovery in 

the range of 97.7 – 110.0 % without the requirement of complicated step and time-

consuming and the result is agreeable with the obtained result from standard HPLC-

UV method. This is the evidence proving that the established sensor has the potential 

and reliability to monitoring and controlling the misuse of SAL. Besides that, the MIP 

based electrochemical platform can be facilely make practical use for various 

application in hereafter.   
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Abstract 

  A trimetallic alloy consisting of Cu, Ni, and Au nanoparticles with superior 
synergistic activity towards the electrocatalytic oxidation of monoamine 
neurotransmitters was first fabricated by a facile one-step electrodeposition approach. 
Generally, the trimetallic alloy-based electrochemical sensor could be simply obtained 
by co-electrodeposition of Cu, Ni, and Au nanoclusters onto a screen-printed graphene 
electrode (SPGE). The resulting trimetallic CuNiAu composite modified SPGE 
(CuNiAu/SPGE) was characterized by field emission scanning electron microscopy (FE-
SEM), energy dispersive X-ray spectroscopy (EDS), and X-ray photoelectron 
spectroscopy (XPS). In addition, the electrochemical behaviors of the proposed 
CuNiAu/SPGE sensor were thoroughly investigated by cyclic voltammetry (CV), square 
wave voltammetry (SWV), and electrochemical impedance spectroscopy (EIS). The 
results showed that the trimetallic CuNiAu composite immobilized on the SPGE 
exhibited excellent electrocatalytic activity towards the oxidation of norepinephrine 
(NE) and serotonin (also known as 5-hydroxytryptamine; 5-HT) with high sensitivity and 
enhanced selectivity, compared to its monometallic and bimetallic counterparts. The 
superior performance of the trimetallic catalyst in electroanalysis was potentially due 
to the synergistically catalytic effect of ternary Cu-Ni-Au alloy. The simultaneous 
determination of NE and 5-HT using the developed CuNiAu/SPGE could then be 
performed by SWV, exhibiting two well-defined and well-separated corresponding 
anodic peaks. Under the optimum experimental conditions, the linearities for NE and 
5-HT were found to be in the wide ranges of 1−40 µM and 5−70 µM, with limits of 
detection (LODs) of 0.19 µM and 0.18 µM, respectively. Moreover, the CuNiAu/SPGE 
sensor was successfully applied to measure NE and 5-HT in serum samples, with good 
reproducibility and satisfactory recoveries ranging from 92.6−108.8 %. 

Keywords: CuNiAu alloy; synergistic effect; electro-catalytic property; norepinephrine; 
serotonin.        
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4.3.1 Introduction 
Neurotransmitters are biochemical signaling substances in the nervous system 

that transmit messages from nerve cells (neurons) to target cells (e.g. other neurons, 

muscle or gland cells), allowing cells to communicate. Typically, they play an 

important role in behavioral and physiological functions in human. For example, 

norepinephrine (NE) and serotonin (also known as 5-hydroxytryptamine; 5-HT) are two 

monoamine neurotransmitters in the central nervous system that primarily participate 

in the regulation of sleep, mood and pleasure 199, 200 and also play a major role in 

stress and depression201. The altered levels of NE and 5-HT in human body are directly 

related to several diseases including arrhythmia, heart failure, Parkinson’s, Alzheimer’s, 

and depression202, 203. Therefore, the quantitative analysis of these neurotransmitters 

in biological samples is indeed necessary to monitor risk factors for those diseases. As 

a result, the development of analytical methods and sensing devices with high 

sensitivity, excellent selectivity, good reliability, and fast analysis for simultaneous 

determination of NE and 5-HT has attracted more attention in recent years. Generally, 

there are several methods developed for detection of NE and 5-HT including gas 

chromatography (GC)204, high performance liquid chromatography (HPLC)205, 206, and 

electrochemical techniques, fluorimetry207, 208, and electrochemical techniques209-211. 

Among these various methods, electrochemistry seems to have highly promising 

advantages in terms of simplicity, high sensitivity, fast analysis time, cost effectiveness, 

and capability of miniaturization. 

However, the determination of NE and 5-HT employing the electrochemical 

techniques for biological application have been quite challenged for 3 reasons: (1) The 

oxidation potential of NE is close to that of 5-HT 212, 213 resulting in an undistinguishable 

signal of both substances. (2)  The common biological interferences such as ascorbic 

acid (AA) and uric acid (UA) provide the same oxidation potential with NE and 5-HT214, 

215 that are limited their applications. (3) The reusability and reproducibility of 
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electrochemical sensor have been limited due to the absorbing property of these 

compounds on electrode surface 216-218.  Therefore, the surface modification of the 

electrochemical sensor becomes more urgent.  As previous research, much attention 

has been devoted to utilizing chemical and metallic materials as the modifiers on the 

surface of the electrode, especially nanoparticles or nanocomposites.  Various 

materials such as eriochrome cyanide R (ECR)219, cetyltrimethylammonium bromide 

(CTAB) immobilized SnO2 
220, N,P-doped molybdenum carbide@carbon/Prussian blue/ 

graphite felt composite221, graphene/cobalt tetrasulfonated phthalocyanine 222 and 

nafion/polyaniline/zeolitic imidazolate 223  have been applied as the modifiers for the 

detection of neurotransmitter.  Despite these materials provided high selectivity 

toward phenolic compounds in the present of electrochemically interfering spices, 

their synthesis and modification steps were still complicated and time-consuming.  As 

a result, noble metals such as gold (Au) 224-226, platinum (Pt) 227-230, palladium (Pd) 78, 

copper (Cu) 231-233, and copper oxide (CuO) 234 have been presented as attractive 

materials to assist electrochemical procedure with an exceptional performance of their 

excellent electrocatalytic properties and simple modification procedure.  In addition, 

the bimetallic and trimetallic, especially Au-based bimetallic and trimetallic, have 

been extensively studied for the detection of various substances, for examples, AuPt 

nanoparticles modified BDD electrode34 and AuAg nanoparticles modified RGO/GCE for 

glucose measurement 235, AuAg bimetallic modified GCE 236 and CuAu nanowire for 

detection of H2O2 237, AuCu bimetallic modified GCE for aesenic (III) sensor 238, AuCu 

alloy over foil electrode for CO2 reduction 239,  PtCuAu nanoparticles modified 

RGO/GCE toward formic acid oxidation 240, Au/PtPd nanoparticles for cancer cell 

sensing 241 and AuPt alloy nanostructure and 242,PtAuAg trimetallic nanodendrite 

structure regarding to methanol oxidation 243. These bimetallic and trimetallic materials 

offer superior catalytic performance in comparison with individual metal.   
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In this research, we interest in the development of electrochemical sensor for 

the disguisable determination of NE and 5-HT.  To approach this propose, we decide 

to utilization of Cu, Au and Ni as material for modified electrode. Since Au admitted 

as catalytic activity toward phenolic compound and Cu known as catalytic 

performance of -NH2 functional group which existed in NE and 5-HT structures.  

Considering Ni nanoparticles could easily be alloy with other metal such as CuNi 244-

246, NiMn 247, and  NiCo 248, affording better electrocatalytic property toward the 

oxidation reaction of organic containing –OH and -NH2 functional group 249-251 involving 

the electron transfer mediated of Ni2+/Ni3+ surface 252.  The strategy of CuNiAu modified 

carried out by electrodeposition process could distinguish the oxidation peak of both 

target analyses resulting in synergistic property of CuNiAu, providing better kinetic 

oxidation of NE than 5-HT.  And then the individual and bimetallic modified electrode 

were investigated comparing with the proposed sensor in order to justify its synergistic 

catalysis of CuNiAu.  Moreover, the SEM, EDS and XPS techniques were employed for 

characterization and structural investigating. 

 
4.3.2 Experimental methods  

4.3.2.1 Material and apparatus.  
  Analytical grade chemicals without any further purification were used in this 

work.  All solution was prepared using Milli-Q water from Millipore (R≥ 18.2 MΩ at 25 

ºC).  Copper (II) sulfate (CuSO4), potassium chloride (KCl), and magnesium chloride 

(MgCl2) were purchased from Merck (Darmstadt, Germany).  Nickel (II) sulfate (NiSO4), 

sodium sulfate (Na2SO4), sodium chloride (NaCl), and sulfuric acid (H2SO4) were bought 

from Carlo Erba reagent (Chaussée du Vexin, France).  Potassium Tetrachloroaurate (III) 

n-Hydrate (K[AuCl4]. nH2O) was purchased from Wako Pure Chemical Industries (Chuo-

Ku, Osaka, Japan).  Norepinephrine-(+)-butartrate salt, serotonin hydrochloride, 

tyrosine, phosphate buffered saline tables, and lyophilized albumin human serum 
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were obtain from Sigma Aldrich (St.Louis,MO,USA). Ascobic acid (AA) and D-(+)-Glucose 

anhydrous (Glu) were bought from Carlo Erba reagent (Chaussée du Vexin, France). Uric 

acid was purchased from Wako Pure Chemical Industries (Chuo-Ku, Osaka, Japan). 

The electrochemical measurement was performed using a PlamSens 4 

(Metrohm, Switzerland) and controlled with PlamSens 4.6 software. The three-

electrode system consist of silver/silver chloride (Ag/AgCl) ink (Gwent Electronic 

materials Ltd., UK) was used as reference electrode (RE) and graphene ink (Gwent 

Electronic materials Ltd., UK) was employed as working electrode (WE) and counter 

electrode (CE) 

4.3.2.2 Fabrication of the trimetallic CuNiAu modified screen-printed 
graphene electrode.  

  The pattern of electrode and wax barrier were designed (Figure 4.3.1) by Adobe 

illustrator software (Adobe Systems, Inc.). The wax pattern was printed on a polyvinyl 

chloride (PVC) sheet with 0.15 mm of thickness (Dee-craft Co. Ltd., Bangkok, Thailand) 

through a solid-wax printer (Xerox Color Qube 8570, Japan) for limiting the sample 

zone. The in-house screen-printed electrodes were fabricated via screen-printed 

method using Ag/AgCl as the reference electrode and conductive pads, and graphene 

ink as the working and counter electrodes. After screen-printed in each step, the 

printed electrode was allowed to dry in the oven at 55 ºC for 1 hr.  For the electrode 

modification, the mixture solution of Cu (II): Ni (II): Au (III) (1:50:1 mole ratio) was 

prepared in 0.2 M Na2SO4.  100 µL of mixture solution was introduced on the electrode 

surface and consequently modified electrode via electrodeposition method by holding 

a constant potential at -1.0 V for 200 sec.  
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Figure 4.3.1 Schematic illustration of designed electrode and wax barrier platform on 
PVC substrate. 
 

4.3.2.3 Characterization of CuNiAu modified SPGE surface 
4.3.2.3.1 Electrochemical characterization.  

The electrochemical behaviors of the analytes and the resistance of both 

trimetallic CuNiAu modified electrode and unmodified electrode were investigated 

by Cyclic voltammetry (CV) and the electrochemical impedance spectroscopy (EIS), 

respectively. 

4.3.2.3.2 Morphological characterization.  
The morphological processing of CuNiAu composites were obtained using the 

scanning electron microscopy (SEM) and energy dispersive X-ray spectrometer (EDS) 

using JSM-IT500HR model (JEOL, (U.K.) Ltd., England). The valence state and elemental 

compositions of the trimetallic CuNiAu were studied via X-ray photoelectron 

spectroscopy (XPS) using Kratos, Axis Supra model with an Al source (1486.6 eV) at 15 

kV (40 mA).   
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4.3.2.3.4 Electrochemical measurement  
The determination of norepinephrine (NE) and serotonin (5-HT) were carried 

out in 0.1 M PBS buffer pH 7.4 using square wave voltammetry (SWV). The mixture 

solution of NE and 5-HT (100 μL) was drop onto three-system electrode. Then, SWV 

was scanned from 0.0 to 0.6 V vs Ag/AgCl with a step potential (Estep) of 0.3 mV, an 

amplitude of 75 mV, and a frequency of 35 Hz. 

4.3.2.3.5 Sample analysis 

The human serum was prepared by dissolving the lyophilized albumin human 

serum (100 mg mL-1) with ultra-high purity water as a stock solution.  Then, the 

precipitation of protein in the serum was carried out by TCA method 55. Briefly, 250 µL 

of 10% (W/V) TCA was added in mixture solution containing 200 µL of stock human 

serum solution and different concentration of standard NE and 5-HT.  After that ultra-

high purity water was added for adjustable volume of the mixture to 2 mL followed 

by mixing with vertexing for 5 min.  The obtained solution was centrifuged at 6000 rpm 

(Cole-Parmer, USA) for 10 min.  The supernatants were transferred to another 

microtube for further analysis. 

4.3.3. Results and discussion  
4.3.3.1 Characterization of trimetallic CuNiAu/SPGE and bare SPGE  
To verify the feasible construction of CuNiAu trimetallic nanoparticles, the 

numerous characterization techniques were utilized including SEM, EDS and XPS.  The 

first technique for study the morphological surface is SEM, The SEM images were shown 

in Fig. 4.3.2 (a-f). Comparing the SEM images of bare SPGE and CuNiAu/SPGE at 20,000 

magnification, As shown in the Figure 4.3.2a, the graphene sheet distinctively emerged 

on the surface of bare SPGE.  Meanwhile the cluster of trimetallic evenly dispersed 

across graphene surface onto the CuNiAu/SPGE as shown in Figure 4.3.2b. Additionally, 

the constructing trimetallic of CuNiAu nanoparticle via one-step electrodeposition of 

the Cu(II), Ni(II), and Au(II) mixture solution led to the aggregation of composited clusters 
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on bare graphene surface (Figure. 4.3.2b) resulting in increasing electroactive area. 

Moreover, the morphological structures of Cu/SPGE, Ni/SPGE, Au/SPGE, and 

CuNiAu/SPGE were systemically investigated through the SEM at the magnification of 

45,000 as displayed in Figure 4.3.2c, d, e and f, orderly. The results indicated that the 

trimetallic clusters of CuNiAu were uniformly dispersed on the surface whereas the 

monometallic clusters of Cu/SPGE, Ni/SPGE, and Au/SPGE showed less dispersion. The 

homogeneous dispersion of CuNiAu trimetallic on SPGE might be attributing to the 

alloy composition of trimetallic confirmed by EDS and XPS discussed later. According 

to electrodeposition process, the amounts of deposited nanoparticles directly related 

to peculiarity of electrokinetic activity. As shown in Figure 4.3.3, Ni ion difficult 

deposition on the electrode surface comparison with Cu and Au.  The reduction 

potential of Ni(II) was obtained of -0.19 V vs Ag/AgCl meanwhile the reduction potential 

of Cu (II) was found to be -0.50 V vs Ag/AgCl and Au(III) was obtain two reduction peak 

of -0.11 V vs Ag/AgCl and -0.44 V vs Ag/AgCl for Au3+ to Au+ and Au+ to Au0 ,respectively. 

Although the reduction potential of Ni (II) is lower than the reduction potential of Cu 

(II) and Au (III), considering the reducing current of Cu and Au higher than Ni attributed 

to facilely electrokinetic reduction of Cu and Au.  

Then, the X-ray photoelectron spectroscopy (XPS) was employed in order to 

verify the element composition of trimetallic CuNiAu on electrode surface. The XPS 

profiles (Figure 4.3.2 (g-I)) showed the chemical state of the elements on electrode 

surface including C, O, Cu, and Au whereas Ni could not be detectable with the XPS 

analysis probably be the less amount of Ni nanoparticle on modified SPGE. The CuAu 

alloy could be apparently observed at the XPS profile of Au element (Figure 4.3.2g) at 

peak energy of 84.21 (4f 7/2) and 87.88 (4f 5/2) eV with mass percentage of 31.81 and 

23.85, respectively, indicating that CuAu alloy was the major component of the 

modified material. Meanwhile, the XPS profile of Cu majority (Figure 4.3.2h) presented 

the characteristic of CuO with the mass percentage of 32.69 and 16.34 for Cu 
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configuration 2p3/2 (peak energy at 935.16 eV) and 2p1/2 (peak energy at 955.06 eV), 

respectively.  Additionally, the minority of characteristic composition of CuAu could be 

observed at 932.49 (2p3/2) and 952.34 (2p1/2) eV with the mass percentage of 8.18 and 

4.09, respectively.  Despite Ni element was non-detectable using the XPS analysis, the 

uniform dispersion of the constituting Ni element was clearly noticed through the EDS 

element analysis as shown in Figure 4.3.2j-k as well as the distribution of Cu and Au. 

The % mass of Cu, Ni and Au was found to be 8.25, 0.79 and 0.16, respectively.  

Considering the results from SEM, XPS and EDS analysis were evidence that the 

element composition of trimetallic could expectedly be the CuNiAu alloys form after 

one-step electrodeposition process.  Furthermore, this assumption is agreeable to 

several researchers reported that when Ni was co-deposited with either Au or Cu, the 

bimetallic alloy of NiAu and NiCu could be successfully generated99, 253-255. 
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Figure 4.3.2 FE-SEM image with 20,000 magnification of (a) bare graphene, (b) 
CuNiAu/SPGE and FE-SEM image with 40,000 magnification of (c) Ni/SPGE, (d) Cu/SPGE, 
(e) Au/SPGE and (f) CuNiAu/SPGE, orderly.  XPS spectra of (g) Au, (h) Cu and (i) graphene, 
respectively. EDS element analysis of CuNiAu/SPGE (j-k) EDS element analysis.  
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Figure 4.3.3 The CV of (a) CuNiAu (molar ratio 2:100:2), (b) 5 mM of Cu(II), (c) 5 mM of 
Au (III) and  (d) 5 mM of Ni(II) in 0.2 M Na2SO4 on SPGE was scan from 0.0 V to 1.0 V vs 
Ag/AgCl at 100 mVs-1 of scan rate.  The inset figure; the zooming in figure of CV of 5 
mM Ni (II). 
 

4.3.3.2 Electrochemical performance of the modified electrodes  
 The electrochemical behavior of the modification at SPGE was investigated 

using 0.1 M KCl containing 5 mM [Fe(CN6)]3-/4-, an electroactive redox probe for 

evaluating the kinetic barrier of the modified electrode, for verifying the 

electrochemical performance of the modification. As shown in Fig. 4.3.4A, the 

difference between the anodic peak potential and cathodic peak potential, called 

peak-to-peak separation “∆Ep” of 1.056, 0.670, 0.979, 0.819, and 0.649 V was observed 

on SPGE, Au/SPGE, Cu/SPGE, Ni/SPGE, and CuNiAu/SPGE, respectively.  The lowest ∆Ep 

of CuNiAu/SPGE obviously indicated the excellent reversible charge transfer of 
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electroactive redox probe on the CuNiAu/SPGE.  The improvement of electrocatalytic 

activity on trimetallic can be ascribed to the synergistic effect of alloying Au with 

unoccupied 3d orbitals of transition metals (Cu and Ni) 256. In this study the 

concentration of Cu, Ni and Au was controlled at molar ratio of 2:100:2, oderly, for 

modification step. The anodic peak currents were 0.067 V, 0.110 V, 0.083 V, 0.114 V 

and 0.127 V vs Ag/AgCl for SPGE, Au/SPGE, Cu/SPGE, Ni/SPGE and CuNiAu/SPGE, 

respectively.  According to the higher molar ratio of Ni in modification step, the higher 

current responses was observed at the Ni/SPGE comparing with Cu/SPGE and Au/SPGE. 

Additionally, The CuNiAu/SPGE also produced higher current responses comparison 

with the others as presented in Figure 4.3.4A. The ∆Ep and current response results 

demonstrated that the CuNiAu/SPGE produced excellent electrocatalytic activity 

attributing to enhancement of electron transfer kinetic and increasing electroactive 

area. 

 In order to monitor the alteration of electrochemical surface properties of 

modified electrode, the electrochemical impedance spectroscopy (EIS) was employed. 

Within the conducting metal film modified electrode, the impedance behavior 

consisted of four components: the electrolyte resistance (Rs), the interfacial electron 

transfer resistance (Rct), the capacitance (C1) and the Warburg impedance introduced 

by the diffusion of ions (W1) as well as the equivalent circuit as shown in Figure 4.3.4B.  

The semicircle in Nyquist plot could interpret to combination of R1 and R2 as show in 

equation 4.3.1 257.    

 

                                               Z’(𝜔) = Rs + Rct                                          (4.3.1) 

 As shown in the Fig. 4.3.4B the large semicircle with the high charge transfer 

resistance (R2) of 4.258 mΩ for SPGE could be observed. After electrodeposition of the 

Cu (II) and Ni(II) onto SPGE, the dramatically increasing of Rct could be noticed to 4.990 

,and 5.066 mΩ, respectively, arise from poor electron transfer kinetic of Ni/SPGE and 
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Cu/SPGE.  In otherworld, the R2 was decreased to 1.711 and 3.588 mΩ after modified 

SPGE with the Au and trimetallic composite, respectively. These results coincided with 

∆Ep of CV results for SPGE, Cu/SPGE and Ni/SPGE.  Although the CV result indicating 

the CuNiAu/SPGE have the electron transfer kinetic higher Au/SPGE.  The EIS result 

exhibited more Rct of CuNiAu/SPGE provide Au/SPGE might be attributing to higher 

thickness of trimetallic film than Au film on electrode surface.  The thickness affects 

to the resistance of system including electrolyte resistance and charge transfer 

resistance.  Furthermore, the synergistic effect of trimetallic CuNiAu exhibiting good 

electrocatalyic properties could be considered thoughtfully from the lowest ∆Ep. It 

implied that electron transfer was facilitated, and higher oxidation peak current was 

obtained as well.  Hence the CuNiAu/SPGE could provide a good electrochemical 

sensing for simultaneous determination of NE and 5-HT. 

 
Figure 4.3.4  (A) The CV of 5 mM [Fe(CN)6]3-/4- in 0.1 M KCl solution at different electrode 
as follows Ni/SPGE (a; green line), SPGE (b; black line), Au/SPGE (c; yellow line), 
CuNiAu/SPGE (d; light orange line) and Cu/SPGE (e; red line) was performed from -1.0 
V to 1.0 V vs Ag/AgCl at 100 mVs-1 of scan rate.  (B) Nyquist plot of Ni/SPGE (a; green 
line), Cu/SPGE (b; red line), Au/SPGE (c; yellow line), CuNiAu/SPGE (d; light orange line), 
and SPGE (e; black line) in the present of 5 mM [Fe(CN)3]3-/4- in 0.1 M KCl solution.  
Inset: equivalent circuit applied to model EIS data, R1: the electrolyte solution 
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resistance; C1: the capacitance phase angle element; R2: the interfacial electron transfer 
resistance; W1: the Warburg impedance introduced by diffusion of ions.   
 

4.3.3.3 Electrocatalytic activity toward the oxidation of NE and 5-HT at 
CuNiAu/SPGE 

The oxidation of NE and 5-HT at unmodified SPGE, mono-metallic, bimetallic 

and trimetallic modified SPGE was investigated using cyclic voltammetry.  The 

unmodified SPGE (Figure 4.3.5a) and mono-metallic modified electrode as follow; 

Cu/SPGE (Figure 4.3.5b), Ni/SPGE (Figure 4.3.5c) and Au/SPGE (Figure 4.3.5d) could not 

distinguish the oxidation peak between NE and 5-HT in the potential range from 0.0 to 

1.0 V vs Ag/AgCl.  The bimetallic modified electrode was then examined.  As shown in 

result of NiAu/SPGE (Figure 4.3.5e) and CuNi/SPGE (Figure 4.3.5d), the overlap oxidation 

peak of the target analytes was observed, whereas the CuAu/SPGE (Figure 4.3.5g) could 

discriminate the oxidation peak of NE from the oxidation peak of 5-HT due to the 

synergistically catalytic property of CuAu alloy 238, 240, 255. The separated oxidation peak 

of NE and 5-HT at 0.21 and 0.37 V vs Ag/AgCl, respectively, were noticed at CuAu/SPGE.  

Compared to unmodified SPGE, the potentials of NE and 5-HT were shift to less positive 

potential on CuAu/SPGE.  Since the CuAu alloy might be assisted in faster kinetic 

electron transfer of diol group of NE structure and phenolic group of 5-HT structure. 

Same as CuAu/SPGE, the distinguishable oxidation peak of NE and 5-HT was obtained 

on trimetallic CuNiAu/SPGE (Figure 4.3.5h) but the trimetallic modified electrode 

provide higher sensitivity of NE determination around 2-fold than CuAu/SPGE as show 

in Figure 4.3.5o.  The current response of NE and 5-HT were found to be 4.02 ± 0.93 

μA and 3.08 ± 0.16 μA at CuAu/SPGE and 7.01 ± 1.09 μA and 3.36 ± 0.37 μA at 

CuNiAu/SPGE, respectively.  It demonstrated that the existence of Ni could improve 

the kinetic electron transfer forward the oxidation of NE due to the synergistic property 

of CuNiAu alloy. 
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Additionally, the single electrodeposition of CuNiAu and sequent 

electrodeposition of Au/Cu/Ni/SPGE (Figure 4.3.5i), Ni/Cu/Au/SPGE (Figure 4.3.5j), 

Cu/Au/Ni/SPGE (Figure 4.3.5k), Au/Ni/Cu/SPGE (Figure 4.3.5l), Ni/Au/Cu/SPGE (Figure 

4.3.5m) and Cu/Ni/Au/SPGE (Figure 4.3.5n) were be compared for study the effect of 

the modification electrode. As the result shown in Figure 4.3.5(i-n) the sequent 

electrodeposition of precursor ion could not distinguish the oxidation peak of NE and 

5-HT.  With these results can conclude that the catalytic performance of the electrode 

depended on the nanostructure form of the trimetallic alloy. Considered the 

electrocatalytic activity of CuNiAu/SPGE via single electrodeposition step, the 

discriminated oxidation peak of NE and 5-HT would be attributed to superior 

synergistically electrocatalytic activity of CuNiAu alloy toward the oxidation of NE 

resulting in the shift of the oxidation potential to a less positive potential led to 

distinguishable peak of NE from the oxidation peak of 5-HT.  Unlike the sequent 

electrodeposition of individual metallic, the nanocatalytic layer of each metallic was 

generated individually, the synergistic property could not be observed at this stage. 

These results evidenced that the CuNiAu/SPGE via single electrodeposition step of had 

excellent electrocatalytic activity toward the oxidation of NE resulting in synergistic 

property of alloy form. According to synergistically electrocatalytic property of CuNiAu 

alloy, the oxidation peak of NE was achieved in distinguishable separation from the 

oxidation peak of 5-HT.  Therefore, this proposed electrode was suitable for 

simultaneous determination of NE and 5-HT. 
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Figure 4.3.5 The CV of 25 μM NE and 50 μM 5-HT in 0.1 M PBS buffer pH 7.4 at 
different modified electrode as follows (a) SPGE, (b) Cu/SPGE, (c) Ni/SPGE, (d) Au/SPGE,  
(e) NiAu/SPGE, (f) CuAu/SPGE, (g) CuNi/SPGE, (h) CuNiAu/SPGE, (i) Au/Cu/Ni/SPGE, (j) 
Ni/Cu/Au/SPGE, (k) Cu/Au/Ni/SPGE, (l) Au/Ni/Cu/SPGE, (m) Ni/Au/Cu/SPGE and (n) 
Cu/Ni/Au/SPGE was scan from 0.0 V to 1.0 V vs Ag/AgCl at 100 mVs-1 of scan rate.  (o) 
The comparing bar chart of NE and 5-HT current response at CuAu/SPGE and 
CuNiAu/SPGE.  
 

 

4.3.3.4 Optimization of parameters 
 As the previous discussion, the trimetallic CuNiAu alloy provided the superior 

electrocatalytic oxidation of NE and 5-HT.  Here, the optimization of trimetallic 
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deposition on electrode surface was systematically investigated including the 

electrodeposition potential, the electrodeposition time, and the molar ratio of Cu, Ni 

and Au precursors, significantly affecting to the catalytic property of the trimetallic 

modified electrode. The optimizations of electrodeposition parameters were described 

below.   

4.3.3.4.1 Effect of electrodeposition parameters 
   To acquire the highest electrocatalytic activity of modified electrode, the 

parameters relating to the electrode modification were investigated including 

electrodeposition potential and electrodeposition time.  The electrodeposition 

potential of CuNiAu solution at -1.2, -1.1, -1.0, -0.9 and -0.8 V vs Ag/AgCl was studied.  

The SWV voltammograms of 25 μM NE and 50 μM 5-HT with different 

electrodeposition potential was reported coexisting with the plot of current response 

of these compounds against electrodeposition potential as illustrated in Figure 4.3.6a 

and Figure 4.3.6b, respectively.  As previously discussion, the Ni ion plays important 

role in assisting of Cu and Au deposition. However, Ni deposition step onto electrode 

surface should occur at high negative electrodeposition 258, 259.  Therefore, the 

increasing electrodeposition potential from -0.8 to -1.0 V vs Ag/AgCl lead to increasing 

NE current response, which can be resulted from the increasing amount of CuNiAu 

alloy nanoparticle on electrode surface. The poor Ni deposited composition at 

electrode surface at low negative potential (-0.8 V vs Ag/AgCl) resulting in the poor 

deposition efficiency of trimetallic alloy at electrode surface which can prove by SEM 

image (Figure 4.3.7a).  On the other hand, the increased electrodeposition potential 

from -0.8 to -1.0 V vs Ag/AgCl resulting from gradually decreased of the 5-HT current 

response. This phenomenon may be attributed to the increasing amount of Ni 

composition in trimetallic alloy enhancing the composition of CuAu in trimetallic alloy 

as well at electrode surface, affirmed by the SEM image (Figure 4.3.7b).  The increasing 

of CuNiAu composition in trimetallic alloy perform the good electrocatalytic activity of 
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NE oxidation reaction.  Thus, the increasing of NE current response may be interfered 

the 5-HT in reduction of current response. For the high negative electrodeposition 

potential of -1.2 V vs Ag/AgCl, the oxidative current of NE and 5-HT was dramatically 

decreased relating to aggregate of large trimetallic onto electrode surface, which 

harmonized with obtained SEM result (Figure 4.3.7c). Consequentially, the 

electrocatalytic activity was reduced.  Additionally, the SEM image at -1.0 V vs Ag/AgCl 

of electrodeposition potential displays well disperse of trimetallic CuNiAu on electrode 

surface. Considering the best electrocatalytic property of trimetallic CuNiAu modified 

SPGE electrode, the electrodeposition potential of -1.0 V vs Ag/AgCl was chosen for 

electrode modification.  

 Beside the electrodeposition potential, the electrodeposition time, affecting 

the electrodeposition efficiency of trimetallic CuNiAu, was next considered. The varied 

electrodeposition time from 60 to 400 second was investigated.  Similarly, the plot 

between current response of 25 μM of NE and 50 μM of 5-HT against the 

electrodeposition time was reported accompanying with SWV voltammograms (Figure 

4.3.7d and Figure 4.3.7c, respectively).  The NE current response was  increased relating 

to the increase of electrodeposition time from 60 to 200 second, whereas the 5-HT 

current response is slightly reduced, which may be attributed to the deposition 

efficiency of Ni as well as the effect of electrodeposition potential.  At short period 

time of electrodeposition step may be led to low deposition efficiency of Ni cluster at 

electrode surface resulting in poor deposition efficiency of CuAu. This obtained result 

agrees with the SEM image at electrodeposition time of 60 second (Figure 4.3.7d), 

exhibiting poor distribution of trimetallic CuNiAu at SPGE surface. Even though the 

increasing composition of Ni when using the deposition time of 400 second could be 

enhancing the NE current response, this phenomenon interrupted the 5-HT detection 

in the decreasing its responses due to incompletely separated baseline of NE and 5-

HT.  Another reason of the decreasing NE and 5-HT response with the enhancement 
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of the deposition time is the aggregation of trimetallic electrode surface as shown in 

SEM image (Figure 4.3.7f).  With this reason the electrodeposition time at 200 sec was 

selected as optimal condition due to uniform distributions of nanocluster and high 

current response.     

Figure 4.3.6 (a) The SWV voltammogram of 25 μM NE and 50 μM 5-HT at the different 
electrodeposition potential performed from 0.0 V to 0.6 V vs Ag/AgCl with Estep of 0.4 
mV, amplitude of 50 mV and frequency of 35 Hz.  (b) The relative plot between current 
response of 25 μM NE and 50 μM 5-HT and electrodeposition potential.  (c) The SWV 
voltammogram of 25 μM NE and 50 μM 5-HT at the different electrodeposition time 
scanned from 0.0 V to 0.6 V vs Ag/AgCl with Estep of 0.4 mV, amplitude of 50 mV and 
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frequency of 35 Hz.  (e) The relative plot between current response of 25 μM NE and 
50 μM 5-HT and electrodeposition time.  The SWV voltammogram and current 
response values are representative of three measurements.     
 

 
Figure 4.3.7 SEM image of 40,000 magnification of different electrodeposition potential 
of modified electrode procedure at (a) -0.8 V, (b) -1.0 V and (c) -1.2 V vs Ag/AgCl and 
various electrodeposition time of (d) 60 s, (e) 200 s and (f) 400 s.  Additionally, SEM 
image of various molar ratio of Cu:Ni:Au was investigated for morphology study of  (g) 
1:100:1, (h) 1:100:2 and (i) 2:100:2  
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4.3.3.4.2 The effect of ion precursor ratio 
 In order to acquire the highly catalytic property of the modified electrode, the 

molar ratio of Cu(II) , Ni(II) , and Au(II) precursor were systematically investigated. The 

relationship between the current response and molar ratio of the metal precursor were 

recorded.  The molar ratio of Ni (II) was study from 10-fold to 300-fold of molar ratio 

of Cu (II) and Au (II) meanwhile the molar ratio of Cu and Au ion was maintaining at 1-

fold. As shown in the Figure 4.3.8a the current response of both 5-HT and NE increased 

with the increasing of the molar ratio of Ni ion from 10- fold to 100-fold, respected to 

the molar ratio of Cu and Au ion (when fix the concentration of Cu and Au at 0.2 mM), 

due to the enhancement of catalytic property of CuNiAu alloy.  Now, the actual 

mechanism of Ni is not clear. From the observation of Yen et al. and Darabdhara et al. 

for NiCu 260 and NiAu 261 alloy, orderly, the amount of Cu and Au increased upon 

increasing the content of Ni.  With this notice, the Ni might be assisting the deposited 

of Cu and Au on the electrode surface resulting in highly synergistically catalytic 

property of trimetallic.  Nerveless, higher amount of Ni ion than 100-fold might cause 

the overabundant CuAu alloy cluster on electrode surface. Consequently, the current 

response decreases due to decreasing of electroactive area. Considering the sensitivity 

of both 5-HT and NE, the 100-fold molar ratio of Ni was selected for next study.  Then 

the molar ratio of Au precursor was investigated from 1-fold to 6-fold as shown in 

Figure. 4.3.8b.  The background current coming from the PBS measurement was 

increasingly emerged when increased the molar ratio of Au amount. This increasing of 

background may be resulting in the electrocatalytic property of Au on PBS buffer when 

the amount of Au increased on the electrode surface (Figure 4.3.8e).  Therefore, the 

2-fold of molar ratio of Au was selected for optimal condition, compromising with both 

the aspect of sensitive NE and 5-HT measurement and low background current.  

Subsequently, the molar ratio of Cu was examined from 1- to 6-fold as illustrated in 

Figure 4.3.8c. The increasing of the molar ratio of Cu led to the enhancement of the 
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5-HT response whereas the current response of NE reduced when increasing molar 

ration of Cu. The reduction of NE may be attributed to degradation of alloy property 

by the replacement of CuAu alloy with CuNPs at higher molar ratio of Cu (II) than Au 

(III). Therefore, the 2-fold molar ratio of Cu was selected for the modification of 

electrode.  As a result, the appropriately molar ratio of Cu (II): Ni (II): Au (II) was 2: 100: 

2 for highly catalytic efficiency of NE and 5-HT determination.  
 

 

Figure 4.3.8 Molar ratio of metal precursors effect accompanied with the SWV 
voltammogram of  (a and d) various molar ratio of Ni was studied at 10, 50, 100, 200 
and 300 fold comparing with molar ratio of Cu and Au (fixed at 1-fold of molar ratio), 
(b and e) different molar ratio of Au was examined from 1, 2, 3, 4, 5, and 6 fold while 
the molar ratio of Ni and Cu was kept at 100 and 1, orderly, of molar ratio, (c and f) 
the molar ratio of  Cu was varied from 1, 2, 3, 4, 5, and 6 fold, meanwhile the molar 
ratio of Ni and Au was kept at 100 and 2 fold, orderly, of molar ratio. 
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4.3.3.4.3. The effect of pH on the separated oxidation peak of 
NE and 5-HT 

 The pH was an important affected parameter on the electrochemical behavior 

of NE and 5-HT 262 as well as  the separation efficiency of these compounds.  Herein, 

the SWV measurement was utilized for examination of oxidative behavior of NE and 5-

HT at CuNiAu/SPGE over pH range of 0.1 M PBS buffer from 6.0 to 9.0 as shown in 

Figure 4.3.9a. Because pH was not only affected to the oxidation of NE and 5-HT but 

also affected to the existing background current, the relationship between S/N ratio 

and pH value was reported as illustrated in Figure 4.3.9b.  The S/N ratio of both NE 

and 5-HT directly proportional with the increase of pH.  The maximum response was 

observed at pH 7.4 and the current response decreased when pH value was raised to 

9.  Considering to peak potential, the oxidation peak potential of 5-HT at pH value 6.0, 

7.0, 7.4, 8.0 and 9.0 was found to be 0.34 ± 0.01, 0.27± 0.02, 0.28 ± 0.01, 0.26 ± 0.02, 

and 0.24 ± 0.03, respectively. The increasing pH from 6.0 to 7.4, which was lower than 

the pKa of 5-HT (pKa : 9.8 219) and NE (pKa : 8.58 219), resulted in the promoting of the 

protonated form (-NH3
+) of NE and 5-HT. Consequently, the oxidation of 5-HT was 

facilitated causing the shift of the oxidation peak potential to less positive. The NE 

peak potential was obtained at 0.10 ± 0.01, 0.10 ± 0.01, 0.12 ± 0.01, 0.13 ± 0.01 and 

0.11± 0.01 of pH value 6.0, 7.0, 7.4, 8.0 and 9.0, respectively. At the pH values from 

6.0 to 8.0, the difficult oxidation process of NE resulted the shift of the oxidation peak 

potential in more positive potential and then the peak potential shifted to less positive 

potential at pH 9.  With the well-defined peak and sensitivity aspect, the 7.4 pH value 

of 0.1 M PBS buffer was chosen for NE and 5-HT measurement.  
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Figure 4.3.9 (a) The SWV voltammograms of 25 μM NE and 50 μM 5-HT at the pH 
range 6.0 to 9.0 were performed from 0.0 V to 0.6 V vs Ag/AgCl with Estep of 0.4 mV, 
amplitude of 50 mV and frequency of 35 Hz.  (b) The relationship between S/N and 
pH.  The SWV voltammograms are representative of three repeated measurements.  
 

4.3.3.4.4 The effect of SWV parameter  

According to SWV technique influential separation through different electron 

transfer kinetic 263 of NE and 5-HT at CuNiAu/SPGE, the parameters of SWV including 

step potential, amplitude, and frequency were inspected. The potential step (Estep) 

strongly influent on the electron transfers kinetic was firstly investigated in the range 

of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6mV s1 with analysis time of 4.45, 2.22, 1.35, 1.11, 0.57, 0.65 

min, respectively (Figure 4.3.10a).  As the clearly observed in Figure 4.3.10d, the SWV 

voltammogram exhibited the completely separated peak between NE and 5-HT at 

lowest Estep.   And then the gradually combined peak (like shoulder peak) was noticed 

at high Estep due to incompletely electron transfer kinetic of NE from too fast of scan 

rate. Additionally, the background current was noticeably emerged with high Estep which 
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might be coming from the AuNPs pealing. Therefore, the S/N ratio was reported.  

Consideration of the peak separation and analyis time, Estep of 0.3 mV was chosen as 

optimized condition. In this SWV technique, the sensitivity is acquired from the change 

in potential amplitude (Eamp) and frequency 264 . The varied Eamp in the range from 25 - 

125 mV (Figure 4.3.10b) and frequency from 2 0- 85 Hz (Figure 4.3.10c) were 

investigated.  Despite the increasing Eamp and frequency provided the high peak current, 

the background current was highly emerged as well as shown in Figure 4.3.10 e and f, 

orderly.  For the demand of high sensitivity and symmetry peak in electrochemical 

analysis, the Eamp of 75 mV and frequency of 50 Hz were selected as optimized 

condition for further experiment.   
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Figure 4.3.10 The plot of SWV parameters between S/N and (a) Estep, (b) amplitude, (c) 
frequency of 25 μM NE and 50 μM 5-HT in 0.1 M PBS buffer pH 7.4.  The SWV 
voltammogram of various (d) Estep, (e) amplitude and (f) frequency against with 
potential. The SWV voltammograms are representative of three repetition. 
 
4.3.3.5 Analytical figure of merit 
  4.3.3.5.1. Individual determination of NE and 5-HT using CuNiAu/SPGE 

 In order to evaluate the performance of CuNiAu/SPGE sensor for simultaneous 

determination of NE and 5-HT,  the individual determinations of NE and 5-HT were 

carried out by gradual changing the concentration of one species, whereas the 

concentration of other species was kept constant.  As shown in Figure 4.3.11, When 

the concentration of NE was increased, its current response increased and no significant 

changing of the current of 5-HT at fixed concentration (the %RSD of 5-HT was found 

to be 6.99 %) was observed. Meanwhile, the similar result was obtained when fixed 
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the concentration of NE (the %RSD of NE was found to be 7.75 %) and varied 

concentration of 5-HT. Therefore, the results confirmed that both compounds did not 

affect each other.  The oxidation peak current of NE was proportional increased with 

the increase of concentration in a range of 0.1 – 40 µM with a linear regressive equation 

of Ipa (µA) = 0.1243 C (µM) – 0.0472, and a linear regression (R2) of 0.9912 while fixed 

the concentration of 5-HT at 30 µM as illustrated in Figure 4.3.11a.  Similarly, as show 

in Figure 4.3.11b the oxidation peak current of 5-HT was linearly increased with 

increasing the concentration in a range of 2.5 – 70 µM with Ipa (µA) = 0.1275C (µM) – 

0.3758 of linear regressive equation (R2 =0.9973) accomplished by remaining the 

concentration of NE at 25 µM. These results demonstrated that CuNiAu/SPGE could be 

employed for the simultaneous determination of NE and 5-HT without interfering with 

each other.   

 

4.3.3.5.2 Simultaneous determination of NE and 5-HT using CuNiAu/SPGE 
 Simultaneous changing concentration of both NE and 5-HT was performed in 

order to evaluate the efficiency of proposed sensor. Under optimized condition, the 

analytical performance of utilizing CuNiAu/SPGE was investigated by continuous 

increasing the concentration of NE and 5-HT in the range of 1- 40 µM and 5-70 µM, 

respectively, as shown in Figure 4.3.11c.  The linear regressive equation of NE and 5-

HT were found to be Ipa (µA) = 0.1094 C (µM) + 0.4065 (R2 = 0.9929) and Ipa (µA) = 

0.1154 C (µM) + 0.2376 (R2 = 0.9907), respectively.  The limit of detections (calculated 

from 3SDblank /slope) were found to be 0.19 µM for NE and 0.18 µM for 5-HT, meanwhile 

the limit of quantitation (calculated from 10SDblank /slope) of the simultaneous 

determination NE and 5-HT were found to be 0.64 and 0.61 µM, respectively.  The 

analytical performance of CuNiAu/SPGE was compared with previous literatures as 

displays in Table.4.3.1.  Although the proposed sensor for simultaneous determination 

of NE and 5-HT offers the insignificant improvement of the linearity and the LOD 
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compared to the other modified electrodes. The CuNiAu modified SPGE is 

straightforward modification via electrodeposition method of CuNiAu mixing solution. 

With this process, the synergistic CuNiAu alloy was firstly employed for simultaneous 

determination of NE and 5-HT.  

 Additionally, the reproducibility and the repeatability were evaluated regarding 

the reliability of the proposed.  The reproducibility of 25 µM of NE and 50 µM of 5-HT 

was performed on different seven electrodes.  The %RSDs of seven electrodes were 

found to be 5.68 % and 2.84 % for NE and 5-HT, orderly.  Consequently, the proposed 

electrode has been appeared as a reliable sensor, speculated as an alternative sensor 

for the simultaneous determination of NE and 5-HT.       
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Figure 4.3.11 Individual test for (a) different concentration of 5-HT in the presence of 
25 µM of NE in 0.1M PBS buffer (pH 7.4). 5-HT concentration are: 2.5, 5, 10, 20, 30, 40, 
50, 60 and 70 µM, (b) different concentration of NE in the presence of 30µM of 5-HT 
in 0.1M PBS    buffer (pH 7.4). NE concentration are: 0.1, 1, 2.5, 5, 10, 20, 25, 30 and 40 
µM and (c) different concentration of NE and 5-HT in 0.1M PBS buffer (pH 7.4). NE 
concentration are: 1, 2.5, 5, 10, 20, 25, 30 and 40 µM. Meanwhile 5-HT concentration 
are 5, 10, 20, 30, 40, 50, 60, and 70. Inset picture: the relationship between 
concentration of the target analyte and the current response coexisting with the linear 
regressive equation.  
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Table 4.3.1 Comparison of the linear range and detection sample obtained at the 
CuNiAu/SPGE for simultaneous determination of NE and 5-HT with others.  
 

Modified electrode 

NE 5-HT 

References Linear 

range (µM) 

LOD 

(µM) 

Linear range 

(µM) 

LOD 

(µM) 

CNT-IE   1.00-15.00 0.20 265 

5-HTP/GCE - - 5.00-35.00 1.70 266 

PAA-MWCNTs/SPCE 0.00-10.00 0.13   267 

DDP-CNT/CPE 0.10-38.00 0.07 - - 268 

Eriocheome cyanine 

R/GCE 
2.00-50.00 1.50 0.05-5.00 0.05 219 

MWNTs-

ZnO/chitosan/SPE 
1.00-30.00 0.20 0.10-1.00 0.01 269 

CuNiAu/SPGE 1.00-40.00 0.19 5.00-70.00 0.18 This work 

   

  

4.3.3.6 Interference study  
 The influences of various species existing in human serum on the determination 

of NE and 5-HT were evaluated in order to extend the validity of the proposed sensor.  

The investigative interferences were the common ions in serum (Cl-, K+, and Mg2+), 

biological molecules (glucose, L-glycine, and tyrosine), and common electroactive 

species (uric acid (UA) and ascorbic acid (AA)). The interfering effect was examined by 

mixing those interfering substances at the found concentration in human serum with 
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25 µM NE and 50 µM 5-HT followed by the measurement with proposed electrode via 

SWV technique.  As the result shown in Figure4.3.12, AA was major interfering species 

while the others did not obviously affect to the measurement of NE and 5-HT utilizing 

CuNiAu/SPGE.  The broad oxidation peak of AA was obtained at 0.13 V vs Ag/AgCl 

nearby the oxidation peak of NE resulting in an unusual higher current response of NE.  

Similarly, the oxidation peak of 5-HT was moderately increasing via broad peak of AA 

(Figure 4.3.13). According the dominant interfering effect of AA, the elimination of this 

interference was manipulated before the measurement by oxidized AA with Cu2+ to 

produce dehydroascorbic acid which is oxidize forms of ascorbic acid 270 which could 

not affect the oxidation of the target analytes.  Due to influential interference of AA 

for determination of NE and 5-HT, the removal interfering AA was investigated.  

According the previous report 270, 271, the Cu (II) acting as reducing agent could oxidize 

AA to dehydroascorbic acid.  With this perspective, the stepwise of this procedure was 

testify.  Afterward the mixed solution of 0.2 mM Cu (II) and 0.1 mM AA in 0.1 M PBS 

buffer was tested and the nonexistent oxidation peak of AA was obtained.  And then 

the 0.2 mM Cu (II) solution was added in the mixture of 25 μM NE, 50 μM 5-HT and 

0.1 mM AA in 0.1 M PBS buffer pH 7.4.  The current response after eliminated AA 

provide reachable standard solution measurement. The current response of NE and 5-

HT after removal AA are 2.61 ± 0.19 and 5.73 ± 0.37, respectively and the current 

response of standard NE and 5-HT are 2.71 ± 0.03 and 5.96 ± 0.11, respectively.  The 

result indicating that this procedure of removal AA oxidized with Cu (II) was succeeded 

resulting in accomplished determination of NE and 5-HT in real sample.     
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Figure 4.3.12 The common interfering species in serum were studied by mixed various 
interference with standard solution of 25 μM NE and 50 μM 5-HT in 0.1 M PBS buffer 
pH 7.4.  The interfering species as follows 0.05 M of Cl-, K+ and Mg2+, 1 mM of glucose, 
L-glycine and tyrosine, and 0.1 mM of ascorbic acid (AA) and uric acid (UA) were 
investigated.   
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Figure 4.3.13 The SWV voltammograms of sequentially eliminated AA.  All SWV 
voltammograms are representative of three repetitive experiments.   

 

4.3.3.7 Simultaneous determination of NE and 5-HT in the artificial serum 
 The feasibility of CuNiAu/SPGE for real sample analysis was investigated using 

spike method.  The three concentrations of spike standard solution were studied at 2, 

20, and 30 µM for NE, and at 6, 40 and 60 µM for 5-HT.  Additionally, the standard 

addition was employed for recovery study of real sample analysis.  The linear 

regressive equations of standard addition method for NE and 5-HT were Ipa (µA) = 0.107 

C (µM) + 0.4477 (R2 = 0.9621) and Ipa (µA) = 0.0954 C (µM) + 0.4662 (R2 = 0.9687), 

respectively.  Afterward, the acceptable recoveries of NE and 5-HT were found to be 

100.9 ± 3.5 to 108.8 ± 3.6 and 92.55 ± 1.4 to 108.3 ± 3.6, respectively. Hence, the 
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proposed electrode could be accomplished utilization for the determination of NE and 

5-HT in artificial serum with satisfiable recovery as mentioned above.  

 

4.3.4 Conclusion  
In summary, the trimetallic CuNiAu alloy was simply synthesized by a one-step 

electrodeposition onto SPGE surface, to obtain the CuNiAu/SPGE sensing platform for 

simultaneous determination of NE and 5-HT.  This proposed CuNiAu/SPGE sensor 

exhibited excellent electrocatalytic activity towards the oxidation of NE and 5-HT in 

which the two corresponding anodic peaks could be clearly distinguished from each 

other, compared with the bare SPGE, Cu/SPGE, Au/SPGE, and Ni/SPGE sensors that 

possessed low selectivity as they could not provide the well-separated oxidation peaks 

for NE and 5-HT.  Moreover, the electrochemical deposition of Cu-Ni-Au alloys onto 

the electrode surface was studied using two methods including the single-bath and 

the stepwise processes which typically affected the electrocatalytic properties of the 

resulting modified electrodes. The results showed that the trimetallic alloy 

electrodeposited from the single-bath process (CuNiAu) demonstrated the highest 

electrocatalytic activity, compared to that obtained from the stepwise 

electrodeposition (Cu/Ni/Au).  The enhanced electrocatalytic activity of the trimetallic 

CuNiAu composite would be potentially due to the synergistic effect between Cu, Ni, 

and Au nanoparticles.  Although the developed electrochemical sensor could not 

tolerate AA interference, AA could be simply eliminated from the system by oxidation 

reaction using Cu2+ prior to the measurement.  Subsequently, the quantitative 

determination of NE and 5-H at the CuNiAu/SPGE was thoroughly examined by SWV, 

and the satisfied linearities and LODs could be achieved. Moreover, the developed 

CuNiAu/SPGE sensor was then applied to simultaneously detect NE and 5-HT in serum 

samples with good reproducibility and excellent recoveries, highlighting that the 
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CuNiAu/SPGE has a potential to be used as a sensitive and selective sensor for NE and 

5-HT in complex biological samples. 
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CHAPTER 5 
CONCLUSIONS AND FUTURE PERSPECTIVE 

The purpose of this dissertation is to develop the analytical sensing devices for 

quantitative analysis.  The results distinctly demonstrated that the developed sensors 

offered the remarkable performance for diverse applications in pharmaceutical, food 

control and clinical areas. Typically, the developed analytical sensors were categorized 

regarding the detection techniques which were either colorimetry or electrochemistry. 

Their sensing performances and applications could be summarized as follows: 

CHAPTER 3: The development of integrated platforms for colorimetric 

sensor and its application. The transparency based colorimetric sensor was 

developed for SAL measurement in pharmaceutical application. This proposed sensing 

device exhibited the noticeable color change of the reagent from light pink to orangish 

color when the analyte was present in the system. This change of color was based on 

the well-known redox reaction between KMnO4 acting as the strongly oxidizing agent 

and the reducing analyte (SAL). This developed colorimetric sensor offered the 

beneficial advantages of fast analysis, simple operation and interpretation, and 

suitability for on-site application.  

 CHAPTER 4: The development of integrated platforms for electrochemical 

sensor and its application. The new electrochemical sensors were developed with 

the improvement in selectivity towards the oxidation of compounds with almost 

similar chemical structures whose anodic peaks would be overlapping. The 

electrochemical system was integrated to the separation platform, the polymeric film 

recognition unit, and the electrocatalytic nanomaterial-based electrode. In the first 

section, the PdNPs/BDD electrode was integrated with the UHPLC platform in order to 

enhance the selectivity for the detection of four β-agonists. Next (in the second 

section), the electrochemical sensor was combined to the MIP recognition system for 

the selective extraction of the target analyte (SAL) from other interferences. In the final 

section, the synergistically electrocatalytic activity of trimetallic composite modified 
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SPGE was investigated, and the developed sensor was then used for simultaneous 

determination of 5-HT and NE, with enhanced sensitivity and selectivity. Overall, the 

improvement in selectivity of the developed electrochemical sensors could be 

successfully achieved. These selective electrochemical sensors could then be further 

applied in complex applications.  

 

5.1 Future Perspective 
The miniaturized and portable sensors have recently received great interest. As 

reported in the literature, the wifi cloud-based portable potentiostat and the 

smartphone-based detection have been extensively developed and used as 

electrochemical sensing and colorimetric sensing tools with user friendly interface. 

According to the advancement of technology, the electrochemical and colorimetric 

methods could be further developed in great compatibility with the accessible and 

portable sensors, which would be easy to operate as an end-user. Therefore, the 

further development of analytical sensors would offer new opportunities to the 

resource-limited areas and the promising applications, especially in doping control 

process and point-of-care (POC) testing, could be potentially achieved.  
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