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This dissertation focused on the development of novel biosensor for sensitive 
determination of biomarkers in biological samples, which can be divided into 2 sections. 
The first section is the development of sensitive biosensor using graphene-polyaniline 
nanocomposite. Biomarkers (i.e. cholesterol) and heavy metals (i.e. Zn (II), Cd (II) and Pb 
(II)) in biological fluids were determined by this proposed biosensor. The second section is 
active paper chip for electrochemical multiprobe detection of glucose, dopamine and uric 
acid. Cobalt (II) phthalocyanine, gold nanoparticle and reduced graphene oxide were used 
to modify the electrode for the improvement of biosensor sensitivity. The experimental 
parameters in the electrochemical detection were optimized to provide the best condition 
for biomarker determination. The sensitivity of these developed biosensors was discussed. 
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and plastic film were investigated and optimized. The results showed that paper-based 
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interferences. The results showed acceptable range of accuracy and precision for 
biomarker detection. A very low detection limit was observed at 1.0 µM for cholesterol, 
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(II). Moreover, the developed biosensors were successfully applied to detect the target 
biomarkers in biological fluid samples such as human serum.  
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CHAPTER I 
INTRODUCTION 

1.1 Introduction 

The development of an accurate, sensitive and low-cost biosensor is very 
crucial for early stage screening of disease biomarkers. Recently, miniaturized 
analytical device (e.g. paper and polymer based device) has become an important 
tool in many research fields including biotechnology, medical science, forensic 
science as well as environmental science [1]. Traditional substrates (i.e., silicon, glass 
and ceramic) have been previously reported for biosensor fabrication, however; the 
manufacturing cost is still very high for underdeveloped country [2, 3].  Other 
substrate materials, such as cellulose filter paper, commercial paper and plastic film 
have been used an the alternative materials for biosensor applications due to low 
price [4, 5] compared to other traditional substrates [6]. Therefore, low-cost 
materials, which are paper and plastic film, are selected as the substrates for 
biosensor fabrication in this research. 

Various materials for electrode surface modifications have been explored for 
increasing the sensitivity of electrochemical biosensors. Nanomaterials, such as 
carbon-based nanoparticles and metallic nanoparticles were used to increase the 
surface area and sensitivity of biosensors. One common approach is  incorporating of 
graphene into the working electrode to increase both surface area and 
electrochemical conductivity [7]. Moreover, graphene can improve the charge 
transfer of the modified electrode [8-10].  

In the term of biosensor fabrication, graphene-based polyaniline (G/PANI) 
nanocomposites have attracted more attention than pure graphene because the 
composite form is more compatible for electrode fabrication and further 
functionalization [11, 12]. Polyaniline also has excellent electrochemical properties, 
good environmental stability, and it is easily synthesized. Thus, PANI has been used 
for a variety of electronic, optical, and electrochemical applications [8, 13]. G/PANI 
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nanocomposites are prepared by physical mixing and in situ chemical oxidation 
polymerization [14]. For modification of biosensor, electrospraying of G/PANI 
nanocomposites on the working electrode were selected to increase the surface area 
of electrode [12]. Compared to thin-film electrodes prepared by drop-casting, G/PANI 
droplet-like modified electrodes prepared by electrospraying offer a higher specific 
surface area which potentially enhance the sensor sensitivity [11].  

For paper-based biosensor, the flow of the sample solution in paper is 
commonly controlled by the competition between attractive and repulsive capillary 
forces but there are some limitations. Thus, active paper chip that the fluidic 
operation on the paper is controlled by implementing an electric input via 
electrowetting technique [15] was also studied in this dissertation. For active paper 
chip, the drop of solution can move on a chip by adjusting the electric field with an 
external voltage to control the electrowetting-induced surface tension between the 
drop and electrode under hydrophobic coated surface of active paper chip. The drop 
movement on active paper chip can be controlled by mixing and incubating before 
moving to the detection zone. 

In this dissertation, paper and plastic based biosensors with low cost and 
simple operation were developed for the determination of target analytes in relevant 
real samples. The development of novel electrochemical biosensors in this 
dissertation can be devided into 3 main parts as followings; 

1. Novel Paper-Based Cholesterol Biosensor Using Graphene/  

Polyvinylpyrrolidone/Polyaniline Nanocomposite 

2. Sensitive Electrochemical Sensor using a Graphene-Polyaniline  

Nanocomposite for Simultaneous Detection of Zn (II), Cd (II) and Pb (II) 

3. Active Paper Chips for Electrochemical Multi-probe Detections 

 

These developed systems were successfully used to sensitively and 
selectively quantify target analytes.  Various optimal conditions were investigated to 
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achieve the best analytical performances of the system.  Eventually, the successful 
application of these systems for the detection of analyte in real samples are 
accomplished. 

1.2 Research Objective 

The two main goals of this dissertation are shown below: 

1. To develop and evaluate a low-cost electrochemical biosensor for 
sensitive and selective detection of biomarkers.  

2. To apply these proposed systems for the determination of target analytes 
in real biological samples. 

1.3 Scope of Research 

Biosensors were initially designed to obtain the suitable platform for each 
assay.  The optimizations of experimental conditions that affect the performance of 
target analytes detection were investigated.  The analytical performances of these 
systems including linear working range, limits of detection and quantification (LOD 
and LOQ), repeatability and reproducibility were examined under optimal conditions. 
The selectivity of these systems was tested using various common interferences.  In 
addition, these systems were then applied to measure analytes in relevant samples. 
Finally, all of the results were discussed in this dissertation.  



 

 

CHAPTER II 
THEORY AND LITERATURE REVIEW 

In this chapter, the fundamentals of sensors are discussed. In the second part 
of this chapter, the aspects of microchip capillary electrophoresis and 
electrochemical detection are explained. The discussions in this chapter refer to the 
basic principles of microchip used in the subsequent chapters. 

2.1 Sensor 

2.1.1  Principle 

The “biosensor” is a device consisting of two combination parts which 
are bio-element, and sensor-element. The basic concepts of a biosensor can 
be illustrated in Figure 2.1 [16].  

 

 
 

Figure 2.1 A schematic representation of biosensors [16]. 
 

Specific bio elements such as enzyme or antibody recognize a specific 
analyte and the sensor element transduces the change in the biomolecule 
into an electrical signal. The bio element is a very specific to the analyte to 
which it is sensitive depending on the transducing mechanism used, the 
sensors can be separated into many types of sensor such as resonant sensor, 



 

 

5 

optical-detection sensor, thermal-detection sensor, ion-sensitive FET (ISFET) 
sensor, and electrochemical sensor [17]. For electrochemical sensors, it can 
be further classified based on the parameter measured, such as 
conductimetric, amperometric, and potentiometric sensors. Biosensors can be 
applied in biomedical, industry, and military as shown in Figure 2.2. The major 
application is in blood glucose sensing because of its abundant market 
requirement. However, biosensors have tremendous potential for 
commercialization in other application fields as well. In spite of this potential 
commercial adoption has been slow because of several technological 
difficulties. For example, due to the presence of biomolecule along with 
semiconductor material, biosensor contamination is a major issue [18]. 

 

 
 

Figure 2.2 Potential applications of biosensors [18]. 
 

Common types of sensors such as optical-detection biosensors 

2.1.1.1 Optical-detection Biosensors 

The output transduced signal that is measured is light for this 
type of biosensor. The biosensor can be made based on optical 
diffraction or electrochemiluminescence. In optical diffraction based 
devices, a silicon wafer is coated with a protein via covalent bonds. 
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The wafer is exposed to UV light through a photo-mask and the 
antibodies become inactive in the exposed regions. When the diced 
wafer chips are incubated in an analyte, antigen-antibody bindings are 
formed in the active regions, thus creating a diffraction grating. This 
grating produces a diffraction signal when illuminated with a light 
source such as laser. The resulting signal can be measured or can be 
further amplified before measuring for improved sensitivity. 

2.1.1.2 Thermal-detection Biosensors 

This type of biosensor is exploiting one of the fundamental 
properties of biological reactions, namely absorption or production of 
heat, which in turn changes the temperature of the medium in which 
the reaction takes place. They are constructed by combining 
immobilized enzyme molecules with temperature sensors. When the 
analyte comes in contact with the enzyme, the heat reaction of the 
enzyme is measured and is calibrated against the analyte 
concentration. The total heat produced or absorbed is proportional to 
the molar enthalpy and the total number of molecules in the 
reaction. The measurement of the temperature is typically 
accomplished via a thermistor, and such devices are known as 
enzyme thermistors. Their high sensitivity to thermal changes makes 
thermistors ideal for such applications. Unlike other transducers, 
thermal biosensors do not need frequent recalibration and are 
insensitive to the optical and electrochemical properties of the 
sample. Common applications of this type of biosensor include the 
detection of pesticides and pathogenic bacteria. 

2.1.1.3 Ion-Sensitive Biosensors 

These are semiconductor FETs having an ion-sensitive surface. 
The surface electrical potential changes when the ions and the 
semiconductor interact. This change in the potential can be 
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subsequently measured. The Ion Sensitive Field Effect Transistor 
(ISFET) can be constructed by covering the sensor electrode with a 
polymer layer. This polymer layer is selectively permeable to analyte 
ions. The ions diffuse through the polymer layer and in turn cause a 
change in the FET surface potential. This type of biosensor is also 
called an ENFET (Enzyme Field Effect Transistor) and is primarily used 
for pH detection. 

2.1.1.4 Electrochemical Biosensors 

Electrochemical biosensor is mainly used for the detection of 
hybridized DNA, DNA-binding drugs, glucose concentration, etc. The 
underlying principle for this class of biosensors is that many chemical 
reactions produce or consume ions or electrons which in turn cause 
some change in the electrical properties of the solution which can be 
sensed out and used as measuring parameter. Electrochemical 
biosensors can be classified based on the measuring electrical 
parameters as: (1) conductimetric, (2) amperometric and (3) 
potentiometric sensors.   

2.1.2  Enzymatic Biosensor 

The specific binding capabilities and catalytic activity of enzyme make 
them popular bioreceptors. Analyte recognition is enabled through several 
possible mechanisms. For enzymetic biosensors, the enzyme converts the 
analyte into a product that is sensor-detectable and then detecting enzyme 
inhibition or activation by the analyte [19], or monitoring modification of 
enzyme properties resulting from interaction with the analyte [20]. The 
advantages of enzymetic biosensor are ability to catalyze a large number of 
reactions, potential to detect a group of analytes and suitability with several 
different transduction methods for detecting the analytes. Many kinds of 
biological compounds such as glucose, uric acid, and cholesterol were 
detected via enzymatic biosensor.  
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For development of enzymatic biosensor, enzyme immobilization 
onto self-assembled monolayer fabricated micro-device or bio-chip is usually 
the primary step in the fabrication of enzymatic biosensor. The selection of 
immobilization method is essential to achieve the best performance of a 
biosensor. Normally, biological catalysts as enzymes can promote the 
transformation of chemical species in living systems. These biological 
molecules, consisting of thousands of atoms in precise arrangements, are 
able to catalyze the multitude of different chemical reactions occurring in 
biological living cells. The principle of enzymatic biosensor is described in 
Figure 2.3. 

 
 

Figure 2.3 The principle of enzymatic biosensor 
 

2.1.3 Metal Sensor 

Conventional measurement of heavy metals such as lead (Pb2+), 
cadmium (Cd2+) and zinc (Zn2+) is typically accomplished using atomic 
absorption spectrophotometry (AAS) [21], inductively-coupled-plasma mass 
spectrometry (ICP-MS) [22], or mass spectrometry (MS) [23], which are highly 
sensitive, but very expensive techniques. Complicated operation and long 
time-delay for sample processing and assessment also prevent these 
methods from being used more frequently. Electrochemical detection, 
alternatively, is an inexpensive detection motif that has recently been 
incorporated in low-cost sensors for trace metal analysis [24-27]. Square-wave 
anodic stripping voltammetry is a commonly employed technique for heavy 
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metal ions due to its high sensitivity and low (~nM-pM) detection limits [28, 
29], a result of a pre-concentration step that accumulates the analyte on the 
electrode surface. The bulk and expense of bench top potentiostat can also 
be reduced using handheld device, which can improve the utility of 
electrochemical detection in a point-of-care setting [29].  

 
 
Figure 2.4 Schematic drawing of the fabrication procedure for paper-based analytical 
devices and ASV detection of Pb (II) and Cd (II) [27] 

2.2 Fabrication Method 

2.2.1 Wax-printing 

Paper-based sensors are fabricated by penetrating materials to form 
hydrophobic into hydrophilic cellulose paper [30, 31]. To create hydrophobic 
barriers in the paper-based sensor, many methods were used for fabrication 
such as photoresist, plotting, plasma oxidation and cutting, however; there 
have their own set of advantages and limitations. Therefore, wax-printing 
method is suited for fabrication the paper-based sensor because it can 
perform a large number (<100) of paper-based sensors in a single batch [31]. 
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For using wax-printing fabrication, the wax was patterned as a hydrophobic 
wall in hydrophilic paper using a commercially solid wax-printer and hot 
plate. The fabrication process involves two operations including the printing 
patterns of wax on the hydrophilic surface of paper and the melting wax into 
the porous capillary paper to form complete hydrophobic barriers as showed 
in Figure 2.5 [31]. The advantages of this method are easy, rapid, inexpensive 
and particularly well-suited for producing large numbers of patterned paper-
based sensor [32]. 

 

 
 

Figure 2.5 Patterning wax patterned paper-based sensor by wax printing method. (A) 
Schematic of the basic steps (1-3) required for wax printing. (B) Digital image of test 
designs. (C) Images of the test design printed on filter paper (Whatman no. 1) using 
the solid wax printer. (D) Images of the test design after heating the wax [31].  
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2.2.2 Intjet-printing 

Inkjet printing has become a useful and feasible technology in a lot of 
industrial fields for accurately depositing very small quantities (tens of 
picoliters) of materials at defined spots on the surface of a wide variety of 
substrates [33, 34]. Moreover, it is a single step process which does not 
require highly qualified professionals or an important amount of facilities, in 
contrast to photolithography. Inkjet printing is a suitable technology for scale 
industry mass production. Therefore, its time saving, low cost and flexibility 
will probably establish inkjet printing technology as one of the most suitable 
printing technologies in the future [35]. Furthermore, modern inkjet printing 
devices have multiple print heads which are able to print different kinds of 
ink simultaneously, being able to print both the hydrophobic barrier of the 
pattern and the sensor reagent, and, in contrast with other printing 
technologies like plotting, the place, time and quantity of liquid deposition 
can be controlled precisely. In addition, inkjet printing can be used to deposit 
a wide variety of materials, such as inorganic particles or biological species, on 
paper. It becomes a promising alternative technology for the fabrication of 
simple patterned paper-based sensor for simultaneous multi-analyte 
detection [36].  
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Figure 2.6 A) Schematic of the fabrication process of the inkjet-printed microfluidic 
multi-analyte chemical sensing paper featuring microfluidic channels connecting a 
central sample inlet area with three different sensing areas and a reference area. 
Patterning of paper using inkjet etching of poly(styrene) with toluene: (B) outline of 
the printing pattern (interspot distance 150 µm), and inkjet etched pattern colored 
with a color ink to visualize the structure. Fifteen identical patterns were printed 
onto a single 10 cm × 8 cm filter paper [33]. 
 

2.2.3 Screen-printing  

Screen-printing method is a printing technique that uses a woven 
mesh to support an ink-blocking stencil to receive a desired image. The 
attached stencil forms open areas of mesh that transfer ink or other printable 
materials which can be pressed through the mesh as a sharp-edged image 
onto a substrate [37]. Screen-printing is a well-known, inexpensive method for 
printing images on clothing and other everyday materials as well as creating 
electrodes [38, 39]. Printing screens are cheap widely available around the 
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world. To create the patterned paper, wax screen-printing method was used 
to fabricate as showed in Figure 2.7 [40]. Inexpensive wax can be purchased 
anywhere in the world, and is environmentally friendly. Furthermore, the wax 
screen-printing method is accomplished without the use of a clean room, UV 
lamp, organic solvents, or sophisticated instrumentation. This method 
requires only a hot plate (or similar heated surface) making it ideal for 
fabrication of paper-based sensor in developing countries [41].  

 

 
 

Figure 2.7 Schematic diagram of the fabrication step for wax screen-printing method 
[40]. 
 

In addition, the advent of screen-printing technology has opened new 
exciting opportunity to apply electrochemical techniques for environmental 
and clinical analyses for outside a centralized laboratory. Using screen-printing 
technology, the mass production makes screen-printed electrodes (SPEs) with 
consistent chemical performance. Besides the need for controlling the 
chemical nature of the measure media, SPEs may be the most appropriate 
electrochemical sensors for in situ analysis because of their linear output, low 
power requirement, quick response, high sensitivity and ability to operate at 
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room temperature [4, 37]. Moreover, screen-printed carbon electrodes have 
many attractive advantages for ECD including low cost, disposability, flexibility 
in design, ease of chemical modification, and ability to produce with minimal 
outside technology.  

 

 
Figure 2.8 Schematics of (a) side view illustrating the method for manufacturing well 
SPEs, (b) image of a well electrode strip, and (c) a vertical section cut through the 
center of the well containing the coordinate system used for the well electrode 
simulation. [37] 
 
2.4 Electrochemical Detection 

Electrochemical detection has been broadly used and integrated in the 
microfluidic device and sensor. In this detection mode, electrodes are 
electrochemically responsible to investigate the relationship between electrical 
response (current, potential, or charge) and electroactive components of interest.  
This detection method has various outstanding advantages [42, 43] such as  

(i) low cost 

(ii) portable instrumentation 

(iii) high sensitivity 
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(iv) fast operation 

(v) easy to miniaturize 

(vi) low power requirements 

(vii) independence of sample turbidity 

The conventional electrochemical cell consisted of 2 main parts including 
supporting electrolyte and electrode.  The supporting electrolyte is a medium 
containing inert chemical species which do not react with analyte. It usually provides 
a constant ionic strength, low solution resistance, and low electromigration effect 
within the electrochemical cell. 

Electrode is an electrical conductor immersed in the testing solution which is 
required at least 2 electrodes. The working electrode (WE) is used for the 
measurement of electroactive analyte while the reference electrode (RE) serves a 
constant and stable potential. Moreover, the counter electrode (CE) or auxiliary 
electrode (AE) might be additionally used in the electrochemical cell to minimize the 
electrical flowing through the RE. A general redox reaction at electrode surface is 
described as following equation 2.1. 

 R     O +ne- (2.1) 

Where R and O are reduced and oxidized forms of the electroactive species, 
which either are soluble in solution or absorbed on the electrode surface.  The 
relationship between the concentrations of electroactive species and potential can 
be described by Nernst Equation (equation 2.2) [44-46]. 

 E = E0 + 2.3(RT/nF) log (CO/CR) (2.2) 

Where  E0:  Standard potential of the redox reaction 

 R:  Gas constant (8,314 J K-1 mol-1)  
 T: Temperature (Kelvin, K) 
 n: number of electrons 
 F: Faraday constant (96487 C/mol))  
 CO:  Concentration of oxidized form 
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 CR:  Concentration of reduced form 
Moreover, conventional electrochemical cells are divided into 2 types  

(i) Galvanic cell (potentiometric technique) uses a spontaneous reaction 
to provide electrical work which generally refers to “potentiometry”, 
based on the change of electrochemical potential in the 
nonappearance of current state. 

(ii) Electrolytic cell (potentiostatic technique) consumes electrical energy 
from an external source which generally refers to “voltammetry”.  
Voltammetry (a potentiostatic or controlled-potential technique) is 
based on a dynamic (nonzero-current) process which measure the 
resulting current obtained from oxidation/reduction reaction of 
analyte as a function of potential.  Generally, a potentiostat 
instrument is used in this technique to apply a time-dependent 
potential to an electrochemical cell across a couple of electrodes 
[17].  This technique deals with charge transfer process at the 
interface between electrode and solution. An important 
electrochemical information about the thermodynamics and kinetics 
of chemical reactions is obtained which can be used to determine 
and identify an electroactive analyte in testing solution [37].   

In this dissertation, some electrochemical methods were used as an 
electrochemical sensing in the presented sensor platforms such as cyclic 
voltammetry (CV), square-wave voltammetry (SWV), and amperometry.  In addition, 
electrochemical impedance spectroscopy (EIS) was performed to investigate the 
electrochemical characterization of modified electrodes.  Next section attempts to 
give an overview of these techniques. 

2.4.1 Square-wave Voltammetry (SWV) 

Square-wave voltammetry (SWV) is one of the pulse techniques which 
is imposed on a staircase waveform. This SWV method is known for its higher 
electrochemical sensitivity than normal sweeping and other pulse techniques 
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[47].  Figure 2.9 shows the SW potential waveform.  The forward pulse of SW 
is coincident with the staircase step in the time.  The reverse cycle of the SW 
decreases the half way of the staircase step.  The SW peak current is 
measured twice at the beginning and the end of a pulse.  As shown in Figure 
2.9, the resulting curve is termed as square-wave voltammogram.  The SWV 
responses (peak height and width) rely on the main optimization of SW 
parameters including scan rate and staircase step. 

 
 

Figure 2.9 Potential excitation waveforms and output electrochemical responses for 
square-wave voltammetry. 
 

2.4.2 Cyclic Voltammetry (CV) 

Cyclic voltammetry is a common electrochemical method for 
investigating qualitatively electrochemical information (thermodynamics and 
kinetics) of heterogeneous electron transfer reactions and coupled chemical 
reactions of electroactive species. The excitation signal for this method is a 
linear potential sweeping using triangular potential excitation waveforms.  The 
potential of WE is linearly swept in both forward and reverse directions.  As 
shown in the Figure 2.10, the potential is scanned between two potential 
values at a constant scan rate.  When the potential increased to V2, the scan 
is reversed and the voltage is scanned backward to V1 [48]. 
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Figure 2.10 Potential excitation wave forms and output electrochemical responses 
for cyclic voltammetry. 
 

The relationship between current (vertical axis) and potential (horizontal axis) 
is termed as cyclic voltammogram (Figure 2.10).  The influence of currents (anodic 
peak current (ip,a) or cathodic peak current (ip,c)) on scan rate can be explained by 
Randles-Sevick equation (equation 2.3) [48]. 

ip = (2.69 x 105) n3/2 D1/2 ν1/2 A C (2.3) 

Where  n: number of electrons 
 D: diffusion coefficient (cm2 s-1) 
 v: scan rate (mV s-1) 
 A: electrode surface area (cm2) 
 C: concentration (mol cm-3) 

 

In case of reversible redox reaction, a well-defined cyclic voltammogram is 
observed.  The peak separation (∆Ep) between anodic peak potential (Ep,a) and 
cathodic peak potential (Ep,c) is approximately equal to ∆Ep = Ep,a - Ep,c = 59/n.  The 
ratio of cathodic-to-anodic peak current (ip,c/ip,a) is unity approximately.  Moreover, 
the formal potential (EO) value should be centered between Ep,a and Ep,c, related to 
the equation of EO = (Ep,a + Ep,c)/2 . 
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For irreversible reaction, ∆Ep is broadly separated and the reverse peak in the 
cyclic voltammogram might be vanished.  Furthermore, a potential shift is observed 
while the scan rate is changed. 

 

2.4.3 Stripping techniques 

Stripping voltammetry has attached much interest for ultrasensitive detection 
of trace heavy metals and some organic compounds due to its accumulation step to 
preconcentrate electroactive analytes on the electrode surface before stripping step.  
There are at least 2 steps which are preconcentration and stripping steps; 

(i) Accumulation step: electroactive analyte is preconcentrated at the surface 
of electrode by either an anodic, cathodic or an adsorptive process.  

(ii)Stripping step: the potential is scanned in order to strip out the 
accumulated analyte from the electrode surface and then the voltammetric 
response is obtained.   

In case of the deposition potential is hold at appropriate negative potential 
to occur reduction process of analytes on the electrode surface then potential is 
scanned to more positive direction in order to occur the oxidation of deposited 
analytes, this technique is termed as "anodic stripping voltammetry". 

 

2.4.4 Amperometry 

Amperometry is an electrochemical technique which the electrode potential 
is fixed at a constant value, and the result is plotted between current and time.  
Both potential waveform and chronoamperogram are shown in the Figure 2.11, 
respectively.  This technique has been continuously selected to use as an 
electrochemical detector in various flow-based and separation systems.  At 
maintained potential, oxidation or reduction reaction of electroactive species at 
interface between electrode and solution is occurred.  The steady-state current is 
directly proportional to the analyte concentration.  Selectivity is accomplished by 
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the selection of applied potential which can minimize the electrochemical responses 
of background and interference.  The optimization of detection potential is obtained 
by hydrodynamic voltammetry.  The optimal detection potential was found at the 
highest signal/background (S/B) ratio [49]. 

 
Figure 2.11 Potential excitation waveforms and output electrochemical 

responses for amperometry [49]. 
 
2.4.5 Electrochemical Impedance Spectroscopy (EIS) 

The impedance investigation for characterization is generally based on 
electrochemical impedance spectroscopy which involves the study of 
resistive and capacitive properties of materials.  Electrochemical impedance is 
based on the perturbation of a system at equilibrium by applying a sinusoidal 
potential excitation to an electrochemical cell and then measuring the 
current through the cell [50]. 
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Figure 2.12 Response of sinusoidal current in a linear system 
 

The impedance is then represented as a complex number, 

  ( )  
 

 
      (  )    (          ) (2.4) 

The expression for Z () consists of a real and an imaginary part.  The 
real part is plotted on the X-axis while the imaginary part is plotted on the Y-
axis of a chart.  This plot is termed as “Nyquist Plot” as shown in Figure 2.13.  
The impedance can be represented as a vector (arrow) of length |Z|.  The 
angle between this vector and the X-axis, commonly called the “phase 

angle”, is  (=arg Z) [51]. 
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Figure 2.13 Nyquist Plot with Impedance Vector 
 

The Nyquist Plot in Figure 2.13 results obtained from the equivalent 
circuit as shown in Figure 2.14.  The semicircle is characteristic of a single 
"time constant".  Only a portion of a semicircle is often seen [52]. 

 

 
 

Figure 2.14 Simple equivalent circuit with one time constant 
 

2.5 Electrowetting 

Surface tension is an inherently dominant force in the microscale. 
Electrocapillarity, the modification of surface tension by applying an electric field, has 
received renewed attention because of its potential usefulness in microfluidics. 
Pollack et al. demonstrated a microactuator for rapid manipulation of discrete 



 

 

23 

microdroplets by direct electric control of the surface tension [53]. Electrowetting 
was first demonstrated by Berge [54]. The general experiment scheme for 
electrowetting on dielectrics (EWOD) is shown in Figure 2.15.  

 

 
 
Figure 2.15 Open EWOD experiment. A) amp meter; B) power supply; C) 

digital camera. 
 
For electrowetting on Dielectric (EWOD), an externally added electrostatic 

charge may significantly modify the capillary forces at an interface. The notion of 
electrical control of surface tension, electrocapillary or electrowetting is quite 
attractive for microdevices because of its inherent effectiveness in microscale and 
simplicity in implementation. The configuration of the electrode is covered with a 
thin insulating film as illustrated in Figure 2.16. When an electric voltage is applied, 
the electric charge changes free energy on the dielectric surface, inducing a change in 
wettabilty on the surface and contact angle of the droplet. This phenomenon, which 
we name electrowetting on dielectric (EWOD), has an excellent reversibility with 
many kinds of dielectric layers compared to the conventional electrowetting, where 
liquids contact the conductive surface directly [15]. 
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Figure 2.16 Principle of electrowetting on dielectric (EWOD). (a) Schematic 

configuration. (b) Pictures of basic EWOD demonstration [55]. 

 

2.6 Biomarker 

Biomarker is a biological or chemical molecules that were found in blood and 
other body fluids, or tissue that is sign of a condition or disease. In this works, 
cholesterol, dopamine, uric acid and heavy metal (e.g. Zn (II), Pb (II) and Cd (II)) were 
selected as the biomarkers. 

2.6.1 Cholesterol  

Cholesterol is a one of the most important of biomarkers for 
cardiovascular disease and high blood pressure. Cholesterol and its fatty acid 
esters are one of the main constituents of mammalian cell membrane and 
are precursors of other biological materials, such as bile acid and steroid 
hormones. For its regular estimation, development of a biosensor, which 
allows convenient and rapid determination are under active research and 
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development. Enzymatic biosensor in the presence of cholesterol oxidase 
enzyme is normally used for clinical determination of cholesterol.  

 

 
 
Figure 2.17 Pathway of cholesterol oxidase enzyme reaction [56] 
 

The conventional method for cholesterol detection is 
spectrophotometry [10, 11]; however, this method is neither low-cost nor 
suitable for rapid analysis because of its complicated principle. Many 
electrochemical biosensors have been developed for more sensitive and 
selective detection of cholesterol by using nanocomposites of metal 
nanoparticles [28, 30, 31] and carbon based nanomaterial [29, 30]. Ahmad et 
al [28] developed a highly sensitive amperometric biosensor based on Pt-
incorporated fullerene-like ZnO hybrid nanospheres. Pt-ZnO nanospheres 
(PtZONS) with diameters in the range 50-200 nm have been successfully 
synthesized by electrodeposition on a glassy carbon electrode (GCE). The 
PtZONS/GCE was functionalized with ChOx by physical adsorption. 
Nafion/ChOx/PtZONS/GCE-based biosensor exhibits a very high and 
reproducible sensitivity of 1886.4 mA M-1 cm-2 to cholesterol with a response 
time less than 5 s and a linear range from 0.5 to 15 µM. These electrodes 



 

 

26 

show that the PtZONS not only enhance the sensitivity to cholesterol but it 
also help to eliminate the interferences at low applied potential. 

Dey et al [57] developed a highly sensitive amperometric biosensor 
based on hybrid material derived from nanoscale Pt particles (nPt) and G for 
the detection of H2O2 and cholesterol. This hybrid material modified 
electrode efficiently catalyzes the electrochemical oxidation of H2O2 at the 
potential of 0.4 V. The cholesterol biosensor was developed by immobilizing 

ChOx and ChEt on the surface of GnPt. The bienzyme integrated 
nanostructure electrode is very sensitive, selective and fast response toward 
cholesterol. The sensitivity and limit of detection of this electrode toward 

cholesterol ester are 2.070.1 µA (µM cm)-1 and 0.2 µM, respectively. This 
sensor does not suffer from the interference due to other common 
electroactive species and this system is highly stable.  

 

 
 

Figure 2.18 Scheme illustrating the biosensing of cholesterol ester with the GNS-nPt-
based biosensor [57]  
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The nanocomposite of poly-(diallyldimethyl-ammonium chloride) with 
nanoparticles of gold and multiwall carbon nanotubes was developed by 
Eguílaz [58] to improve response for H2O2 and cholesterol detection. This 
electrode exhibits cholesterol responded in the range of 0.02–1.2 mM with 
sensitivity of 2.23 µA mM-1 and a limit detection of 4.4 µM. Moreover, the use 
of Nafion thin film to minimize the effect of potential interferences including 
ascorbic acid and/or uric acid in real samples.  

 
Figure 2.19 Schematic of the steps involved in the preparation of the 
ChOx/AuNPs/PDDA/MWCNTs/GCE biosensor [58]. 

 

To measure the free and total cholesterol, Manjunatha [29] fabricated 
a cholesterol oxidase (ChOx) and choleserol esterese (ChEt) enzymes 
immobilized on functionalized graphene (FG) modified graphite electrode 
(FG/Gr) electrode. For the free cholesterol, ChOx-FG/Gr exhibited sensitive 
response in a range of 50 to 350 mM with a detection limit of 5 mM. For the 
total cholesterol determination, ChEt/ChOx-FG/Gr electrode showed the 
linear range from 50 to 300 mM with a detection limit of 15 mM. The 
interferences such as glucose, ascorbic acid and uric acid did not affect the 
desired signal due to the use of a low operating potential. Thus this electrode 
exhibits good electrocatalytic activity for H2O2 determination. The 
classification of cholesterol in the human blood is shown in Table 2.1.  



 

 

Table 2.1 Classification of total cholesterol level in the blood [58]. 
 

Level 

(mgdL-1) 

Level  

(mmolL-1) 
Interpretation 

< 200 < 5.0 Desirable level corresponding to 
lower blood cholesterol 

200 to 239 5.2 to 6.2 Borderline high blood cholesterol 

> 240 > 6.2 High blood cholesterol 

 

2.6.2 Glucose 

Glucose is a major source of energy for most cells of the body, 
including brain cells. To detect glucose level in human blood, the enzymatic 
assay was usually used by immobilized the enzyme glucose oxidase (GOD) on 
to the surface of working electrode by physically trapping or chemical 
interaction. The enzyme activity changes depending on the surrounding 
oxygen concentration. Glucose was reacted with GOD to form gluconic acid 
while producing two electrons and two protons, thus reducing GOD. The 
reduced GOD, surrounding oxygen, electrons and protons (produced above) 
react to form hydrogen peroxide and oxidized GOD (the original form). This 
GOD can again react with more glucose. The higher the glucose content, 
more oxygen is consumed. On the other hand, lower glucose content results 
in more hydrogen peroxide. Hence, either the consumption of oxygen or the 
production of hydrogen peroxide can be detected by electrochemical 
detection and can serve as a measure for glucose concentration. 

 

http://en.wikipedia.org/wiki/Milligram
http://en.wikipedia.org/wiki/Decilitre
http://en.wikipedia.org/wiki/Mole_(unit)
http://en.wikipedia.org/wiki/Litre
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2.6.3  Dopamine and uric acid 

Dopamine with IUPAC nomenclature 4-(2-aminoethyl)benzene-1,2-
diol, structure given in Figure 2.18, is one of the most neurotransmitter that 
helps control the brain's reward and pleasure centers. Dopamine also helps 
regulate movement and emotional responses, and it enables us not only to 
see rewards, but to take action to move toward them.  

 

 
 

Figure 2.20 Chemical structure of dopamine [59] 
 

In normal health of human, dopamine is found around 50 nmol g−1 in 
the brain and at 0.01–1 µM in extracellular fluids. Abnormal levels of 
dopamine are related to neurological disorders, such as Parkinson’s disease 
[60], Alzheimer’s disease [61], Attention-Deficit Hyperactivity Disorder [62], and 
Huntington’s disease [63]. Previously, various methods have been used for DA 
detection including liquid chromatography [64, 65], capillary electrophoresis 
[66, 67], electrogenerated chemiluminescence [68, 69] and mass 
spectrometry [70]. However, these methods are expensive, generally time-
consuming, require expensive instrumentation, and can only be carried out in 
the laboratory. 

Uric acid (UA: 2,4,6-trihydroxypurine) is an end product from purine 
derivatives in human metabolism), It is a biologically important primary 
product of purine metabolism in body fluids [71]. The normal level of uric 
acid in serum is between 240 and 520 µM and 1.4 and 4.4 mM in urinary 
excretion [72]. Abnormal levels of the UA concentrations in blood is sensitive 

https://www.psychologytoday.com/basics/dopamine-0
http://www.sciencedirect.com/science/article/pii/S0039914012003943#f0005
https://www.psychologytoday.com/basics/neuroscience
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indicators of certain pathologic states, including gout, xanthinuria, 
hyperuricemia, renal failure, toxemia during pregnancy, etc. [73, 74]  

 

 
 

Figure 2.21 Chemical tructure of Uric acid 
 

Over the past decades, many researchers have been developed the 
method for simultaneous detection of dopamine (DA) and uric acid (UA). The 
electrochemical method has been considered as a simple, rapid, sensitive 
and good stability approach for detection of the dopamine and uric acid due 
to their electrochemical activities [75-77]. The main problem for simultaneous 
detection of dopamine and uric acid in biological fluids is their oxidation 
potentials are rather close to each other [76-78], resulting in overlapping of 
the oxidation peaks on traditional electrodes and the interfering from ascorbic 
acid. Therefore, it is very important to develop the sensitive and selective 
biosensors for the simultaneous detection of DA, and UA in complex 
biological fluids such as blood, serum and urine  
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Figure 2.22 A) Paper-based analytical device for determination of dopamine levels in 
biological [78] and simultaneous detection of ascorbic acid, dopamine and uric acid 
using B) reduced graphene oxide and Au nanoplates modified glassy carbon 
electrode [75] and C) reduced graphene oxide modified electrode [76] 

 

2.6.3  Heavy metals 

Heavy metals are commonly contaminated in the environment and 
have long been recognized as a significant threat to human health [79, 80]. 
Being able to determine metal concentrations in biological fluids such as 
blood, serum, or urine is of considerable interest in clinical diagnosis because 
the presence heavy metals, in moderate quantities, is integral for living 
organisms, but abnormal levels can lead to serious problems [9]. Zn, an 
essential trace metal, is required for normal function of multiple enzymes, 
hormones, and transcription-related factors [81, 82]. Public health studies 
have consistently demonstrated abnormally low zinc levels in critically ill 
patients as inflammation and infection are associated with reduced serum 
levels of zinc [83, 84]. Normally, Zinc (Zn) in human body in the range of 2-3 
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g, and 90% is found in muscle and bone. Other organs such as liver, 
gastrointestinal tract, kidney, skin, lung, brain, heart and pancreas contain 
concentration of Zn [85]. Cadmium is a naturally occurring metal often used 
in industrial processes that has the potential to cause kidney, liver, bone, and 
blood damage [86-88]. In addition, Pb concentrations in blood as low as 10 

µg dL1 have been consistently associated with deficit in IQ and academic 
achievement [89].  

 

 
Figure 2.23 The effect of Zn intoxication  [85] 



 

 

CHAPTER III 
EXPERIMENTAL 

This chapter has separated into 3 parts of the detection of biomarkers 
including cholesterol, heavy metals and multi-detection (e.g. glucose, dopamine and 
uric acid). It has provided the information of chemical and materials, instruments and 
equipment and sample preparation.  

 

3.1 Novel Paper-Based Cholesterol Biosensor Using Graphene/ 
Polyvinylpyrrolidone/Polyaniline Nanocomposite 

3.1.1 Chemicals and materials  

Filter paper grade No. 1 (size, 46 x 57 cm2) purchased from Whatman 
was reduced to letter size. Carbon ink (Electrodag PF-407 C) was obtained 
from Acheson Colloids Company (Port Huron, MI) and silver/silver chloride ink 
(Ag/AgCl ink) was purchased from Gwent group (Torfaen, United Kingdom). 
Graphene (G) nanopowders were purchased from SkySpring Nanomaterials, 
Inc (Houston, TX). Cholesterol and cholesterol oxidase from Streptomyces sp. 

(418 U mg1, ChOx), sodium dodecyl sulfate (SDS), polyoxyethylene octyl 
phenyl ether (Triton X-100), camphor-10-sulfonic acid (CSA), polyaniline 

(PANI), polystyrene (Mw180,000; PS), poly (vinyl pyrrolidone) (Mw=10,000; 
PVP) and trichloroacetic acid (TCA) were obtained from Sigma (St. Louis, MO). 
Dimethylformamide (DMF), potassium dihydrogen phosphate (KH2PO4) and 
chloroform were purchased from Carlo Erba Reagenti-SDS (Val de Reuil, 
France). Disodium hydrogen phosphate (Na2HPO4), potassium chloride (KCl), 
and sodium chloride (NaCl) were purchased from Merck (Darmstadi, 
Germany). All solutions were prepared by using high-purity water from Milli-Q 

Water System (Millipore, USA, R ≥18.2 M cm1). Phosphate buffered saline 
(PBS) was prepared by dissolving 0.144% (w/v) Na2HPO3, 0.024% (w/v) KH2PO4, 
0.02% (w/v) KCl, 0.8% (w/v) NaCl in high-purity water. All chemicals were used 
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as received without further purification. A stock solution of cholesterol was 
prepared in 5% (w/v) of Triton X-100 and high-purity water and then stored at 

4 ◦C. A stock solution of ChOx was freshly prepared in PBS [90]. For the 
detection of the cholesterol in a real biological sample, lyophilized human 
serum (CONSERA), obtained from Nissui Pharmaceutical, was used (Tokyo, 
Japan).  

 

3.1.2 Apparatus 

All electrochemical measurements, including cyclic voltammetry and 
amperometry, were performed on a CHI 1232A electrochemical analyzer (CH 
Instruments, Inc., USA). A three electrode system was used for all 
measurement. The 4 mm in diameter of screen-printed carbon as a working 
electrode was modified by G/PVP/PANI. An in-house electrospraying system 
was used for the modification of working electrode. A JSM-6400 field emission 
scanning electron microscope (Japan Electron Optics Laboratory Co., Ltd, 
Japan) with an accelerating voltage of 15 kV and a JEM-2100 transmission 
electron microscope (Japan Electron Optics Laboratory Co., Ltd, Japan) were 
used for the electrode surface characterization. 

 

3.1.3 Fabrication of paper-based biosensor 

Paper-based biosensor was fabricated by using wax-printing method 
according to a previous report [6]. First, the patterned paper-based biosensor 
was designed by Adobe Illustrator and then printed onto filter paper 
(Whatman no. 1) using a wax printer (Xerox Color Qube 8570, Japan). Next, 
the printed paper-based biosensor was placed on a hot plate at 175 °C for 40 
s to melt the wax. The area covered with wax was hydrophobic, and the area 
without wax was hydrophilic. The block screen was designed with Adobe 
Illustrator software and fabricated by Chaiyaboon Co. (Bangkok, Thailand). For 
three electrode system of the paper-based biosensor, a working electrode 



 

 

35 

(WE) and a counter electrode (CE) were screen-printed in-house using carbon 
ink. Silver/silver chloride (Ag/AgCl) ink was used as a reference electrode (RE) 
and a conductive pad.  

 

3.1.4 Electrospraying fabrication of G/PVP/PANI nanocomposites 
modified paper based biosensor 

To modify working electrode using G/PVP/PANI nanocomposites, PANI 
was firstly doped with CSA to generate a conductive form of PANI and 
dissolved in chloroform [91]. Then the stock solution of PVP was prepared by 

dissolving of 2 mg mL1 of PVP in DMF and stirring for 10 min at a room 

temperature. G dispersion was prepared by the adding 2 mg mL1 of G into 
the stock solution of PVP and sonicating for 6 h at room temperature. After 
that, the solutions of PANI and G/PVP were mixed together, and 0.1% (v/v) PS 
was added into G/PVP/PANI solution. An electrospraying system consists of 
syringe pump, high-voltage power supply, ground collector, syringe and 
stainless-steel needle. During electrospraying, the CE and RE, were covered 
with masks to prevent the electrode modification. The G/PVP/PANI 
nanocomposite solution was mixed thoroughly in a syringe, and a high 
voltage was applied to the solution. The nanocomposite solution was 
electrosprayed onto the WE of a paper-based biosensor attached to a ground 

collector on a rotating drum. The flow rate was controlled at 1.0 mL h1, the 
distance between the needle tip and ground collector was fixed at 5 cm, and 
the applied high voltage was 6 kV.  

 

3.1.5 Electrochemical measurement 

A three-electrode system fabricated on a paper-based biosensor was 
used throughout the experiment. To control all electroanalytical 
measurements, a potentiostat (CHI 1207A, CH Instruments, Austin, TX) was 
used. For the cyclic voltammetric measurements, the potential was scanned 
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from 0.3 V to +0.8 V for a standard [Fe(CN)6]
3−/4− detection and +0.2 V to 

+1.0 V for H2O2 detection. Hydrodynamic voltammogram was employed to 
optimize the detection potential for H2O2 in a range of +0.2 to +0.8 V. The 
standard solution of H2O2 was dropped in the paper-based device and the 
current measured at a fixed time with different potentials. For the cholesterol 

detection, the volume of 418 U mL1 ChOx enzyme was investigated 
between 0.1 and 1.0 µL. Prior to the detection of cholesterol, an optimum 
volume of ChOx enzyme was drop-cast and dried onto the surface of the 
G/PVP/PANI-modified electrode, and amperometry was performed at an 
optimum detection potential. After that, the anodic current was recorded at 
the steady state current for 100 s.  

 

3.1.6 Preparation of human serum  

Prior to measure cholesterol in standard human serum, 3.0 mL of high 
purity water was added to the lyophilized human serum, and then the 
proteins in the serum were precipitated using TCA method [92]. To precipitate 
protein, 200 µL of human serum, 50 µL of standard cholesterol at different 
concentration, and 250 µL of 10% (w/v) TCA were mixed together by 
vortexing for 5 min. Then, the mixed solution was centrifuged at 6000 rpm 
(Cole-Parmer, USA) for 10 min and the supernatants were kept for further 
analysis. All samples were analyzed on paper-based sensors using 
amperometry. 

 

3.2 Sensitive Electrochemical Sensor using a Graphene-Polyaniline 
Nanocomposite for Simultaneous Detection of Zn(II), Cd(II), and Pb(II) 

3.2.1 Materials and Methods 

The standards solutions of the all metals including Zn(II), Cd(II), Pb(II) 
and Bi(III) were purchased from Sigma-Aldrich (St. Louis, MO). Potential 
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interferences including Mn(II) standard solution, cobalt(II) chloride, iron(III) 
chloride hexahydrate, copper(II) sulfate pentahydrate and nickel(II) sulfate 
hexahydrate were obtained from Sigma-Aldrich (St. Louis, MO). For 
electrochemical detection, carbon ink (E3178, Ercon Incorporated, Wareham, 
MA) and graphite powder (diameter <20 µm, Sigma-Aldrich, St. Louis, MO) 
were used as electrode materials. Graphene (G) nanopowders (SkySpring 
Nanomaterials, Inc, Houston, TX), aniline monomer and polyvinylpyrollidone 

(PVP) from Sigma-Aldrich, (St. Louis, MO), Nafion and trimethylsilylated from 
Aldrich Chem. Co. (Milwaukee, WI) and N,N-dimethylformamide (DMF) (Carlo 
Erba Reagents, Milano, Italy) were used for electrode modification. The 
transparency film and filter paper (Grade one) used for electrode fabrication 
were purchased from Apollo Presentation Products (Booneville, MS) and GE 
Healthcare Bio-Sciences (Pittsburgh, PA), respectively. Sodium acetate and 
glacial acetic acid were obtained from Fisher Scientific (Pittsburgh, PA). Milli-Q 

water from Millipore (R ≥ 18.2 M cm−1) was used throughout this 
experiment. All chemicals were used as received without further purification. 
For the determination of Zn(II), Cd(II) and Pb(II) in complex biological sample, 
lyophilized human serum (CONSERA), obtained from Nissui Pharmaceutical, 
was used (Tokyo, Japan). 

 
3.2.2 Apparatus 

All electrochemical measurements, including cyclic voltammetry (CV) 
and square-wave anodic stripping voltammetriy (SWASV), were performed on 
a CHI 660B electrochemical analyzer (CH Instruments, Inc., USA). A three 
electrode system was used and the working electrode was a G/PANI 
nanocomposite modified screen-printed carbon electrode (3 mm in 
diameter). An in-house electrospraying system was used for the electrode 
modification. A 3.0 mL plastic syringe with a 26 G blunt tip needle was loaded 
with composite solution and inserted into a variable speed syringe pump 
(Kent Scientific Corp., Torrington, CT, U.S.A.) with a flow rate of 3.0 mL h−1. 
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Various potentials were applied via a high-voltage power supply (Gamma High 
Voltage Research, Ormond Beach, FL, U.S.A.). A JSM-6400 field emission 
scanning electron microscope (Japan Electron Optics Laboratory Co., Ltd, 
Japan) with an accelerating voltage of 15 kV and Fourier transform infrared 
spectroscopy (Nicolet 6700) instrument from Nicolet, USA with a frequency of 
400−4000 cm−1 using TGS detector (32 scans at resolution 4 cm−1) were used 
for the electrode characterization. 

 
3.2.3 Preparation of G/PANI nanocomposite 

A synthetic process of G/PANI nanocomposite was started by 
dissolving of1.0 g aniline monomers in 1.0 mL concentrated HCl and then 
adding distilled water to obtain a total volume of 10.0 mL (solution I). Next, G 
was added into a solution I and sonicated for 2 hr to obtain a dispersed G in 
aniline monomer solution. For the solution II, 0.8 mL concentrated HCl, 1.0 g 
ammonium persulfate (APS), and 2.0 g PVP were dissolved in distilled water 
to obtain a total volume 90.0 mL. Then, solution II was cooled in an ice–
water bath for 30 min. After that, solution I was added into solution II under 
vigorous stirring and the mixture solution was continuously stirred for 4 h to 
obtain precipitated powder. Finally, the precipitated powder was filtrated and 
washed with distilled water and ethanol until the filtrated solution became 
colorless and then precipitated powder on filter paper was dried overnight in 
an oven at 65 ºC. To confirm that G/PANI was completely doped with HCl, 
the dried powder was re-dispersed in 0.1 M HCl under ultrasonication for 30 
min and collected by filtration and drying [93]. The G/PANI preparation is 
shown in Scheme 3.1A. 

 

3.2.4 Fabrication of electrochemical sensors 

The electrochemical sensor was fabricated using a screen-printing 
method according to a previous report with slight modification [6]. The design 
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of electrode was firstly created by Adobe Illustrator software and fabricated 
using screen-printing method. For electrochemical sensor on paper substrate, 
a patterned paper was created on filter paper (Whatman no. 1) by printing 
the solid wax onto filter paper using a wax printer (Xerox Color Qube 8870, 
Japan). Next, the wax patterned on the filter paper was melted at 200 °C for 
120 s using hot plate for constructing hydrophobic barriers and hydrophilic 
channels. Then, patterned paper was used to fabricate the three electrode 
system by screen-printing method. All electrode including working electrode 
(WE), counter electrode (CE), and pseudo reference electrode (RE) and 
conductive pad were screen-printed in-house using carbon ink on 
transparency film and filter paper. Then, the screen-printed electrode was 
placed into an oven at 65 ºC for 30 min to remove the solvent [11]. Finally, 
the laser printed of 6 mm diameter hole of packing tape was placed onto a 
transparency film based device in the middle of sample reservoir to control 
the area of electrode. For paper-based device, the back side of device was 
covered with clear packing tape. The fabrication of electrochemical sensor 
using filter paper and transparency film is shown in Scheme 3.1B. 

 
3.2.5 Electrode modification using G/PANI nanocomposite by casting 

and electrospraying 

Firstly, G/PANI nanocomposite was dispersed in PVP solution prepared 

by dissolving of 2 mg mL1 of PVP in DMF. Then, G/PANI solution was 
sonicated using probe sonicator for 2 h at room temperature, and 0.1% (v/v) 
PS was added into G/PANI solution. For electrode modification by casting, 1.0 
µL of the dispersed solution of G/PANI was directly dropped onto working 
electrode surface, and allowed it to dry completely at room temperature for 
10 min. An electrospraying system consisting of syringe pump, high-voltage 
power supply, ground collector, plastic syringe and stainless-steel needle was 
used to modify electrode. G/PANI nanocomposite solution was mixed 
thoroughly in a syringe, and 14.0 kV of high voltage was applied to the 
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solution. During the electrospraying, the CE and RE were covered with 
aluminium foil as a mask to prevent the G/PANI solution in electrospraying 
system. Then, G/PANI solution was sprayed onto the working electrode of 
electrochemical sensor attached to a ground collector on a collector. The 

flow rate was controlled at 3.0 mL h1 with 5 cm of the distance between 
the needle tip and electrode on the colletor. For the detection of heavy 
metal including Zn(II), Cd(II) and Pb(II), 1.0 µL of Nafion, which is permeable to 
metal ions, was coated onto G/PANI nanocomposite modified electrode to 
pre-concentrate metal ions. Electrochemical sensor modifications using 
G/PANI nanocomposite by casting and electrospraying are shown in Scheme 
3.1C. 

 
3.2.6 Electrochemical measurement 

Electrochemical performance of the sensors was studied by cyclic 
voltammetry (CV) and square-wave anodic stripping voltammetry (SWASV). 
The three-electrode system fabricated on a transparency film and filter paper 
was used throughout the experiment. A potentiostat (CHI 660B, CH 
Instruments, Austin, TX) was used to control all electroanalytical 
measurements. For the cyclic voltammetric measurements of a standard 

[Fe(CN)6]
3−/4−, the potential was scanned from 0.8 V to +0.7 V with a scan 

rate of 100 mV s1.  SWASV was used for the detection of Zn(II), Cd(II) and 
Pb(II) after dropping 50.0 µL of standard metals and 2.5 µL of 10.0 ppm Bi(III) 
in 0.1 M acetate buffer pH 4.5 onto the three electrode system. In the 
accumulation step, Zn(II), Cd(II) and Pb(II) with the concentration range of 

25.0200.0 µg L1  was accumulated on electrode surface by applying the 

deposition potential of 1.6 V for 240 s and 0.5 ppm Bi(III) in situ. After 5 s of 
equilibration time, square-wave voltammograms with a frequency of 10 Hz, a 
step potential of 5 mV, and pulse amplitude of 25 mV were recorded from 
−1.8 V to 0 V.  
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3.2.7 Preparation of human serum  

Prior to analysis, 3.0 mL of high purity water was added to the 
lyophilized human serum purchased from Nissui Phar-maceutical Co., Ltd. 
(Tokyo, Japan). For the detection of heavy metals, human serum was diluted 
in a 1:10 ratio with 0.1 M sodium acetate buffer (pH 4.5). According to the 
product information, the human serum is a complex biological environment, 
but it does not contain any heavy metal. Thus, standard addition method was 
used to determine the amount of heavy metals.  

 
 

Scheme 3.1 The schematic drawing of A) the preparation procedure for the G/PANI 
nanocomposite, B) the fabrication of electrochemical sensor and C) modification 
methods (electrospraying and casting) for electrochemical sensor. 
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3.3 Active Paper Chips for Electrochemical Multiprobe Detections 

3.3.1 Paper chips fabrication 

CNT ink was prepared by mixing the CNT with dispersion agent as a 
non-ionic surfactant with a naphthyl group and used kinetic ball milling. The 
details of CNT ink fabrication are described in Kwon et al. [94]. The CNT ink 
was printed on a photo paper using an office inkjet printer (model: EPSON 
Stylus T10), and the patterned electrodes was designed by Adobe Flash 
graphic software. After printed CNT electrode, dielectric parylene-C film 
(Sigma-Aldrich, 1-µm thick) was deposited on paper chip device using 
chemical vapor deposition method, and then a hydrophobic film of 
amorphous Teflon (AF 1600, DuPont, 200-nm thick) was coated by spin-
coating using 2000 rpm for 30 s. The paper chip devices were then baked at 
170 °C for 30 minutes. Finally, 3 µL of silicone oil (Sigma-Aldrich) with a kinetic 
viscosity of 10 cSt was spin-coated at 2000 rpm for 30 s onto a paper chip 
with an estimated thickness of approximately 500 nm. The silicone oil is a 
siloxane polymer with organic CH3 side chains that was used as a lubricant for 
adjusting the surface tension of the paper chips. 

 
3.3.2 Screen-printed carbon electrode 

Electrodes were screen-printed according to the previous methods, 
with slight modifications. [11] Electrode designs were created with computer-
aided design software (Adobe Illustrator). Three electrodes of the sensor were 
screen-printed in-house on PET substrate using carbon or cobalt (II) 
phthalocyanine ink as a working electrode (WE) and counter electrode (CE). 
Silver/silver chloride (Ag/AgCl) ink was used as the reference electrode (RE) 
and conductive pads.  The screen-printed electrode was dried at 60 °C for 30 
min for removing any remaining solvent. For dopamine and uric acid 
detection, 1 µL graphene oxide ink from Korea Atomic Energy Research 
Institute (KAERI) was coated on a carbon electrode, and then was reduced to 
form of graphene via cyclic voltammetry in 0.01 M PBS buffer (pH 3). 
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Moreover, reduced graphene oxide electrode was modified by deposition of 
gold nanoparticles. 

 

3.3.3 Apparatus 
All electrochemical measurements, including cyclic voltammetry (CV), 

amperometry and square wave anodic stripping voltammetry (SWASV) were 
performed using a SP200 BioLogic electrochemical analyzer (Biologic science 
instrument, France). A three electrode system was used, and working 
electrodes with 2 mm diameter were CoPc and Au/rGO modified SPCEs. In 
general, the CV measurements were performed over a potential range from 
−1.25 to +1.25 V at a scan rate of 100 mV s−1 for standard [Fe(CN)6]

3−/4−. The 
amperometry measurements of glucose were performed by applied +0.4 V as 
a detection potential for 120 s. The optimal parameters for SWASV 
measurement were found in preliminary trials (data not shown) to be a pulse 
amplitude of 30 mV, pulse width of 35 ms, square wave frequency of 50 Hz, 
and a step height of 5 mV for scanning the potential between −0.3 V and 1.0 
V (vs. Ag/AgCl). These parameters were used throughout DA and UA 
measurement. 

 
3.3.4 Electric System for Drop Actuation 

Keithley 2400 and 2702 units were used as an electric power source 
and the multiflex relay, respectively, for switching the power to the each 
electrode printed on the paper. 

 
3.3.5 Preparation of human serum 

Lyophilized human serum from Sigma (St. Louis, MO) was used for 
analysis of the analyte (glucose, DA and UA) in complex biological sample. 
Prior to use, 5.0 mL of DI water was added to the lyophilized human serum. 
To precipitate protein in serum, trichloroacetic acid (TCA) was used by mixing 
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200 µL of human serum, 50 µL of the mixture of standard glucose, DA and UA 
at different concentrations, and 250 µL of 10% (w/v) TCA, and then the 
solutions were completely mixed using vortex for 5 min [78]. After that, the 
mixture solutions were centrifuged at 6000 rpm (Cole-Parmer, USA) for 10 
min, and the supernatants were kept for further analysis. All samples were 
analyzed using APOC coupled with CoPc and Au/rGO modified electrode. 
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CHAPTER IV 
RESULTS AND DISCUSSION 

4.1 Novel Paper-Based Cholesterol Biosensor Using Graphene/ 
Polyvinylpyrrolidone/Polyaniline Nanocomposite 

4.1.1 Optimization electrospraying parameters for Graphene/ 
Polyvinylpyrrolidone/Polyaniline Nanocomposite (G/PVP/PANI) modification 

For electrospraying, the effect of applied voltage, spraying time and 
G/PANI ratio on the electrochemical conductivity of modified electrodes were 
investigated and carefully optimized.  

4.1.1.1 The effect of voltage for electrospraying 

The applied voltage is an important parameter affecting the 
morphology of G/PVP/PANI on modified electrode. The surface of 
G/PVP/PANI modified electrode with different applied voltage was 
characterized by SEM as shown in Figure 4.1A-D. The results showed 
that when increasing the applied voltage, the morphology of 
G/PVP/PANI on electrode surface become less uniform. The droplet-
like structure was observed when using 6 kV as an applied voltage. 
Moreover, the currents of 1 mM standard [Fe(CN)6]

3−/4− with different 
applied voltage in a range of 6 to 12 kV were investigated by of cyclic 
voltammetry. As shown in Figure 4.1E, the anodic current rapidly 
decreased with increasing the applied voltage from 6 kV to 10 kV; 
after that the current became constant. Therefore, 6 kV was selected 
as an optimized applied voltage for electrospraying fabrication. 
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Figure 4.1 SEM images of G/PVP/PANI nanocomposite-modified electrodes using 
electrospraying method at different applied voltage, (A) 6 kV, (B) 8 kV, (C) 10 kV, and 
(D) 12 kV and E) anodic current response of 1 mM standard [Fe(CN)6]

3−/4− measured on 
different applied voltage. 
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4.1.1.3 The ratio of G/PANI for modified carbon electrode  

Figure 4.2 shows the effect of G/PANI ratio for increasing the 
conductivity of modified electrode for 1 mM standard [Fe(CN)6]

3−/4− 
detection. The G/PANI ratio was optimized by fixing G ratio and varying 
PANI ratio from 0.5 to 5. It was found that the anodic current of 1 mM 
[Fe(CN)6]

3−/4− increased rapidly when increasing the G/PANI ratio from 
1:0.5 to 1:1. However, the anodic current tends to decrease once the 
G/PANI ratio is increased above 1:1. The decreasing in anodic current 
was probably caused by agglomeration of G within the 
nanocomposites. Therefore, 1:1 as a G/PANI ratio was selected as an 
optimized G/PANI ratio for further study. 

 
Figure 4.2 A) The effect of ratio of G/PANI on anodic current of 1 mM [Fe(CN)6]

3−/4− at 
different G/PANI ratio (1:0.25, 1:0.5, 1:0.75, 1:1, and 1:1.5); condition, scan rate 100 mV 

s1. 

4.1.1.4 The effect of collecting time  

For the collection time of electrospraying, G/PANI 
nanocomposite solutions were collected on different screen-printed 
carbon electrodes for a time period ranging from 5 to 25 min. The 
cyclic voltammetry of 1 mM standard [Fe(CN)6]

3−/4− was used to 
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investigate the electrochemical sensitivity of each modified electrode. 
The anodic peak currents obtained using different collection time for 
each of the modified electrodes indicated that the highest 
electrochemical response was achieved at 5 min collection time 
(Figure 4.3). The anodic peak currents decreased for longer collection 
times. This decrease in current was probably caused by the 
agglomeration of G in nanodroplet on the electrode surface. 

 
 

 
 
 
 
 
 
 
 
Figure 4.3 Cyclic voltamograms of 1 mM [Fe(CN)6]

3−/4− at different collection times 
between 5 min and 25 min  

 
4.1.2 Characterization of G/PVP/PANI nanocomposites modified paper-

based biosensor 

In this study, electrospraying technique was selected for electrode 
modification to increase the surface area of working electrode. 6 kV of 
applied voltage, 5 min of spraying time, and 1:1 of G/PANI ratio were selected 
as optimized parameters. The surface morphology of G/PVP/PANI modified 
electrode on a paper substrate was characterized by scanning electron 
microscopy (SEM). Interestingly, the droplet-like structures as a three 
dimensional of G/PVP/PANI can be uniformly generated on paper electrode 
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and the average size of each droplet was found to be 160±1.02 nm as shown 
in Figure 4.4A. In addition, to indicate a well dispersion of G without severe 
aggregation inside the nanocomposites, TEM and the electron diffraction 
pattern of G were characterized as shown in Figure 4.4B and inset of Figure 
4.4B, respectively. The electron diffraction pattern of G matched very well 
with the previous report ([95]) confirming that G in droplet was well 
dispersed.  

 

 
 

Figure 4.4 A) SEM and B) TEM images of G/PVP/PANI nanocomposite modified 
electrodes with an electron diffraction pattern of G (inset of 4.4B). 
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To prepare the nanocomposite of G/polymer, other than PANI 
conducting media, PVP and PS were selected as graphene stabilizer and 
carrier polymer for electrospraying, respectively. To investigate the electron 
transfer process, cyclic voltammetry was performed on different electrodes 
including G/PVP/PANI, G/PANI, PANI and unmodified carbon electrodes using 
[Fe(CN)6]

3−/4− as a redox probe.  As shown in Figure 4.5, the anodic and 
cathodic peak currents of [Fe(CN)6]

3−/4− show the well-defined peaks for all 
electrodes. The highest anodic and cathodic peak currents of [Fe(CN)6]

3−/4− 
were observed on G/PVP/PANI modified electrode (green line) indicating the 
high sensitivity of the system. The peak currents gradually decrease for 
G/PANI, PANI and unmodified carbon electrode, respectively. Compared to 
PANI modified electrode (purple line), incorporation of G into the 
nanocomposites can increase both anodic and anodic peak currents of 
[Fe(CN)6]

3−/4− (red line). Interestingly, the peak-to-peak potential separation 

(ΔEp) of [Fe(CN)6]
3−/4− measured on G/PANI modified electrode (ΔEp = 0.155; 

red line) significantly decreases when compared to ΔEp of 0.508 obtained 
from PANI modified electrode, indicating that the presence of G in the 
nanocomposites can improve the electron transfer kinetics of the system. 
Moreover, it can be noticed that using PVP as a stabilizer for G dispersion can 
further increase the anodic and cathodic peak currents in this sensing system 
as shown in Figure 4.5 (green line vs red line).  Another important advantage 
of using PVP is decreasing of dispersion time of G from 24 h to 6 h. In general, 
the long dispersion time is required to prevent the re-aggregation of G to 

graphite form. Therefore, 2 mg mL1 of PVP in DMF was used as a stabilizer 
for G dispersion in all further experiments. 
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Figure 4.5 Cyclic voltammograms of 2.0 mM [Fe(CN)6]
3−/4− in 0.1 M KCl and anodic 

current responds (in the inset) measured on different working electrodes of paper-
based biosensor 

 

Prior to analysis of hydrogen peroxide and cholesterol, the 
electrochemical behavior of G/PVP/PANI modified paper-based biosensor was 
examined using [Fe(CN)6]

3−/4− as a redox probe. 70 µL of the solution of 2.0 
mM [Fe(CN)6]

3−/4− in 0.1 M KCl was directly dropped onto the modified 
electrode surface and the cyclic voltammetric measurements were 
performed at different scan rates.  The relationship between square root of 

scan rate (1/2) and current response was plotted as shown in Figure 4.6. The 
anodic and cathodic peak currents of [Fe(CN)6]

3−/4− are linearly proportional to 

the square root of the scan rate in a range of 2 to 100 mV s1. These results 
verify that the redox process is controlled by diffusion. 
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Figure 4.6 Cyclic voltammograms of 1 mM [Fe(CN)6]

3−/4− in 0.1 M KCl on G/PVP/PANI 
modified electrodes at different scan rates (a) 5, b) 10, c) 20, d) 40, e) 60, f) 80, g) 100 

mV s1). The relationship between the square root of scan rate (1/2) and peak 
currents is shown in an inset. 

 

4.1.3 Detection of hydrogen peroxide and cholesterol  

For electrochemical biosensor, determination of H2O2 product 
obtained from cholesterol oxidation can be used for indirect quantification of 
cholesterol [96]; [97]. In this study, a novel paper-based biosensor based on 
G/PVP/PANI modified screen-printed carbon electrode was used for sensitive 
determination of H2O2 and cholesterol using cyclic voltammetry and 
amperometry. The cyclic voltammograms of H2O2, measured on G/PVP/PANI 
modified electrode and unmodified carbon electrode are illustrated in Figure 
4.7. A dramatic increase (40 times) in the anodic current signal of H2O2 is 
observed (green line) when compared to an unmodified carbon electrode 
(red line) indicating that the modified electrode might be a promising tool for 
sensitive detection of cholesterol. 
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Figure 4.7 Cyclic voltammograms of 5 mM hydrogen peroxide (H2O2) in 0.1 M PBS pH 
7.0 measured on G/PVP/PANI-modified electrode and unmodified carbon electrode at 

a scan rate of 100 mV s1. 

 
Due to the high sensitivity and wide applicability, chronoamperometry 

was selected for the electrochemical detection of H2O2 and cholesterol. 
Initially, the detection potential was investigated and optimized as shown in 
Fig. 4.8. A hydrodynamic voltammogram of H2O2 was obtained by adjusting 
the detection potential in a range from +0.2 V to +0.8 V at a sampling time of 
100 s. As seen in Figure 4.8, the anodic current signal of H2O2 significantly 

increases as the detection potential increases (blue line); however, the 
background current also increases (green line). Therefore, a hydrodynamic 
voltammogram of signal-to-background ratios (S/B) was investigated instead of 
current signal as shown in Figure 4.8B. The S/B ratio measured at +0.6 V 
shows the highest sensitivity for H2O2; thus, +0.6V was selected as an 
amperometric detection potential for further experiments.  
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Figure 4.8 (A) Hydrodynamic voltammograms of 1.0 mM H2O2 (blue line) and 
background (green line) in 0.1 M PBS pH 7.0 at a 100 s sampling time measured on a 
G/PVP/PANI modified paper-based device and (B) Hydrodynamic voltammogram of 
signal-to-background ratios (S/B) extracted from the data in Figure 4.8A. 

 

For cholesterol biosensor, H2O2 is generated from the enzymatic 
reaction between cholesterol and ChOx as shown in Scheme 4.1. Therefore, it 
is important to optimize the amount of ChOx on G/PVP/PANI modified paper-
based biosensor. In this study, different volumes of ChOx were directly 
dropped on the modified electrodes and dried out at room temperature for 
10 min. The effect of enzyme volume on the anodic current signal of 1 mM 
cholesterol is shown in Figure 4.9. The anodic currents of cholesterol increase 
rapidly upon increasing of enzyme volume from 0.1 to 0.4 µL and the 
currents tend to decrease gradually when the enzyme volume is increased 
above 0.4 µL. Therefore, the enzyme volume of 0.4 µL was selected as an 
optimum volume. 
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Scheme 4.1 The enzymatic reaction between cholesterol and ChOx on G/PVP/PANI 
modified paper-based biosensor. 

 

 
 

Figure 4.9 The effect of ChOx volume on the anodic current response of 1 mM 
cholesterol in 0.1 M PBS pH 7.0 at a detection potential of +0.6 V on G/PVP/PANI 
modified paper-based biosensor. 

 

4.1.4 Analytical performance of G/PVP/PANI nanocomposites modified 
paper-based biosensor 

G/PVP/PANI modified paper-based biosensor was used to measure 
cholesterol at different concentrations and the amperometric current 
responses were recorded at a steady state current of 100 s to create a 
calibration curve of cholesterol. As shown in Figure 4.10, the calibration plot 
is linearly proportional to cholesterol concentration in a range of 1.93 mg 
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dL1 (50 µM) to 387 mg dL1 (10 mM) with a correlation coefficient of 0.9994. 
The detection sensitivity of the system calculated from the slope of linear 
range was found to be 3490.9 µA mM−1 cm−2. Limit of detection (LOD) and 

limit of quantitation (LOQ) for cholesterol are 38.70 µg dL1 (1 µM) and 1.93 

mg dL1(50 µM), respectively.  Previously, it has been reported by the 
national cholesterol education program (NCEP) that the normal level of total 

blood cholesterol in human is lower than 200 mg dL1 [98]. This information 
confirms that our system can be applied for the determination of cholesterol 
in real biological sample.  

   
 

Figure 4.10 Amperometric current responses for the detection of cholesterol in a 

concentration range of 1.93 mg dL1 (50 µM) to 387 mg dL1 (10 mM) in 0.1 M PBS pH 
7.0 with a linear range (inset). 

 

The electrochemical performances of G/PVP/PANI modified electrode 
were compared to the other modified electrodes used for the detection of 
cholesterol. As shown in Table 4.1, the proposed electrode shows the highest 
electrochemical sensitivity, wide linearity and comparable LOD for cholesterol 
detection. Since the G/PVP/PANI modified paper-based biosensor proposed in 
this study is easily prepared and inexpensive, it might be a promising tool for 
cholesterol detection. 
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Table 4.1 Comparison of various cholesterol biosensors based on 
nanomaterial/polymer modified electrode 
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4.1.5 Interference study 

Previously, it has been reported that glucose and ascorbic acid are the 
common interferences for the detection of cholesterol in complex biological 
fluids (e.g. human serum). Therefore, selective determination of cholesterol in 
the presence of glucose and ascorbic acid was investigated using the highest 
anticipated concentrations of glucose (5.3 mM) and ascorbic acid (80 µM) in 
human serum ([4, 78, 98]). As shown in Figure 4.11A, the amperometric result 
of a mixture between cholesterol and glucose shows a negligible effect on 
the current response (blue bar), while an effect of ascorbic acid on the 
current response is observed (green bar). To solve the problem of ascorbic 
acid interference, an anionic surfactant of sodium dodecyl sulfate (SDS) was 
used to coat on the surface of G/PVP/PANI modified electrode. Recently, it 
has been proven that an electrostatic repulsion between anionic SDS and 
anionic AA can prevent the interference effect from AA in the detection of 
target analytes ([78] ). In this study, an optimum concentration of SDS was 
found to be 2 mM, which can prevent the effect of AA interference in a 

concentration range of 0 to 120 µM in the detection of 3.87 mg dL1 (1 mM) 
cholesterol (Figure 4.11B) 

. 
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Figure 4.11 A) The interference effect of 5.3 mM glucose (Glu) and 80 µM ascorbic 

acid (AA) in the detection of 3.87 mg dL1 (1 mM) cholesterol in 0.1 M PBS pH 7.0 and 
B) The interference effect of different concentration of AA (0 µM, 40 µM, 80 µM, 120 

µM, and 160 µM) in the detection of 3.87 mg dL1 (1 mM) cholesterol measured on 
SDS coated-G/PVP/PANI modified paper-based cholesterol biosensor.  

 

4.1.6 Sample analysis 

To test the applicability of this system, G/PVP/PANI modified paper-
based biosensor was used for the detection of cholesterol in human serum. 
The blank human serum samples are the common systems for determination 
of the accuracy and validation of a new diagnostic assay. Initially, the different 

concentrations of cholesterol (1.93, 3.87, 9.67, 38.7, and 193.5 mg dL1) were 
spiked into the human serum and the proteins in the serum were 
precipitated by using TCA. After centrifugation, the supernatant was kept for 
further amperometric analysis on G/PVP/PANI modified paper-based 
biosensor. The results indicated that the current responses depended on the 
cholesterol concentration, and the acceptable linearity with a correlation 
coefficient (R2) of 0.9998 (n = 3) was achieved. The percentages of recoveries 

(Table 4.2) were found in a range of 97.9101.7 % and the RSD was less than 
5.0%, verifying that this sensing system is highly accurate.  
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Table 4.2 Determination of cholesterol in human serum samples (n = 3)  
 

Cholesterol (mg dL1) 
% Recovery % RSD  

added found 

1.93 1.91  0.04 98.9 2.1 

3.87 3.79  0.08 97.9 2.1 

9.67 9.73  0.30 100.6 3.1 

38.7 39.36  1.05 101.7 2.7 

193.5 194.06  2.84 100.3 1.4 
 

4.2 Sensitive Electrochemical Sensor using a Graphene-Polyaniline 
Nanocomposite for Simultaneous Detection of Zn(II), Cd(II), and Pb(II) 

4.2.1 Characterization of carbon electrode on the different substrates 

The surface roughness of carbon electrodes screen-printed on both 
paper and plastic surfaces was evaluated by optical profilommetry (Figure 
4.12). This non-destructive technique was used because it can effectively 
resolve small (~nm) feature differences, and is adequate for demonstrating 
small differences in electrode surface structure. As shown in the Figure 4.12, 
on paper, the carbon electrode penetrated into the porous capillary network 
which is why the capillary network is so visible and the electrode nearly 
indistinguishable from the paper itself. The electrode is highly distinguishable 
from the plastic substrate, however, because the carbon ink cannot readily 
penetrate the plastic material. These results suggest that transparency film 
might be an appropriate substrate for the detection of Zn (II), Cd (II), and Pb 
(II) in this work. The electrochemical performance of screen-printed carbon 
electrodes on paper and plastic surfaces, as evaluated by CV, is shown in 
Figure 4.13. The peak potential difference of the electrode on plastic is lower 
for paper, indicating that electron transfer kinetics are faster for electrodes 
screen-printed on plastic. The SWASV responses of Zn (II), Cd (II), and Pb (II) of 
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carbon electrodes on both substrates are shown in Figure 4.12C indicating 
that relative high surface roughness of transparency film based device 
generates a relative high current response for the detection of Zn (II), Cd (II) 
and Pb (II). Thus, transparency film based device is selected in this work for 
increasing the electrochemical sensitivity in the detection of Zn (II), Cd (II) and 
Pb (II). 

 

 

Figure 4.12 Optical profile of a carbon working electrode on (A) filter paper and (B) a 

plastic transparency film. C) SWASV of 200 µg L1 Zn(II), Cd(II), and Pb(II) in 1.0 M 
acetate buffer pH 4.5 measured with a carbon electrode (3 mm diameter) on paper 
and plastic substrates. 
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Figure 4.13 Cyclic voltammograms of 2.0 mM [Fe(CN)6]
4-/3-  in 0.1 M PBS (pH 7.4) at 

scan rates of 25, 50, 100, 150 and 200 mV s−1 on A) plastic film and B) paper 
electrodes where the diameter of the working electrode was 2 mm. The anodic and 

cathodic peak currents are a function of the square root of the scan rate (1/2) (inset). 
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4.2.2 G/PANI nanocomposite characterization 

In the preparation of PANI nanoparticles, a mixture of aniline monomer 
solution was added immediately in the APS solution containing PVP to obtain the 
granular nanostructure of PANI (Figure 4.14A). PVP was used as a steric stabilizer to 
increase the dispersion of PANI nanoparticles. To improve the conductivity and 
electroactivity of PANI nanoparticles, 10 mg of G was added into the aniline 
monomer solution prior to synthesis step. The morphology of the G/PANI 
nanocomposite was characterized by scanning electron microscopy (SEM). As seen in 
Figure 4.14B, the composite of G/PANI was characterized; G sheet was coated with 
lots of PANI nanoparticles having highly uniform size. The average diameter size of 
the PANI nanoparticles is approximately 391±8.2 nm. Further characterization 
information was obtained from the FT-IR spectrum as shown in Figure 4.14C. In a 

spectrum band of PANI and G/PANI observed at 3206.27 cm-1 is due to NH 
stretching. The absorption bands of PANI shows at 2923.62, 2923.25, 2923.21 and 

2825.55 cm-1 are due to asymmetric CH stretching and symmetric CH stretching. 

The obtained band at 16001500 cm1 corresponds to CH stretching in aromatic 
structures. Absorption bands at 1565.68, 1479.34, and 1485.98 cm-1 correspond to 
C=N stretching in aromatic compounds. The polymer shows absorption bands at 

13001200 cm-1 that confirms the CN stretching of primary aromatic amines. For 
the absorption bands of G, the peaks at ~3435.42 cm-1 are attributed to –OH bands. 
The deviations from the characteristic band of G/PANI observed at 1240.22, 1303.32, 
and 3206.27 cm-1 that may be attributed some molecular interaction between G and 
PANI [104, 105]. These results confirmed that PANI was composited with G. 
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Figure 4.14 Electrode surface characterization, A) SEM micrographs of PANI 
nanoparticles and B) G/PANI nanoparticles, C) FT-IR spectrum of graphene (red line), 
PANI (green line), and the G/PANI nanocomposite (blue line). 

 
4.2.3 Characterizati on of G/PANI nanocomposite modified electrode 

The incorporation of G into PANI is crucial for improving the properties 
of the nanocomposites. Casting and electrospraying were used as the 
fabrication methods for G/PANI nanocomposite on electrode surface. As 
shown in Figure 4.15, G/PANI nanocomposite modified electrode obtained 
from both fabrication methods increase the electrochemical sensitivity of 
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electrode in the simultaneous detection of Zn(II), Cd(II) and Pb(II). However, 
G/PANI nanocomposite modified electrode prepared by electrospraying 
shows the higher sensitivity than the one prepared by casting, thus, 
electrospraying was selected for the modification of G/PANI nanocomposite in 
this work. Moreover, electrospraying fabrication can generate the uniformed 
3D droplet-like structures of G/PANI on the working electrode that can be 
used to further increase the surface area and thus electrochemical sensitivity 
of the working electrode. The morphology of the G/PANI nanocomposite 
modified electrode was characterized by scanning electron microscopy (SEM). 
SEM image of unmodified electrode (Figure 4.16A) was compared to G/PANI 
nanocomposite modified electrode under optimal electrospraying conditions 
(Fig. 5B). Droplet-like structure of G/PANI nanocomposite is relatively 
distribution on carbon electrode surface leading to highly increase the surface 
area and sensitivity of this electrode as shown in Figure 5B. For synthesis of 
G/PANI nanocomposite, the effect of G loading was investigated and 
optimized by cyclic voltammetry using a standard of [Fe(CN)6]

3−/4− redox 
couple. As shown in Figure 4.17, the anodic peak currents increased rapidly 
upon increasing the G loading from 0.0 to 10.0 mg and decreased when the G 
loading was increased over 10.0 mg. This decrease in oxidative current was 
caused from a lot of G in G/PANI nanocomposites leading to agglomeration of 
G. 



 

 

66 

  
 

Figure 4.15 SWASV of 200 ppb of Zn(II), Cd(II), and Pb(II) in 1.0 M acetate buffer pH 4.5 
measured with an unmodified electrode and a G/PANI nanocomposite-modified 
electrode via drop-casting and electrospraying 

 

     
 

Figure 4.16 SEM of an A) unmodified and B) G/PANI nanocomposite-modified 
electrode by electrospraying. 
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Figure 4.17 Anodic peak currents (ipa) obtained from cyclic voltammetry of 2.0 mM 
[Fe(CN)6]

3−/4− in 0.1 M KCl using G/PANI nanocomposite-modified electrodes with 
different graphene loading concentrations (n=5). Error bars represent one standard 
deviation. 

 
To fabricate G/PANI nanocomposite modified electrode b 

electrospraying, our previous protocol with slight modification was used [11]. 
In this study, 14 kV of applied voltage, 5 min of spraying time, and 5 mg mL−1

 

of G/PANI in DMF were selected for all experiment. Cyclic voltammetry using 
a standard of [Fe(CN)6]

3−/4− redox couple was used to investigate the 
performance of all electrode including G/PANI, PANI and unmodified carbon 
electrode as shown in Figure 4.18A. The highest anodic and cathodic currents 
of [Fe(CN)6]

3−/4− redox couple were observed on G/PANI nanocomposite 
modified electrode indicating that the cooperation of G and PANI provides 
the necessary conduction pathways on the surface of electrode and a better 
electrocatalytic behavior. Moreover, the peak potential difference values 

(Ep) obtained from G/PANI nanocomposite (Ep=0.347) and PANI 

nanoparticles (Ep=0.377) modified electrode decreased when compared to 

ΔEp obtained from unmodified electrode (Ep=0.517), indicating that the 
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presence of G and PANI can improve the electron transfer kinetics of this 
system.  

 

 

Figure 4.18 A) cyclic voltammograms of 2.0 mM [Fe(CN)6]
3−/4− in 0.1 M KCl and B) the 

anodic and cathodic peak currents of 2.0 mM [Fe(CN)6]
4-/3- in 0.1 M KCl as a function 

of the square root scan rate (1/2) on  G/PANI nanocomposites-modified electrode 
 

Prior to the quantification of Zn(II), Cd(II) and Pb(II), the 
electrochemical behavior of G/PANI nanocomposite modified electrode was 
examined using a standard [Fe(CN)6]

3−/4− redox couple. The cyclic 
voltammograms of [Fe(CN)6]

3−/4− were measured at different scan rates 

between 25 and 300 mV s1. As an expected, the anodic and cathodic peak 
currents of [Fe(CN)6]

3−/4− increased when the scan rate was increased. 
Moreover, the linearity of the anodic and cathodic peak currents versus the 

square root of a scan rate between 25 and 300 mV s1 verified that the redox 
process occurring on this modified electrode is controlled by diffusion 
process (Figure 4.18B). 

In addition, the SWASV of unmodified electrode and the modified 
electrode using G/PANI nanocomposites and PANI nanoparticles were 
presented in Figure 4.19. The accumulation process of Zn(II), Cd(II) and Pb(II) 

was carried out for 240 s at 1.6 V in 0.1 M acetate buffer (pH 4.5). The result 

A) B) 
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shows very weak peaks current at unmodified electrode and high peaks 
current at PANI nanoparticle modified electrode. The sharper and higher peak 
current for Zn(II), Cd(II) and Pb(II) were obtained on the G/PANI 
nanocomposite modified electrode, demonstrating that the presence of G 
significantly increases the current response of Zn(II), Cd(II) and Pb(II) leading to 
enhance the detection sensitivity of electrode.  

 
 

Figure 4.19 SWASV of 200 ppb of Zn(II), Cd(II) and Pb(II) in 1.0 M acetate buffer pH 4.5 
measured on unmodified electrode, PANI nanoparticle and G/PANI nanocomposites-
modified electrode by electrospraying. 

 
4.2.4  Electrochemical Detection of Zn(II), Cd(II) and Pb(II) 

For monitoring a very low levels of Zn(II), Cd(II) and Pb(II) in food, 
environmental and biological samples, square wave anodic stripping 
voltammetry (SWASV) is commonly used [9, 106]. To increase the sensitivity 
of electrode for heavy metal detection, Bismuth (Bi) was used to form a 
metal-Bi alloy on the electrode surface that facilitates the process of 
nucleation during to heavy metal ions accumulate leading to enhance the 
sensitivity of electrodes [25, 107, 108]. In addition, bismuth is a more 
‘environmentally friendly’ material because it has a lower toxicity and widely 
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used in the many industry including pharmaceutical and cosmetic [109]. 
Moreover, the presence of the Nafion film on electrode surface may account 
to improve the sensitivity of electrode since sulfonate groups in the Nafion 
film are negatively charged and, as a result, the polymeric membrane acts as 
a cation- exchanger and facilitates the preconcentration of metal cations on 
electrode surface [108, 110, 111]. The anodic peak currents of three metals 
using G/PANI and Nafion coated G/PANI nanocomposite modified electrode 
are shown in Figure 4.20. 

 

 

Figure 4.20 SWASV of 200 ppb of Zn(II), Cd(II) and Pb(II) in 1.0 M acetate buffer pH 4.5 
measured on G/ PANI nanoparticle and Nafion coated G/PANI nanocomposites-
modified electrode.  
 

Under the optimal experimental conditions, Zn(II), Cd(II) and Pb(II) 
were determined individually and simultaneously at the G/PANI 
nanocomposite modified electrode using SWASV. The anodic peaks of Zn(II), 
Cd(II) and Pb(II) were identified at the potentials of −1.31± 0.03, −0.98± 0.04 
and −0.75± 0.04 V, respectively. The resulting calibration plots, (Figure 4.21), 

are linear over a range from 1.0 to 300 µg L1 with the correlation coefficients 
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exceed 0.98 for all metals. The limits of detection (LOD) from the experiment 

are 1.0 µg L1 for Zn(II) and 0.1 µg L1 for Cd(II) and Pb(II). Electrochemical 
performance of the G/PANI nanocomposite-modified electrode was 
compared with similar systems in the literature for measuring Zn(II), Cd(II), and 
Pb(II) (Table 4.4). 

 

 

Figure 4.21 A) Square-wave voltammogram showing electrochemical detection of 

Zn(II), Cd(II) and Pb(II) (B) Representative calibration graph between µg L1 of metal 
and anodic current of Zn(II), Cd(II) and Pb(II). 
 

A) 

B) 
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Table 4.3 Electrode performance for measuring Zn(II), Cd(II), and Pb(II). 

 
Modified electrode Detection limit (µg L1) Linear range (µg L1) Ref 

Zn Cd Pb Zn Cd Pb 
Bimetallic Hg–
Bi/SWNTs 
composite/GCE 

0.23 0.076 0.18 0.5–11 
 

0.5–11 
 

0.5–11 
 

[25] 

SnO2/reduced 
graphene oxide 
nanocomposite 
 

– 0.000101
5 

0.00018
39 

– 0.0003–
0.0012 

0.0003–
0.0012 

[10] 

CNTs – 5−150 5−150 – 1 1 [27] 
CNT arrays (CNT 
thread) 

1.4 1.8 1.5 3–9 1.5–4.5 1–4 [112] 

bismuth/poly(p-
aminobenzene 
sulfonic acid) 

0.62 0.63 0.8 1–110 1–110 1–130 [113] 

nitrogen-doped 
microporous 
carbon/Nafion/bism
uth-film electrode 

– 1.5 0.05 – 2–10, 
10–100 

0.5–10, 
10–100 

[114] 

Bi/Au-GN-Cys/GCE – 0.1 0.05 – 0.50–40 0.50–40 [115] 
Bi/Nafion/PANI-
MES/GCE 

– 0.04 0.05 – 0.10–20 0.10–30 [116] 

Clioquinol/HMDE 
 

0.06 0.06 0.1 0–25 0–15 0–15 [117] 

screen-printed 
carbon 
nanotubes 
electrodes 

11 0.8 0.2 12–100 2–100 2–100 [26] 

Nafion/G/PANI 
nanocomposite 

1.0 0.1 0.1 1–300 1–300 1–300 This 
work 
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4.2.5 Interference Study for Zn(II), Cd(II) and Pb(II) detection 

Previously, it has been reported that different metals could interfere 
in the SWASV, so the tolerance ratio for interfering metals was investigated. 
The concentration of interfering metal ions that generated a change in peak 
current (less than 5%) was performed as a tolerance ratio [27]. The 
concentration of interfering metal ions including Mn(II), Cu(II), Fe(III), Fe(II), 
Co(III) and Ni(II) are shown in Table 4.4. Interestingly, G/PANI nanocomposite 
modified electrode can prevent the effect of other metal ion interferences 
indicating that this modified electrode is a selective device for simultaneous 
detection of Zn(II), Cd(II) and Pb(II). 

 

Table 4.4 Tolerance ratio of interfering metal ions in the electrochemical 

determination of 200 µg L1 of Pb(II) Cd(II) and Zn(II) on Nafion coated G/PANI-
modified electrode  

Interfering Metals 
5% Tolerance Ratio 

Zn2+ Cd2+ Pb2+ 

Cu(II) 25 50 50 

Mn(II) 500 500 500 

Ni(II) 250 250 200 

Fe(II) 250 250 250 

Fe(III) 200 200 200 

Co(II) 100 100 50 
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4.2.6 Reproducibility and stability of the modified electrode 

The reproducibility and stability of the G/PANI nanocomposites 
modified electrodes were investigated by measuring SWASV response of 200 

µg L1 mixture of Zn(II), Cd(II) and Pb(II) in acetate buffer (pH 4.5) multiple 
times. The relative standard deviation (RSD) of the anodic peak currents by 
ten successive measurements was lower than 11.0. In addition, the fabrication 
reproducibility of modified electrode was investigated from three modified 

electrodes (RSD  12.3), indicating excellent detection reproducibility. The 
G/PANI nanocomposite modified electrode was stored for 3 weeks and used 
to evaluate the stability of the modified electrodes, the anodic current 
responses retained 82% of initial response. Hence, this modified electrode is 
verified the good reproducibility and stability of the modified electrodes. 
Moreover, this proposed electrode can be reused for more than ten 

replicates with high reproducibility (RSD  17.1). 

 

4.2.7 Sample analysis 

To evaluate the applicability of this approach, Nafion coated G/PANI 
nanocomposite modified electrode was used for the detection of Zn(II), Cd(II) 
and Pb(II) in human serum by using standard addition method. The blank 
human serum sample is generally used to determine the accuracy and 
validation of a new diagnostic assay. Initially, human serum was diluted in a 
1:10 ratio with sodium acetate buffer (pH 4.5), and spiked with three different 
concentrations of Zn(II), Cd(II) and Pb(II), and then it was dropped onto Nafion 
coated G/PANI nanocomposite modified electrode for analysis of Zn(II), Cd(II) 
and Pb(II). Each sample was detected three times and the average of three 
results was determined. The analytical of these results was summarized in 
Table 4.5. The recovery ranged from 93.8 to 109.7% and the RSD (n = 3) was 
below 9.0% indicating this system is highly accurate. The results indicated 
that Nafion coated G/PANI nanocomposite modified electrode is highly 
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accurate for the detection of Zn(II), Cd(II) and Pb(II) in biological fluids such as 
human serum. (In a healthy adult blood levels of Zn, Cd and Pb are typicall 

at or below 900 µg L1  (18 µM), 29.7 µg L1  and 200 µg L1  (1 µM), 
respectively [118].  

 

Table 4.5 Determination of Zn(II), Cd(II), and Pb(II) in human serum samples (n = 3)  
 

Added 

Concentration 

(µg L1) 

Measured Concentration (µg L1) 

% Recovery % RSD 
Zn(II) Cd(II) Pb(II) 

10.0 9.41±0.5 10.7±0.5 10.6±0.4 94.1106.5 4.04.8 

20.0 19.5±1.7 20.2±1.7 18.8±1.1 93.8101.1 3.48.5 

50.0 51.1±2.2 54.9±4.8 52.7±3.0 102.3109. 4.38.8 

 

4.3 Active Paper Chips for Electrochemical Multiprobe Detections 

4.3.1 Paper Chips Design 

APOC for electrochemical multiprobe detection is a novel approach 
for rapid and automatic detection of biomarkers including glucose, DA and 
UA. To reduce overall analysis time and cost, APOC was designed to allow 
electrochemical detection of multiple biomarkers continuously. The main 
idea to develop this approach is ability to automatically detect three 
biomarkers using only single sheet of APOC. Two designed paper-chips are 
shown in Figure 4.22A-B. Paper-chip was designed to allow detection of 
multiple analytes using 2 types of modified electrode including CoPc and rGO 
electrode. The designed paper-chip included with 4 sections as import, active 
actuation, detection and export. The key to this development is the ability to 
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allow distinct chemical reactions to occur for each analysis using the high 
sensitive electrode. In the import section, it has 3 ports for sample, reagent 
and cleaning solution. The enzyme reagent was moved to react with sample 
(glucose) and then incubated for 4 min. Next, the mixed solution was 
controlled to move to the detection zone by applying the voltage to paper-
chip electrode. After detection, cleaning solution was moved to the detection 
zone to merge with detecting solution. Then, the detecting solution was 
expended to touch with moving pad. Finally, detecting solution was moved 
from electrode.  

 
 
Figure 4.22 The designed paper-chips A) one detection zone and B) dual detection 
zone 

 
Figure 4.23 shows the snapshots from the continuous actuation for paper chip 

coupled with multiprobe electrochemical detection. One detection zone of paper-
chip coupled with multi-working electrode is showed in Figure 4.23A. This designed 
paper-chip can detect 3 analytes within one drop of sample, however; it used a large 
volume of sample (70 µL). Therefore, dual detection zone with small overall volume 
was developed. The snapshots from designed paper-chip for dual detection zone are 
shown in Figure 4.23B. 
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Figure 4.23 The snapshots from designed paper-chip with A) one detection zone and 
B) dual detection zone   
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4.3.2 Glucose detection 

20 µL of sample (mixture of glucose, DA and UA) and 3 µL of 292 U 

mL1 GOx were dropped on APOC at an import zone. The sample and GOx 
drops were automatically mixed via drop movement and incubated for 4 min, 
and then the mixture solution was moved to detect at a detection zone 
(CoPc electrode). The determination of hydrogen peroxide (H2O2) product 
obtained from the oxidation of glucose can be used for the indirect 
quantification of glucose using amperometry, which is frequently employed 
for monitoring low levels of glucose in biological fluids. CoPc was selected as 
a mediator for glucose detection because of its high sensitivity for an 
electrochemical detection of H2O2. Initially, H2O2 detection potential was 
investigated and optimized as shown in Figure 4.24A. The criteria for selecting 
of the optimal detection potential were based on achieving the lowest 
detection limit while avoiding interference species in the complex biological 
fluids. Glucose was reacted with GOx, and the current signal of H2O2 was 
measured at the detection potential between +0.1 and +0.8 V (vs Ag/AgCl). 
The result shows that the current signal of H2O2 significantly increased as the 
detection potential increased; however, the background current also 
increased. Therefore, the signal-to-background ratio was investigated as 
shown in Figure 4.24B. The optimal potential of +0.4 V is a compromise 
between the highest signal for glucose detection and the lowest background 
current. To investigate the analytical performance of CoPc modified SPCE for 
glucose detection, different concentrations of glucose were measured and 
the amperometric responses were recorded at the steady state current of 100 
s to create a calibration plot for glucose detection. As shown in Figure 4.25, 

the linear range for glucose detection was observed in a range of 0.056 mM 
with a correlation coefficient of 0.992 and the limit of detection (LOD) of 0.05 
mM. LOD was measured as concentration which produced the signal at 3 
times of the standard deviation of background (n = 5). 
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Figure 4.24 (A) Hydrodynamic voltammograms of 1.0 mM H2O2 (green line) and 
background (yellow line) in 0.01 M PBS pH 7.4 at a 100 s sampling time measured on 
a CoPc-modified SPCE and (B) hydrodynamic voltammogram of the signal-to-
background ratios (S/B) extracted from the data in Figure 4.24A. 

 

B) 

A) 
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Figure 4.25 Linearity of glucose in a range of 0.05- 6 mM on CoPc modified electrode 
in 0.01 M PBS using +0.4 V as a detection potential and amperometric response as 
shown in the inset. 

 
Previously, it has been reported that AA is a common interfering 

molecule for the detection of glucose in complex biological fluids (e.g., 
human serum, plasma). Therefore, selective determination of glucose in the 
presence of AA was investigated using the highest anticipated concentrations 
of AA (80 µM) in human serum. As shown in Figure 4.26, an amperometric 
response of a mixture of glucose and AA using +0.4 V as detection potential 
shows negligible effect on the current response of 1 mM glucose. The 
reproducibility and stability of CoPc electrode were studied using 
amperometric detection of 1 mM glucose.  
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Figure 4.26 The interference effect of different concentrations of AA (0, 80, 160, 240 
and 320 µM) in the detection of 1 mM glucose. 

 
The relative standard deviation (RSD) of all glucose concentrations in 

the linear range were found between 1.3 % and 3.2 % (n = 5), indicating the 
acceptable reproducibility for CoPc modified SPCE. A similar experiment was 
performed with three devices, and the %RSD was found to be 1.6 %.  

 

4.3.3 Dopamine and uric acid detection 

After the detection of glucose, the drop of sample at the detection 
zone was continuously detected DA and UA by square wave anodic stripping 
voltammetry (SWASV) on Au/rGO modified SPCE by switching the detection 
potential from CoPc to Au/rGO electrode. Au nanoparticles and GO were 
modified on SPCE surface by electrodeposition and drop casting, respectively. 
GO was reduced to form rGO by cyclic voltammetry to enhance the 
conductivity. The surface of Au/rGO modified electrode was characterized by 
SEM as shown in Figure 4.27A and B. The surface of SPCE was covered with 
wrinkles graphene sheet that unique morphology is highly beneficial in 
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maintaining a large electroactive surface area. [76] After electrodeposition of 
Au, the Au nanoparticle was uniformly formed (gray color dot) on the surface 
of rGO electrode as shown in Figure 4.27B. The average size of Au 
nanoparticle is determined as 251.4±0.1 nm. As shown in Figure 4.28A, cyclic 
voltammograms of 2 mM [Fe(CN)6]

3−/4− on different electrodes including 
unmodified, Au, rGO and Au/rGO modified electrodes were measured. The 
highest anodic and cathodic currents of 2 mM [Fe(CN)6]

3−/4− were observed on 
Au/rGO modified electrode indicating the high sensitivity of the system. The 

presence of rGO reduces the peak-to-peak potential separation (Ep) 
comparing to unmodified and Au modified electrodes, indicating that rGO can 
accelerate the electron transfer kinetics of this system. Compared to rGO 
modified electrode, incorporation of Au nanoparticles increases the signal 
current in the detection of 2 mM [Fe(CN)6]

3−/4−. In electrochemical impedance 
spectra, the electron transfer resistance (Rct) can be quantified using the 
semicircle diameter of Nyquist plot of impedance spectra. From Faradaic 
impedance spectra obtained upon the stepwise modification as shown in 
Figure 4.28B, when rGO and Au are modified onto a SPCE surface, the 
semicircle dramatically decreases compared to an unmodified electrode 
suggesting that the rGO and Au can accelerate the electron transfer between 
electrodes and [Fe(CN)6]

3−/4− solution. 
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Figure 4.27 SEM image of (A) rGO and (B) Au/rGO modified SPCE. 

 
As we know, DA and UA have similar oxidation potential, therefore; 

the separation of these species is important. To establish a selective and 
sensitive method for DA and UA detection, Au/rGO modified electrode was 
selected to simultaneously detect the mixture of DA and UA. The 
performance of Au/rGO modified electrode was investigated using SWASV for 
the detection of DA and UA. The peak currents obtained from Au/rGo 
modified electrode comparing with unmodified, Au and rGO modified 
electrodes demonstrated that the presence of rGO and Au can significantly 
increase the current response and decrease the peak potential of DA and UA. 
Moreover, the mixture of DA and UA can be separate indicating that the 
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presence of rGO and Au accelerates the electron transfer of this system as 
shown in Figure 4.28C. The peak potential of DA and UA were found to be 
0.10±0.01 and 0.27±0.02 V (n=5), respectively.   

 

 

 

Figure 4.28 (A) Cyclic voltammogram and (B) Faradaic impedance spectra of 2.0 mM 
[Fe(CN)6]

3−/4−  in 0.1 M KCl, and (C) SWASV of DA and UA in 0.01 M PBS buffer pH 7.4 
measured on an unmodified electrode, and electrodes functionalized with Au, rGO 
and Au/rGO.

B) A) 

C) 
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SWASV was selected to record the anodic currents of DA and UA on 
Au/rGO modified electrode because it is sensitive and can be used for 
simultaneous determination of the analyte mixture. The electro-oxidation 
process of DA and UA in the mixture solution was investigated by changing 
the concentration of one species, whereas another species was fixed. The 
SWASV was recorded at various concentrations of DA on Au/rGO modified 
electrode in the presence of 100 µM UA. As shown in Figure 4.29A, the peak 
current of DA was linear in a concentration range between 1 and 100 µM (R2 
= 0.998) with a detection limit of 0.5 µM. Furthermore, it could be seen that 
the location of the peak current for UA was almost constant during the 
changing of the concentration of DA. For UA determination, similarly as shown 
in Figure 4.29B, the anodic peak currents of UA increased linearly with the 
increasing of UA concentrations (5 to 400 µM, R2 = 0.998) while the peak 
current of 5 µM DA still unchanged, and LOD was found to be 5 µM. 
Therefore, Au/rGO modified electrode is independent for the simultaneous 
detection of DA and UA in biological fluid. 
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Figure 4.29 Square wave voltammogram of (A) DA (1 to 100 µM) in the presence of 
100 µM UA, and (B) UA (5 to 400 µM) in the presence of 5 µM DA, and linear plot is 
shown in the insets.  

 

Selective determination of DA and UA in the presence of AA was 
investigated using the highest anticipated concentrations of AA (80 µM) in 
human serum. It can be found that no significant interference of 80 µM AA 
was observed for the detection of mixture of 50 µM DA and UA. Moreover, 
the effect of AA was studied by increasing the amount of AA while fixing the 
concentration of DA and UA at 50 µM using the error approximately 5% as a 
criterion. It was found that no effect occurred in the increasing of AA 
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concentrations until 500 µM, indicating that Au/rGO modified electrode has 
an excellent selectivity for DA and UA detection. 

 

4.3.4 Sample analysis 

Human serum was chosen as a real sample for investigation of the 
reliability of this proposed system. The standard addition method was used 
to test the recovery. Three human serums containing spiked glucose, DA and 
UA were analyzed on 3 independently prepared electrodes. The analytical 
results are summarized in Table 4.6. The recovery range from 103.8 to 117.1 
%, and RSD (n=3) were below 6% indicating this system is highly accurate. 

 

Table 4.6 Simultaneous determination of glucose, DA and UA in human serum 
samples (n = 3) 

Analyte 
Added 

Concentration  
(mM) 

Measured 
Concentration  

(mM) 
% Recovery % RSD 

glucose 

1 1.15±0.02 117.1 2.6 

2 2.35±0.03 115.3 0.9 

3 3.41±0.01 113.2 0.2 

dopamine 

10 10.95±0.11 109.5 1.1 

20 21.08±0.67 105.4 3.2 

40 41.52±1.16 103.8 2.8 

uric acid 

50 52.40±1.51 104.8 2.9 

70 74.03±3.90 105.8 5.3 

100 110.1±3.46 110.1 3.2 
 



 

 

CHAPTER V 
CONCLUSION 

The main objective of this dissertation is to develop the paper-based 
biosensor coupled with electrochemical detection for the determination of 
biomarkers in biological samples. Under the optimal conditions, paper-based 
biosensor of these systems was successful. These results indicate that the developed 
paper-based biosensors provide a wide linear range and acceptable detection limit 
for biomarker detection. The detail of various type of paper-based sensors were 
evaluated as summarized as following;   

 

5.1 Novel Paper-Based Cholesterol Biosensor Using Graphene/ 
Polyvinylpyrrolidone/Polyaniline Nanocomposite 

A novel nanocomposite based on G/PVP/PANI has been prepared and used 
for the modification of a paper-based cholesterol biosensor. The high conductivity 
and large surface area of the droplet-like nanostructures of the G/PVP/PANI-modified 
electrode significantly improves the electrochemical sensitivity for the detection of 
H2O2 and cholesterol. Under optimum conditions, a high-sensitivity, wide linear range 
and low limit of detection for cholesterol is achieved. The interferences in the 
detection of cholesterol are easily eliminated by using SDS.  In addition, this sensing 
system is successfully applied for the determination of cholesterol in human serum. 
This novel and sensitive paper-based biosensor might be an alternative tool for 
cholesterol screening in medical diagnosis due to its simplicity, low cost, disposability 
and portability. 

 

5.2 Sensitive Electrochemical Sensor using a Graphene-Polyaniline 
Nanocomposite for Simultaneous Detection of Zn(II), Cd(II), and Pb(II) 

Transparency film and filter paper based device are used and compared in 
the determination of heavy metal ions including Zn(II), Cd(II) and Pb(II). G/PANI 
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nanocomposite has been employed in the modification of electrochemical sensor. 
Along with square wave anodic stripping voltammetry (SWASV), the high conductivity 
and large surface area of the droplet-like structures of G/PANI nanocomposite 
modified electrode significantly improves the electrochemical sensitivity in the 
determination of Zn(II), Cd(II) and Pb(II). In addition, Nafion is coated on the G/PANI 
nanocomposite modified electrode for increasing sensitive detection of Zn(II), Cd(II) 
and Pb(II). Under optimum conditions, a high-sensitivity, wide linear range and low 
limit of detection for Zn(II), Cd(II), and Pb(II) are achieved. Moreover, Nafion coated 
G/PANI nanocomposite modified electrode is successfully applied to detect Zn(II), 
Cd(II), and Pb(II) in human serum sample. This developed electrochemical sensor 
might be an alternative device for heavy metals determination in medical diagnosis. 

 

5.3 Active Paper Chips for Electrochemical Multiprobe Detections 

Active paper-based microfluidic chips driven by electrowetting are fabricated. 
The potential of using active paper chips biosensor to simultaneously detect the 
dopamine and uric acid biomarkers in human serum is demonstrated for first time. 
Instead of using the passive capillary force of normal paper-based device, an active 
paper chips is perfectly used to transport a single or a group of digital liquid drops by 
programmed trajectories. The pattern of paper is carefully designed to allow the 
well-mixing between glucose and glucose oxidase enzyme for producing the 
hydrogen peroxide product and high through put to transport to the detection zone. 
To enhance the electrochemical signal, Au/rGO and CoPc are accomplished to 
modify the electrode for the simultaneous detection of dopamine and uric acid and 
glucose, respectively. 
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