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ABSTRACT

Cancer is the second leading cause of death globally, accounting for an estimated
10 million deaths per year. Most deaths occur during metastasis stages when cancer cells are shed
from the solid tumor and spread to other parts of the cancer patient’s body (circulating tumor cell).
An electrochemical immunosensor is a powerful analytical tool based on the specific interaction
between antibody and antigen, in which the specific interaction is measured through electrical
signals. This study aimed to develop an electrochemical immunosensor for circulating tumor cell
detection using a screen-printed gold electrode (SPAuE). The developed immunosensor was
fabricated by electropolymerized polyaniline (PANI) on the working electrode. Gold nanoparticles
were then electrodeposited on PANI-modified SPAuE. Streptavidin molecules were immobilized
on the PANI-modified SPAuE, followed by biotin-EpCAM antibody binding on the surface.
Electrochemical measurements were performed using electrochemical impedance spectroscopy.
The results showed an increase in charge transfer resistance related to an increase in MCF-7 cell
concentrations in the range of 10 to 10° cells mL' (relative correlation coefficient = 0.997) with a
detection limit (LOD) as low as 2 cells mL ! (3S,/b). The developed immunosensor also exhibited
high selectivity and good reproducibility. The immunosensor could provide high-potential tools
with sensitivity and selectivity to screen breast cancer cells in the early stage for point-of-care

testing development.

Keywords: Electrochemical impedance spectroscopy, CTCs detection, Polyaniline and gold

nanoparticles interaction, Conductive streptavidin protein.
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The Relevance of the Research Work to Thailand

The purpose of this Master of Science thesis in Biomedical Engineering is the
development of a novel electrochemical immunosensor based on polyaniline and gold nanoparticles
for circulating tumor cell detection. The developed immunosensor, with suitable materials, can
provide higher performances than the previous method, including good selectivity, good
reproducibility, and a low limit of detection. This developed immunosensor can be applied to detect

cancer cells in cancer patients from early metastasis.
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CHAPTER 1

INTRODUCTION

1.1 Background and Rational

Cancer is a disease in which the body's control over cell growth is lost. Cancer can
develop in any part of the body due to the rapid formation of abnormal cells. Furthermore, it can
spread to other parts of the body by diffusing through blood or lymphatic vessels (metastasis phase),
then stick on their moving location [1]. According to World Health Organization reported, cancer
is the second leading cause of death worldwide which covered 10 million deaths in 2020 [1, 2].
A previous study found that 90 percent of cancer deaths were caused by the metastasis stage, in
which the cancer cell has spread to other parts of the patient’s body [3]. In terms of the treatment,
the chances of a cancer patient surviving or being completely cured are inversely proportional to
the amount of cancer cells in the patient’s body. As a result, early detection of cancer patients is
critical for treating cancer disease. The detection of circulating tumor cells (CTCs) can indicate the
stage of cancer disease, allowing for the prediction of cancer type and the selection of the treatment
drug. In addition, the detection via blood sample (liquid biopsy) is an intriguing method because of
its non-invasiveness and low cost when compared to conventional biopsy. However, the challenge
of this research field is dealing with a very low number of cancer cells in the blood sample around
2-3 cells/mL [4].

Currently, many technologies can be used to measure cancer cells in blood
samples including isolation by size of epithelial tumor cells (ISET), which is a direct measuring
method for identifying cancer disease by using a filter to screen cancer cells [5]. CellSearch
technology captures cancer cells by using immunomagnetic coated with EpCAM antibody [5, 6].
Microfluidic devices have been used to capture cancer cells in blood by using structure in
microchannels [7]. However, all of these techniques were used to analyze the characteristic of
cancer cells using immunocytochemistry. They still have their limitations such as the requirement

for another device for quantitative analysis, which results in more time and higher cost for analyzing



results. A biosensor is an alternative technology that can overcome the limitation of requiring
another device to analyze results, offering rapid, specific, sensitive, and accurate [8]. Conductive
materials and nanomaterials can be used as supporting materials to improve the performance of
biosensors. Polyaniline is a conductive polymer with a high potential for improving sensor surface
and conductivity, especially when combined with gold nanoparticles [9]. In addition, using
streptavidin for strong capture with specific biorecognition can improve the sensitivity of sensors
[10]. Thus, the goal of this study is to develop biosensors that can solve complex measurement

problems, reducing the time and cost of detecting cancer cells.

1.2 Review of Literature

1.2.1 Cancer
Cancer is a term used to call a malignant tumor that occurs from abnormal cells in
organs. Cancer is distinguished by uncontrollable abnormal cells and the ability to invade
surrounding tissue (metastasis) by shedding a single cell from a solid tumor through a blood vessel,
lymphatic vessel, or other openings in the body [1, 11]. Cancer formations, on the other hand, begin
as normal cells and then transform into abnormal cells as a result of gene changes (mutations).
Normally, the evolution of cancer cells to primary tumors arises from the development of existing
cancerous tumor through the inheritance of generation to generation, it was stimulated through three
factors, including 1) physical factors such as ultraviolet, ionizing radiation, etc. 2) chemical factors
such as cigarette smoke, aflatoxin contaminating in food, arsenic contaminating in water, etc., and
3) biological factors such as infection of virus, bacteria, parasite, etc. [1]
Cancer disease is one of the diseases leading causes of death globally. It reported that the
number of patients with cancer disease was nearly 20 million and nearly 10 million death in 2020.
The cause of death from cancer disease occurred during the metastasis stage when cancer cells had
spread throughout other parts of the body [12]. For the cancer treatment, the chance of cure is
determined by the stage of cancer, or in other words, the number of cancer cells produced in the
body. Generally, an X-ray has been used to screen internal organs and survey the solid tumors that
formed on the organs (Fig. 1.1A). Later, cancer is determined through puncturing the spine, then

cancer cells in the sample were detected by immunoassay (Fig. 1.1B) [13]. However, these methods



require high cost and high risk when receiving a large quantity of repeating an examination. As a
result, these methods are unsuitable for the long-term monitoring of cancer cells. Liquid biopsy
provides a better method than the previous method for detecting the number of cancer cells, due to
blood containing various cancer cells that shedding from solid tumors and circulating in the blood
vessel as shown in figure 1.1C, even though the number of cancer cells found in the blood is

very low [14].

- Cancer cells escape
- from the primary
~ tumor and circulate

Figure 1.1 The techniques for detecting cancer disease through (A) tissue biopsy [15], (B) bone

marrow biopsy [16], and (C) liquid biopsy [17].



1.2.1.1 Liquid biopsies

Tissue biopsy is widely used to diagnose various cancer diseases for determining
the most appropriate treatment for each patient. However, the limitations of tissue biopsy are
expensiveness, invasiveness, an inappropriate approach when repeating tests are required, and
ineffectiveness to detect some types of cancer such as lung cancer due to more than 30% of lung
cancer having only small cells, in which lacking a solid tumor for cancer diagnosis [18]. Moreover,
cancers are quite diverse and changing all the time, leading to the previous data collection on cancer
is still limited. As a result, a cancer diagnosis for treatment will be biased and will make a mistake
decision. Therefore, liquid biopsy has been chosen for diagnosing cancer disease by detecting
circulating tumor cells (CTCs) in the blood of cancer patients [19].

Liquid biopsy offers advantages over tissue biopsy such as no pain, inexpensive,
easily accessible testing for a large population, as well as an appropriate approach for repeating
tests in cancer disease stage identification or response of treatment in real-time. In addition, when
a tumor is biologically evaluated in the liquid sample, it contains a lot of cancer information. There
are a large number of small cancer cells that are easier to detect than tissue biopsy detection. It can
be used to detect the fraction of cancer cells that remain or reappear in the body of a cancer
patient [20].

The detection of biomarkers on cancer cells via liquid biopsy has gained
widespread interest to diagnose cancer specialists and patients due to liquid biopsy containing the
genetic information of cancer. The liquid biopsy for cancer diagnosis is divided into four types
including, circulating vesicles, circulating proteins, circulating nucleic acids, and circulating tumor
cells (CTCs). Circulating vesicle has been revealed that contains a lot of vesicles released from
tumor tissue around 10°-10° vesicles/mL. However, vesicles of non-cancer tumors can be also
released, leading to these detection types being vague for the biomarker for cancer analysis.
Circulating protein detection is used by coupling with other investigations for characteristic
analysis of cancer diseases. For circulating nucleic acids, the opportunity to discover the circulating
nucleic acid fragment of cancer cells is less than 1%, and in some cases lower than 0.01% of total
DNA in the blood patient sample [21, 22]. Potentially, cancer detection based on circulating tumor

cells is believed that it is suitable to use as a biomarker for identifying cancer disease. Despite the



fact that 2-3 circulating tumor cells (CTCs) are rarely found in 1 mL of a cancer patient's blood
sample, which is mixed with 10 million white blood cells and 5 billion red blood cells [23].
1.2.1.2 Circulating tumor cells

Circulating tumor cells (CTCs) are cancer cells that have separated from the
primary tumor and entered a blood vessel before circulating in the bloodstream [24]. The release
of cancer cells relates to the mechanical force of contractile actomyosin protein (actin and myosin).
Cell adhesion protein is then decomposed by protease (cysteine protease and matrix protease) [25, 26].
When cancer cells are released from the outer surface of a primary tumor (extracellular matrix),
they can adapt to survive and protect themselves from the induction of programmed cell death
(apoptosis) that occurs in normal cells. Cancer cells are adapted by modifying the function of an
enzyme via a signaling format similar to that used to induce apoptosis. Cancer cells are transformed
from epithelial to mesenchymal through the EMT (epithelial-mesenchymal transition) process,
resulting in polarity loss. The polarity loss can reduce basement membrane binding capacity and
cell-cell adhesion, allowing cells to move into other organs [25]. This avoidance of the apoptosis
process allowed cancer cells to be free from the apoptosis cycle and prevented the process of
eliminating cells from growing up in another organ. Later, cancer cells that have evaded apoptosis
will circulate in the bloodstream until the most appropriate moment to embed in tissue arrives.
As aresult, it evolved into a secondary tumor cell that can be found in locations far from the original
tumor location.

A biomarker on the surface of a cancer cell can be used to investigate or predict
the type of cancer. It is critical to identify the type of drug used in cancer treatment. Therefore,
CTCs are used to monitor cancer disease, which can reduce the severity of detection in cancer
patients. However, there are challenges in developing a device for cancer detection because CTCs
are extremely rare, with only 2-3 cells found in 1 mL of blood mixed with 10 million leukocytes

and 5 billion erythrocytes cells [14].



1.2.2 CTC:s detection

In the early stage of cancer patients, CTCs have been found around 2-3 cells per
1 mL in blood sample, which remains a big challenge for screening and measuring. CTCs have
been studied in isolation and measurement through many technologies including;

1.2.2.1 Commercial device

CellSearch system is one of the advanced technologies for cancer diagnosis which
is accepted by the Food and Drug Administration (FDA). Currently, it has been considered as a
gold standard for enumerating CTCs in cancer diagnosis by using antibodies against the epithelial
cell adhesion molecule (EpCAM) for CTC enrichment. CTCs are detected using the CellSearch
system in the whole blood sample of cancer patients [27]. If the CTCs are present, they can be
isolated and characterized for the management of cancer patients. In the detection of the CellSearch
system, immunomagnetic was coated with a specific antibody for capturing breast cancer cells in
7.5 mL of a blood sample. After that, the breast cancer cells captured with immunomagnetic were
analyzed with fluorescent dyeing by using DAPI dye(4',6-diamidino-2-phenylindole) via a nucleus
inside the cancer cell. The results were shown in the form of positive for epithelial cells (cytokeratin
8, 18, 19) and negative for inactivating leukocytes (CD 45) [5]. Although this technique is a high
impact on predicting EpCAM-positive CTCs, EpCAM-negative CTCs are still missing detection [28].

1.2.2.2 Research progress

Isolation by size of epithelial tumor cells (ISET) is a direct measuring method for
identifying cancer cells using a filter to isolate a large size of cancer cells. Briefly, the amount of
10 mL blood sample has been diluted in an erythrocyte-lysis buffer solution with a ratio of 1 to 10
before filtering cancer cells with the ISET filter. However, this technique has been performed for
4 hours. Finally, cancer cells were stained on the filter for morphological test and reconfirming the
result of characteristic cancer cells that display through immunocytochemistry [5].

Microfluidic technology for cancer cell isolation and measurement in blood
samples has been developed. It is a practical possibility for detecting through the liquid sample
under microscale volume and increasing the chances of cancer cell detection. This technology uses
polymer to create structure on silicon or glass material offering several advantages such as reducing
cost, easier fabrication, and non-toxicity [29]. The important components of microfluidic devices

for detecting cancer cells in blood samples include common structure and surface modification in



the microchannel. The structural design in the microchannel is used for enhancing the efficiency of
isolating and measuring cancer cells such as micro-posts for increasing surface in the microchannel
or herringbone structure for transforming fluid flow from laminar to turbulent flow [30, 31]. The
surface in the microchannel was modified by coating it with specific antibodies on its surface. Then
cancer cells captured onto the microchannel surface were stained using fluorescent dyes for
qualitative and quantitative analysis.

However, devices from the commerce and the research progress have several
limitations such as requiring fluorescent dye, spending a long time, the need for additional
equipment, and high cost for sample analysis. Therefore, a biosensor as an alternative technology
has many great advantages to develop as an analytical device for addressing those problems.
It offers high accuracy, high selectivity, no need for additional equipment, shot time analysis, low

cost, ease to use, and portability [32].

1.2.3 Biosensor

A Biosensor is an analytical device used for detecting a chemical substance or
biomolecule in a wide range of applications such as pharmaceutical medicine, food, and
environmental field [33]. The main components of biosensor consist of biological recognition and
physicochemical transducer (Fig. 1.2). A biological recognition material provides specificity of
biosensor to selective nature by biological interaction. A physicochemical transducer transforms
the biochemical signal into a quantitative electronic signal. Biosensors can be classified based on
transducer (electrochemical, optical, thermal, and piezoelectric biosensors) and based on the type
of biological recognition (molecularly imprinted polymer, enzymes, nucleic acid, aptamer, antigen
or antibody, whole cell, tissue, and organelle-based biosensors) [34, 35]. Biosensors are becoming
an interesting tool due to offering high sensitivity, high selectivity, rapidity, ease-of-use, low cost,

and portable devices [32].
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Figure 1.2 Schematic of biosensor components, including biological recognition, transducers, and

signal processing.

1.2.3.1 Immunosensor

An immunosensor is an attractive biological sensor based on the specific
interaction of antibody-antigen with high selectivity and sensitivity [36]. Immunoglobulin also
known as antibody, is a biological recognition protein, which responds to its antigen with very
strong affinity and high selectivity like a lock and key. The specific binding of antibody to antigen
targets is the key point for biosensor fabrication [37].

In the principle of an immunosensor, when target antigens are captured by its specific
antibody with stable immunocomplex formation on the immunosensor, the interaction of antigens
and antibodies is detected and transformed to a signal by a transducing system. Different types of
signal generation such as electrochemical, optical, and piezoelectric are utilized in immunological
biosensors for several applications in different fields [38]. Especially, electrochemical
immunosensors are powerful tools with high sensitivity and selectivity for target analyte detection.
Moreover, they offer simple, real-time analysis, low-cost, portable devices, and short-time analysis
[39].

1.2.3.2 Immunosensor for CTCs detection

The assay of electrochemical immunosensors can be divided into two assays.
Firstly, a direct immunoassay (labeled-free immunosensor) detects the changes of physical or
chemical interaction occurring directly from immunocomplex formation between antibody and
antigen. However, it encounters small interferent signals from non-specific adsorption on the

substrate surface that occurs when other proteins are present in the sample. Therefore, blocking



reactive free area is necessary for this direct detection assay. The other assay is an indirect
immunoassay (labeled immunosensor), which is used to detect the antigen-antibody interaction
based on signal generation from the labeling attached to the antigen targets or the second probe
antibodies. The labeling allows an electron transfer and then interprets the signal from the number
of labeling being proportional to the amount of target analytes. The advantages of labeled assays
are higher sensitivity and a small effect from non-specific adsorption on the signal. However, the
variability of a labeled biomolecule affects antigen-antibody binding efficiency. Furthermore, the
labeling method requires time consumption, high cost, and sample preparation [40, 41].
1.2.3.3 Electrochemical techniques
1) Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique that can provide both
qualitative and quantitative information for investigating the electrochemical reactions of biosensor
systems. The CV result reveals the information of equilibrium between reduction and oxidation
reaction in the form of a cyclic voltammogram, which consists of the x-axis representing the range
of applied potential and the y-axis representing the resulting current [42]. For sensor modification,
CV can be used to modify an electrode with supporting materials such as conducting polymers and
nanomaterials through the electrosynthesis process, and also can be used to characterize the surface
of the electrode during the modification step [43, 44, 45]. There are several advantages to
electrosynthesis via CV, including improved material adhesion on the electrode surface, faster
synthesis, and the ability to control both the thickness of the modified layer and the morphology of
material [46].

2) Differential pulse voltammetry

Differential pulse voltammetry (DPV) is a technique of electrochemistry that can
be used for assessing the redox properties without background current (no faradaic reaction) [47].
In the principle, the current is measured as a function of time and applied potentials that are varied
using pulses of increasing amplitude, and the current is sampled before and after each change of
potential [48]. The advantage of the DPV technique is low capacitive current that leads to enhance
sensitivity for analyzing with voltametric method. Therefore, DPV can be used for quantitative

analysis target and less for qualitative analysis of electrode mechanisms [48]. In this work,
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this technique provided us to study the success of material modification on the electrode surface
and also it coupled with electrochemical impedance spectroscopy technique.
3) Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique
that can be employed for analyzing electrical properties of modified electrode surfaces, and the
changes in bulk properties [49]. The principle of electrochemical impedance spectroscopy
measurement is based on applying AC voltage with small amplitude and measuring the current
response. In other words, impedance (Z) is the quotient of voltage at time V(z) and response current

signal at time /(?), as shown in equation 1.

Vo V, sin(2Ttft)

. 1
Lo I, sin(2Tft + )

where V,and /, are amplitude of the optimum voltage and current signals, fis the frequency, ¢ is the

time, and @ is the phase shift between the voltage at time and current at time [49, 50].

Furthermore, EIS measurements are performed on the conductivity of electrolyte
solution as a system component. Figure 1.3 depicts some of the elements that are commonly used
to explain the behavior of a sensor system. It consists of electrolyte solution resistance (R,), charge
transfer resistance (R,), a pure capacitor (C,), and Warburg impedance (Z,). The results of
electrochemical impedance spectroscopy are presented in Nyquist diagram with the imaginary part
of the impedance (-Z") at the y-axis versus the real part of the impedance (Z') at the x-axis and a

bode plot to present all information that is visible [40].
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Figure 1.3 Equivalent circuit model for fitting the impedance spectra of Nyquist plot.

EIS can be used to monitor several cases such as the roughness of the electrode
surface, confirmation of material immobilization on the sensor surface, and the detection of
interesting analytes. EIS is very sensitive to surface electrode changes, and it can read the result
directly from the Nyquist plot. As a result, EIS has emerged as an appropriate technique for labeled-
free detection. Moreover, the EIS technique can be used as a clinical diagnostic tool for detecting
cancer cells that are circulating in the patient’s body using a non-invasive and cost-effective

technique [51, 52, 53].

1.2.4 Materials

1.2.4.1 Polyaniline

Many conducting polymers have been applied in biosensor field, for example
polyaniline (PANI), polyacetylene (PA), polythiophene (PT), poly(3,4-ethylenedioxythiophene)
(PEDOT), polypyrrole (PPy), polyphenylene, and poly (phenylene vinylene). These conducting
polymers can be synthesized with simple, versatile materials, and are cost-effective [54].
Polyaniline is a conductive polymer that is widely used among other conducting polymers [55].
Polyaniline is commonly used to modify the substrate of a working electrode because it contains
an amine group, which facilitates biorecognition on the electrode surface [56]. In addition, the
conductive property is used to improve sensor sensitivity [57]. Polyaniline has the advantages such
as being simple to synthesize, good environmental stability, and highly conductive material in the

doping state [58]. During the polymerization process of aniline monomer, polyaniline typically
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exhibits three different oxidation states: leucoemeraldine (totally oxidized polyaniline), emeraldine
(half oxidized or reduced polyaniline), and pernigraniline (fully reduced polyaniline). Especially,
emeraldine can be formed into two states, including emeraldine base and emeraldine salt. Among
the polyaniline forms, only emeraldine salt is in the conductive state, but it is conductive in acidic
solutions with a pH of less than 3. When the polyaniline is treated in a solution with a pH greater
than 3, it transforms into an insulator [54]. Moreover, the polyaniline structures of each oxidation
state appear imine (=N-) and amine (-NH-) groups on the surface, making them suitable for surface
modification [59].

The formation of polyaniline on electrode surface is carried out via electro-
polymerization process. The electrosynthesis is an extremely effective technique for synthesizing
conductive polymer. The method of electrodepolymerization is separated into two categories.
Firstly, anodic electrochemical polymerization is most commonly used to prepare conducting
polymers by forming an oxidative monomer radical cation. Secondly, cathodic electrochemical
polymerization is rarely used for the synthesis of conducting polymers because it involves reductive
processes of monomers that result in a very low yield of conducting polymers [60]. During the
electropolymerization of aniline monomer, emeraldine salt is formed to conductive polyaniline in
the reduction state that is followed by four steps: including 1) oxidation of aniline monomer,
2) formation of dimers through the coupling of monomer cation radicals, 3) polymeric chain is
grown from oxidation of dimers, then further reaction of dimers with monomer cation radicals, and
4) the polymeric chain is spontaneously doped for forming conducting polymer [61].

1.2.4.2 Gold nanoparticles based electrochemical immunosensors

Gold nanoparticles (AuNPs) are tiny gold particles with diameters ranging from
1 to 100 nm [62]. They are popular metal nanomaterials that are commonly used due to their unique
properties such as a high surface area to volume ratio, material biocompatibility, improving the
conductivity of electrode surface, and electron transfer facility to electrode surface [63]. The effect
of AuNPs in electrochemical immunosensors is to improve the electrochemical signal, resulting in
increased sensitivity for detecting various analytes. AuNPs act as a bridge between the redox
protein and the bulk electrode surface, facilitating direct electron transfer. They can increase the
amount of antibody immobilization [63]. In addition, AuNPs also are used to increase the density

of redox peaks in various types of electrodes for immunosensor development. There are three
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methods for electrode surface modification with gold nanoparticles: (1) self-assembled monolayers
(SAMs) formed by using functional groups for binding gold nanoparticles, (2) electrochemical
deposition of gold nanoparticles onto an electrode surface, and (3) mixing of gold nanoparticles
with other components for formation on an electrode surface [64, 65].

1.2.4.3 Streptavidin-biotin interaction

The techniques used to immobilize biorecognition on electrode surfaces include
adsorption, covalent linker, entrapment, encapsulation, and affinity of biotin-protein interaction.
One of the strong interactions that contains multiple hydrogen bonds and van der waals is the one
between protein and biotin [66, 67]. This strength is roughly ten times that of the antibody-antigen
interaction [68]. There are three types of proteins that interact with biotin, namely avidin,
streptavidin, and neutravidin. Streptavidin is the most suitable to use for interaction with biotin due
to more specific than others, and low degree of nonspecific adsorption [69]. The biotin-streptavidin
interaction is one of the most popular that is used for conjugation with biomolecule such as protein,
lipids, nucleic acids, and antibodies. Streptavidin is derived from the bacterium Streptomyces
avidinii, which contains a homotetramer capable of binding four biotin molecules. Streptavidin-
biotin interaction has been used for the development of electrochemical immunosensors for several
reasons, including 1) the streptavidin lacks carbohydrates that can bind non-specific such as lectin
in normal tissue, 2) the streptavidin's isoelectric point (pI) is near neutrality, resulting in low
electrostatic binding with non-specific, 3) the streptavidin is small in size, and 4) biotin molecules
allow to bind macromolecules (such as antibody) without disturb their functions [70], and 5) the
interaction between streptavidin and biotin is not only highly stable, but it also improves the ability
of biotin-labeled antibodies to capture antigen via lock and key formation [68]. Additionally,
streptavidin has a high protein thermostability that protects it from extreme pH solutions, high
temperatures, reagent denaturation, and enzyme degradation. These characteristics are important
for a wide range of immunosensor detection [71, 72]. Streptavidin can capture biotin-labeled
biomolecules on sensor surfaces in 25 minutes at 37 °C, significantly reducing the time required

for sensor modification [73].
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1.2.4.4 Epithelial cell adhesion molecule (EpCAM)

Epithelial cell adhesion molecule (EpCAM, also known as CD326) is a 40 kDa
transmembrane glycoprotein that has high expression in carcinomas. It is imperative for
proliferation, metastasis, and invasiveness of tumor cells [74, 75]. EpCAM can form as an enemy
to E-cadherin by disrupting of alpha-catenin or F-actin link that leads to loosening solid cell-cell
adhesions [76]. EpCAM is low expression in normal epithelial tissue but overexpression in
epithelial cancers, including breast cancer, colonic cancer and others [77]. The expression of
EpCAM protein on the cancer cell surface can indicate the existence of epithelial cancer cells in
cancer patients, therefore it has gained attention as a potential target for cancer therapy and
detection [78]. Anti-EpCAM monoclonal antibody (EpCAM antibody) is a biorecognition that is
very highly specific with EpCAM marker on epithelial cancer surface. It is an approach for
detecting epithelial cancer cells with high efficiency. Many researchers used EpCAM antibodies
for diagnosing epithelial cancer such as CellSearch, microfluidic systems and immunomagnetic
technology [79, 80, 81]. It could be confirmed that the EpCAM antibody is one of the popular

antibodies that can detect epithelial carcinomas with promising results.

1.2.5 Analytical performance

1.2.5.1 Linearity

Linearity is the ability of the condition method that acquires from proportional test
results to the target analyte concentration [82]. The linearity is tested by measuring a series of target
analyte concentrations in at least three replications and plotting the relationship between signal
response and the target analyte concentration. The correlation coefficient is commonly used to
evaluate the method (r-value). When the correlation coefficient is close to one (0.9-0.99), the linear
range is accepted [83].

1.2.5.2 Sensitivity

The sensitivity is defined as the slope of the calibration curve, which plots the
signal response against the target analyte concentration. Sensitivity offers a change in analyte
concentration leading to a change in signal measurement [84]. When a small change in target
analyte concentration causes a large change in signal response measurement, this is referred to as

high sensitivity [85]. The slope of the relationship between the response of charge transfer
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resistance (AR_) and the analyte concentrations were used to determine the sensitivity of
immunosensor fabrication in this work.

1.2.5.3 Limit of detection

In an electrochemical biosensor, the lowest concentration of an analyte that can
be detected by the method is important to report. The limit of detection (LOD) value is used in
reporting the minimum concentration of target analyte that can be reliably distinguished by the
method. Several statistical methods including the signal-to-noise method, blank determination, and
linear calibration curve can be used to calculate LOD [86].

1.2.5.4 Selectivity

The concentration of analytes is not directly measured. It quantifies based on a
specific property (e.g., electrical signal conversion). However, the occurrence of a specific property
is caused not only by the analyte but also by interference. Interference can cause the signal
measurement to increase or decrease, resulting in a bias in the result [87]. The selectivity is
determined by precisely measuring the analyte of interest in a sample solution containing various
interference under conditions similar to those found in real sample solutions [82]. The selectivity
of the immunosensor was estimated in this study based on the response of EpCAM antibody to
EpCAM antigen biomarker on cancer cell surface by considering possible cancer cell types found
in human blood. They are including MCF-7 cells (overexpressed EpCAM antigen) [88], A2780 cells
(lower expressed EpCAM antigen) [89], and MG63 cell (non-expressed EpCAM antigen) [90].

1.2.4.5 Reproducibility

Reproducibility is the ability of a conditioning method to produce the same result
when repeated under similar conditions. The precision and accuracy of the method are referred to
as reproducibility. Precision means that the method can produce the same results every time an
analyte is measured, whereas accuracy means that the method can produce results that are close to
the true value if an analyte is measured more than once [91]. The reproducibility was calculated
using experimental data and expressed as a percentage of relative standard deviation (percent RSD),
indicating the acceptability of the immunosensor development [84]. The reproducibility of this
thesis was calculated by comparing the analyte response to each electrode in the same condition

and instrument in the same environment.



16

1.3 Objective

The purpose of this thesis is to develop an electrochemical immunosensor based

on polyaniline and gold nanoparticles for CTCs detection using a screen-printed gold electrode

1.4 Outline of the research

This work focused on developing the electrochemical immunosensor based on
polyaniline and gold nanoparticles using a screen-printed gold electrode (SPAuUE) with good
performance for CTCs detection. the immunosensor was fabricated by direct electropolymerization
of aniline as the first layer on SPAuUE for creating amine group on the surface for binding with
streptavidin protein through EDC/NHS after electrodepositing gold nanoparticle as material that
improves the electrochemical signal. In the process of immobilization probe, a biotin-EpCAM
antibody was performed by using streptavidin-biotin interaction. The experimental section was
proved through a microscope image, FE-SEM image, and an electrochemical technique. Finally,

the analytical performances of developed immunosensor
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CHAPTER 2

MATERIALS AND METHODS

2.1 Reagents

2.1.1 Electrode modification

Aniline monomer (ANI, 99%, Sigma-Aldrich)

Perchloric acid (HC1O,, 69-72%, Merck)

Tetra chloroauric (III) acid trihydrate (HAuCl,.3H,0, Acros Organics)

Sulfuric acid (H,SO,, 98%, Sigma-Aldrich)
N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, Merck)
N-Hydroxysuccinimide (NHS, Sigma-Aldrich)

Streptavidin from streptomyces avidinii (SA, essentially salt-free, lyophilized powder,
> 13 units/mg protein, Sigma-Aldrich)

Biotin anti-human CD 326 (EpCAM) antibody (Clone: CO17-1A, BioLegend®)

Bovine Serum Albumin (BSA, lyophilized powder, > 96%, Merck)

Sodium dihydrogen phosphate monohydrate (NaH,PO,.H,0, Merck)

Di-sodium hydrogen phosphate dihydrate (Na,HPO,.2H,0, Merck)

Potassium hexacyanoferrate (II) trihydrate (K,Fe (CN),.3H,0, Sigma-Aldrich)

Potassium hexacyanoferrate (IIT) (K;Fe(CN),, Sigma-Aldrich)

All aqueous solution was completed using water purified with a Milli- Q purification

system (resistivity > 18 M{) cm)
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2.1.2 Cell culture experiment

- Phosphate buffer saline pH 7.0 (PBS, HIMEDIA®)

- Dulbecco’s Modified Eagle Medium (1X) (DMEM, Gibco, UK)
- Fetal Bovine Serum (FBS, Gibco, Germany)

- GlutaMAX™-1(100X) (Gibco, Japan)

- Penicillin Streptomycin (Gibco, USA)

- Trypsin-EDTA (1X) (0.25%, Gibco, Canada)

- Lipophilic Carbocyanine Dyes (DiD, Molecular probes, USA)

2.2 Apparatus
- Potentiostat/ galvanostat Autolab, monitored by the NOVA 2. 1.4 software (Metrohm,
Netherland)
- Screen-printed gold electrodes (SPAuEs) (DropSens, Metrohm, Netherland)
- Field Emission Scanning Electron Microscope ( FE-SEM, quanta 400, FEI company,
Czech Republic)

- Lionheart FX Automated Microscope (Agilent, USA)

2.3 Immunosensor fabrication

The pretreatment of a SPAuE was carried out in 0.50 mol/L H,SO, by using cyclic
voltammetry (CV). Then, applying potential from 0 to 1.10 V with 100 mVs ' scan rate for
10 cycles was performed, followed by rinsing with ultrapure water and blowing with nitrogen gas.
Before the working electrode surface was modified with polyaniline (PANI), its surface was gently
washed with 50 mmol/L. HCIO, to adjust the surface to be the same as aniline solution.
Subsequently, the electropolymerization process of aniline was operated in 4.0 mmol/L aniline
(in 50 mmol/L HCIO,) via CV method in the potential range of -0.40 to +0.80 V at a scan rate of
50 mV s for 10 cycles [92]. The PANI-modified SPAuE (PANI/SPAUE ) was washed with
50 mmol/L HCIO, to remove the fragment of aniline. In addition, PANI-modified SPAuE was
slightly washed with 0.50 mol/L H,SO, to adjust the electrode surface similar to HAuCl,.3H,0
solution. The electrodeposition of gold nanoparticles (AuNPs) was performed on the PANI/SPAuE

in 0.60 mmol/L. HAuCl,.3H,O (in 0.50 mol/L. H,SO,) solution via CV by using a potential range
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from -0.20 V to +1.2 V at a scan rate of 100 mV s ' for 15 cycles [92]. Then, AuNPs-modified on
PANI/ SPAuE (AuNPs/PANI/SPAuUE) was washed with ultrapure water to remove residual
HAuCl,.3H,0 and dry with nitrogen gas.

For EpCAM immobilization, 50 pL of 1 mg/mL streptavidin was activated in
1 mL of EDC/NHS (100 mmol/L /200 mmol/L) for 30 minutes at 25 °C. Next, the activated
streptavidin (10 uL) was placed on the surface of AuNPs/PANI/SPAuE and incubated for 2 hours at
room temperature in a petri dish wrapped with parafilm. After incubation, the streptavidin-modified
SPAUE (SA/AuNPs/PANI/SPAUE) was gently washed with 200 uL ultrapure water to remove the
unbound activated streptavidin, and followed by blowing nitrogen gas. In the next step, 4 pL of
100 pg/mL biotin- EpCAM antibody (in 10 mmol/L phosphate buffer, pH 7.4) was added on the
streptavidin-modified SPAuE surface and incubated for 1 hour at 25 °C in a petri dish wrapped
with parafilm. After that, the biotin-EpCAM modified SPAUE (b -EpCAM/SA/AuNPs/PANI/SPAUE)
was washed with 200 puL of 10 mmol/L phosphate buffer (pH 7.4) to remove the unbound biotin-
EpCAM and gently blown with nitrogen gas. Finally, to block the non-specific binding on the
b-EpCAM/SA/AuNPs/PANI/SPAUE, 4 puL of 1% BSA was coated onto the modified SPAuE
surface and incubated further for 30 minutes and followed by gently washing with 200 uL of

10 mmol/L phosphate buffer (pH 7.4). The modified SPAuEwas finally stored at 4 °C before use.

NH,

aniline HAuCl3H,0
Q h‘ @ )

electropolymerization electrodeposition

4+

EDC/NHS Streptavidin
BSA Biotin-EpCAM

blocking agent biotin-Streptavidin
interaction

Figure 2.1 Schematic presentation of the process of the developed immunosensor using a SPAuE
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2.4 Cell-culture experiment

MCF-7 cells were treated in a DMEM complete medium that consists of
10% FBS, 1% GlutaMAX (100X), and 1% Penicillin Streptomycin. The MCF7 cells were then
kept in an incubator at 37 °C containing 5% CO,. MCF-7 cells were monitored on a daily culture
to ensure the medium without contamination and evaporated until obtaining 70-80% confluence of
MFC-7 cells. To prepare MCF-7 cells for testing, the MCF-7 DMEM medium was removed and
cleaned residual DMEM with 1X PBS. Then, the MCF- 7 cells were trypsinized using
0.25% Trypsin-EDTA and incubated at 37 °C for 2-3 minutes. Subsequently, DMEM complete
medium was added for blocking the activity of trypsinization. After that, MCF-7 cells were
resuspended by gentle pipetting up and down. Finally, cell suspensions were prepared in 1XPBS

before using as a sample for CTCs detection.

2.5 MCF-7 cell dyeing

Carbocyanine dye or DiD was added in 1X PBS solution pH 7.2 (final
concentration 1 pM) that contains MCF-7 cells for labeling cytoplasmic and intracellular
membrane structures. Then, it was mixed well and incubated in the MCF-7 cell at 37 °C containing
5% CO, atmosphere for 10 minutes. After that, MCF-7 cells were washed by removing the staining
solution and adding 1X PBS pH 7.2 solution 3 times. Finally, MCF-7 cell staining was prepared in

1X PBS pH 7.2 before investigating with a fluorescence microscope.

2.6 Fluorescence microscope detection

MCF-7 cell staining at a concentration of 10,000 cells/mL was added to the
developed immunosensor and stored at 37 °C with a 5% CO, atmosphere for 30 minutes. Then,
the MCF-7 cell on the developed immunosensor was covered with a cover slip and investigated
with Lionheart FX Automated Microscope in a fluorescent field in the dark mode and bright field

by using outsource light.
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2.7 Electrochemical measurement

Before MCF-7 cell detection, the developed immunosensor was pre-conditioned
via CV. techniques. The CV was performed in 10 mL of 10 mmol/L phosphate buffer (pH 7.4) by
applying the potential range from +0.20 V to +0.90 V at a scan rate of 100 mVs' for 10 cycles. The
different concentrations of MCF-7 cells were prepared in 1X Phosphate buffer saline ( PBS)
pH 7.2, including 101, 102, 103, 104, 10° and 10° cells/mL. Then, 5 uL of each MCF-7 concentration
was dropped on the developed immunosensor and stored at 37 °C containing 5% CO, atmosphere
for 30 minutes. Before electrochemical measurement was performed, the immunosensor was gently
washed by dipping up and down in 1X PBS three times to remove non-specific and unbound
MCF- 7 cells. To evaluate the performance of the developed immunosensor, the different
concentrations of MCF-7 cells were detected in 10 mM [Fe(CN) ] T containing solution of
10 mmol/L phosphate buffer (pH 7.0) [93] via EIS technique in the frequency range from 10°to

10" Hz, and signal amplitude of 5 mV at 5 points per decade.

2.8 Linear range

The developed immunosensor was examined at various concentrations of MCF-7
cells from low to high concentration in solution of the redox mediator. The change of charge
transfer resistance was related to the amount of MCF-7 cells which were captured on the developed
immunosensor. A calibration curve was plotted between the increase of charge transfer resistance

(AR,) and MCF-7 cell concentrations.

2.9 Limit of detection
The limit of detection ( LOD) is used to explain the lowest quantity or
concentration of MCF-7 cells that can be measured reliably and with statistical significance. It was

an estimate based on linear regression by the following equation [86].

3SD
LOD = — (1)
S

Where SD is the standard deviation of the reflection computed by the standard deviation of

y-intercepts in regression lines, and S is the sensitivity (sloop) of the calibration curve.



22

2.10 Selectivity

The selectivity of the modified SPAuUE was examined at the same concentration
under the modified condition. This performance was studied with three different types of cancer
cells including MCF-7 cell as over-expressed EpCAM antigen, A2780 cell as low-expressed
EpCAM antigen, and MG-63 as non-expressed EpCAM antigen. These cancer cells were prepared
in 1X PBS (pH 7.2), and also 1X PBS pH 7.2 was used as a control in this testing. For the testing,
the concentration of different cancer cells was used at 1,000 cells/mL and 100,000 cells/mL for
observing R, response to different types of cancer cells. Additionally, the three types of cancer cells
were mixed well and tested at the same condition. The testing was evaluated through the EIS
technique at the frequency range from 10’to 10" Hz and signal amplitude of 5.0 mV at 5 points per

decade.

2.11 Reproducibility

Five SPAuEs were modified under the same method above in a section of the
modified sensor, and used for testing 100 cells/mL MCF-7 cell in a solution of 10 mM [Fe(CN)6]3'/4'
containing 10 mM phosphate buffer, pH 7.0. The EIS technique was performed at a frequency
range from 10't0 10" Hzand signal amplitude of 5.0 mV at 5 points per decade. The results of AR,
response of each modified SPAuEs to MCF-7 cell were investigated. The acceptability of this
fabricated immunosensor was evaluated by calculating the % relative standard deviation (% RSD)

of the AR, response of each modified SPAUE under similar the modified sensor method and

environment (at 25 °C).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Immunosensor fabrication

3.1.1 Surface characterization of the AuNPs/PANI-modified electrodes

The surface morphologies of the modified SPAuE were investigated using a field
emission scanning electron microscope (FE-SEM) to confirm the success of polyaniline and AuNPs
formation. Following the condition of aniline electropolymerization [92]. PANI structure formed
on the SPAUE surface after the oxidation reaction of aniline monomer in the potential range of 0.2
to 0.4 V. As shown in Figure 3.1A, the cyclic voltammograms of aniline showed an increase in the
anodic peaks (oxidation reaction) which indicates aniline monomer being formed to polyaniline
structure on SPAUE surface [94]. The formation of PANI through electropolymerization was
followed by four procedures. The first was the oxidation of aniline monomer (formation of
monomer cation-radical). The second was the formation of dimers through a coupling of monomer
cation radicals (by deprotonation and re-aromatization). The third, polymeric chain was grown
through the oxidation of dimers and further reaction of dimers with monomer cation radicals.
Finally, the polymeric chain was spontaneously doped to form conducting polymer [95].
The obtained FE-SEM image revealed that PANI formed a dense nanorod-like structure with an
average diameter of 40 + 14 nm (Figure 3.1B). However, the result of the PANI structure on the
SPAUE surface was different from previous report [92] that they had reported as small particles.
The difference in PANI structure depends on many factors such as monomer concentration, pH of
medium, acidic doping, synthesis method, and electrode materials. Especially the difference in the
surface of the electrode (SPAuE) that being chosen to form PANI in the previous study is
importance for oxidation of aniline [96, 97 ]. Then AuNPs were electrodeposited on the
PANI/ SPCE via cyclic voltammetry as shown in Figure 3.2A. It can be seen that the anodic peak

an indicated that the gold oxidation to Au’ as shown in equation (1) and peak b presented
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the oxidation of chloride to chlorine as displayed in equation (2). Besides, the anodic peak c

occurred due to oxygen evolution.
AuCl, + 6CI — AuCl, + 2 + 4CI (1)
s = 2o+ o3¢ )

In addition, cathodic peak d is represented the reduction of Au’', as seen in
equation (3), cathodic peak e is assigned to the reduction of Au” to AuNPs, as displayed in equation

(4), and cathodic peak f'is specified to hydrogen evolution [98, 99, 100]
AuCl, + 2¢ —AuCl, + 2CI 3)
AuCl, + le — Au(0) + 2CI (4)

The success of deposited AuNPs on the surface of the PANI layer was confirmed
through SEM image (Figure 3.2B). The tiny beads were observed with an average diameter of
35 + 10 nm and distributed well on the PANI surface, similar to that of the previous report [92].
Regarding differential pulse voltammograms (DPV) results (Figure 3.3), the appearance of PANI
structure after electropolymerization was related to an increase in the oxidation peak current of
[Fe(CN)G]M' to 90 A (trace b), while a bare SPAuE was responded to 60 YA (trace a). This is due
to PANI material providing electrical conductivity, which can be observed at 0.05 V. The increase
in current signal could confirm that the PANI modification on the SPAuE was successful. When
AuNPs modification, the oxidation peak of [Fe(CN)6]3_/4_ increased significantly to 115 pA (Figure
3.3, trace ¢) which is related to the appearance of a tiny bead of AuNPs. This is due to AuNPs
provided high electroactive material, leading to the conductivity enhancement of the
AuNPs/PANI/SPAuE. Thus, the increase in the current signal could provide strong evidence to

confirm the presence of AuNPs on the PANI/SPAUE surface.
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(A) Electropolymerization process
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Figure 3.1 (A) electropolymerization process of aniline in 50 mM HCIO, in the potential range of
0.2 t0 0.4 V at a scan rate of 50 mV s for 10 cycles by CV technique and (B) FE-SEM image of

the PANI forming layer prepared by 4 mM aniline monomer on SPAuE surface.
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(A) Electrodeposition process
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Figure 3.2 (A) the electrodeposition process with 15 cycle scans of 0.6 mM HAuCl, in 0.5 M
H,SO, to form AuNPs and (B) FE-SEM image of PANI modified SPAuE surface after AuNPs

deposition.
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Figure 3.3 Differential pulse voltammograms (DPV) showing the current responses of (a) bare
SPAUE, (b) PANI/SPAUE, and (c) AuNPs/PANI/SPAUE in 10 mM [Fe(CN),]™ containing 10 mM

phosphate buffer at pH 7.0.

3.1.2 Electrochemical characterization of the developed immunosensor

The success of each modification step was also electrochemically characterized
by electrochemical impedance spectroscopy (EIS). EIS technique is commonly used to confirm the
presence of modified material on an electrode surface based on electron transfer resistance
behavior. Figure 3.4 shows the EIS results which were obtained from charge transfer resistance
detection and table 1 obtained from equivalent circuit fitting in each step of the immunosensor
fabrication. At a bare SPAuE, the charge transfer resistance (R_,) obtained from the diameter of the
Nyquist plot semicircle was 821.21 £), which can be observed in the trace a. After electropolymerization
of aniline on the bare SPAuE, R, of PANI/SPAUE clearly decreased to 88.35 () (trace b). The
decrease of R, could indicate that PANI provides a fast electron transfer dynamic, and good
electrochemical activity. When AuNPs were electrodeposited on the PANI layer, the result found

that R, decreased to 55.7 Q (trace c), due to AuNPs allowing an electron of redox solution to
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transfer easily to SPAUE surface, causing R, decreased [9, 92]. Following this step, streptavidin
(SA) was bound on AuNPs/PANI/SPAUE surface. The result showed that its R, decreased to
21.46 Q (trace d). This might be because the support of both AuNPs and PANI coated SPAuE
surface leads to enhancing electron transfer between the active center of streptavidin protein and
SPAUE surface [101, 102]. After b-EpCAM antibodies were then immobilized on streptavidin
modified electrode, the result found that R, increased to 230.38 (1 due to the insulating property of
EpCAM antibody that obstacled electron transfer (trace ¢). Finally, R, also increased to 420.06 ()
after the remaining reactive free area was covered by BSA (trace f), owing to the surface being
blocked and leading to inhibiting electron transfer. Therefore, metamorphosis of electrochemical
characterization confirmed that the modification of each step on SPAuE surface was successful in

developing an EpCAM-based immunosensor.
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Table 1 the data of SPAuE modification

A) The data of SPAuE

Element Parameter Value Estimated Error(%)
Rs R 73.637 0.778
Rp R 821.210 2.076
CPE Y, 1.30x 107 5.497
N 0.84123 0.897
w1 Y, 0.004972 1.626
X’ 0.012355
B) The data of PANI/SPAuUE
Element Parameter Value Estimated Error(%)
Rs R 71.511 5.437
Rp R 88.348 2.982
CPE Y, 3.37x10° 9.223
N 0.66712 8.203
w1 Y, 0.004367 10.029
X? 0.010932
C) The data of AuNPs/PANI/SPAuE
Element Parameter Value Estimated Error(%)
Rs R 73.549 0.326
Rp R 55.700 1.933
CPE Y, 1.82x 107 11.181
N 0.82707 241
w1 Y, 0.005577 0.408
X? 0.009365




D) The data of SA/AuNPs/PANI/SPAuE

Element Parameter Value Estimated Error(%)
Rs R 73.733 0.311
Rp R 21.456 1.067
CPE Y, 3.00x 10° 8.419
N 0.78732 1.291
w1 Y, 0.004835 0.531
X’ 0.012355
E) The data of b-EpCAM/SA/AuNPs/PANI/SPAuE
Element Parameter Value Estimated Error(%)
Rs R 69.385 0.581
Rp R 230.38 1.165
CPE Y, 2.66 x 107 6.179
N 0.79186 1.044
w1 Y, 0.004191 1.572
x? 0.010637
f) The data of BSA/b-EpCAM/SA/AuNPs/PANI/SPAuUE
Element Parameter Value Estimated Error(%)
Rs R 70.739 0.806
Rp R 420.06 1.479
CPE Y, 2.31x 107 6.44
N 0.81532 1.115
W1 Y, 0.004874 3.073
X’ 0.013539

31
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3.1.3 The effect of AuNPs on the streptavidin based immunosensor

The performances of streptavidin modified on PANI/SPAuE (SA/PANI/SPAuE)
with and without AuNPs were studied by using CV and EIS techniques. As seen in Figure 3.5A,
the EIS results showed that the R, of streptavidin modified PANI/SPAUE (SA/PANI/SPAUE)
without AuNPs exhibited a significantly increase from 88 to 1000 () (Figure 3.5A, trace c) that was
corresponding to decreasing in the current signal of CV (Figure 3.5B, trace c). This result was
corresponding with the studies reported by [103, 104, 105]. Typically, it is noted that a protein
molecule is an electrical insulator that enables to block the electron transfer between the redox
solution and the electrode surface, leading to a decrease in the conductivity of the fabricated
immunosensor. However, some molecules in protein such as amino groups can conduct when present
on the electrode surface [106, 107], especially, coating on high conductive materials [101, 102].

In our study, when streptavidin was immobilized on the PANI/SPAuE with the presence
of AuNPs, the R, of SA/AuNP/PANI/SPAUE decreased evidently from 55 to 20 Q (Figure. 3.6A,
trace d). The result was also confirmed by running CV as seen in Figure 3.6B. The CV result
revealed, as shown in Figure 3.6B (trace d), that an increase in the CV current signal after SA
immobilized AuNPs/PANI/SPAuE, being consistent with the EIS results. The CV results showed
that the cathodic peak was shifted to the left because amino acid residues of streptavidin are active,
leading to enhance the fast kinetics of the reaction [101, 108]., The increase in the conductivity of
SA/AuNPs/PANI/SPAUE exhibited higher than the conductivity of SA/PANI/SPAuUE. It could
explain that an increase in the conductivity of the modified electrode occurred due to being induced
by an influence of both PANI and AuNPs. It could be because AuNPs could induce amino acid
residues (electroactive species) of streptavidin to facilitate electron transfer, enhancing the electron
transfer between the active centre of streptavidin protein and SPAuE surface [101], and polyaniline
as a solid mediator allowing electrons to shuttle [102]. However, a previous study found that
streptavidin modified on gold nanoparticles without polyaniline exhibited non-conductivity [103].
This suggests that streptavidin was immobilized on both polyaniline and gold nanoparticles,

resulting in high conductivity for the development of immunosensors.
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Figure 3.5 Streptavidin/polyaniline-modified SPAuE without AuNPs was detected with (A) EIS

technique in the frequency range of 10" to 10" Hz with a signal amplitude of 5 mV (5 points per

decade) and (B) CV technique in a potential range of -0.20 V to 0.60 V with a scan rate 50 mV s

These processes were obtained in a 10 mM [Fe(CN)6]3'/4' containing 10 mM phosphate buffer at

pH 7.0
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Figure 3.6 Streptavidin/AuNPs/polyaniline modified SPAuE (the presence of AuNPs) was
detected through (A) EIS technique in the frequency range of 10" to 10" Hz witha signal amplitude
of 5 mV (5 points per decade) and (B) CV technique in a potential range of -0.20 V to 0.60 V with
a scan rate 50 mV s”. These processes were obtained in 10 mM [F e(CN)G]M' containing 10 mM

phosphate buffer at pH 7.0
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3.2 Analytical performances of the developed immunosensor

Initially, the performance of the b-EpCAM/SA/AuNPs/PANI/SPAUE for
capturing MCF-7 cells was examined by detecting 10,000 cells/mL of MCF-7 cells in 10 mM
[F e(CN)G]M_ containing 10 mM phosphate buffer (pH 7.0) via using EIS technique in a frequency
range from 10" to 10" Hz and signal amplitude of 5 mV for 5 points per decade. As shown in Figure
3.7A, the EIS results revealed that the R, increased when MCF-7 cells were captured by EpCAM
antibody on the modified SPAuE. This suggests that the MCF-7 cells were captured and prevented
electron transfer, confirming the presence of 10,000 cells/mL of MCF-7 on the modified SPAuE.
Fitting an equivalent electrical circuit model to the EIS results was used to analyze the results.
It includes solution resistance (R,), constant phase element (CPE) that substitutes double-layer
capacitance due to capacitor non-ideality, charge transfer resistance (R,) of the modified SPAuE
surface, and Warburg diffusion impedance (W) caused by the redox couple solution diffused from
bulk solution to interface (Figure 3.7B). Abovementioned, the presence of MCF-7 cells on the

modified SPAuE was confirmed based on differentiation of R,.
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Figure 3.7 (A) EIS response before (trace a) and after (trace b) detecting 10,000 cells/mL of

MCF-7 cells, and (B) Equivalent circuit for fitting the impedance spectra of Nyquist plot.
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Furthermore, we also confirmed the presence of MCF-7 cells on the SPAUE using
a fluorescence microscope by staining 10,000 cells/mL of MCF-7 cells with carbocyanine dye
(DiD) to label cytoplasmic and intracellular membrane structures of MCF-7 cells and 1X PBS as
control. The result showed that MCF-7 cells appeared on the modified SPAuE as a black dot in the
bright field and an orange dot in the fluorescent field. When both images were merged, black and
orange dots almost appeared in the same position as shown in Figure 3.8A. In the control group,
any visible spots on the modified SPAuE surface, whether in the form of a bright field or a

fluorescent field, are invisible (Figure 3.8B). The results indicated that our developed

immunosensor was capable of capturing MCF-7 cells for detection.

Bright Field

Figure 3.8 Microscope images of (A) the modified SPAuE with the presence of MCF-7 cells on

surface and B) the modified SPAuE without MCF-7 cells on surface.
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3.2.1 Linearity and limit of detection

The sensitivity of the immunosensor was determined through EIS response at
various concentrations of MCF-7 cells. Figure 3.9 shows EIS spectra at the b-EpCAM/SA/
AuNPs/PANI modified SPAuE after incubating MCF-7 cells for 30 minutes at different
concentrations in a range from 10 to 10° cells/mL. It was found that the R, (the semicircle of EIS
spectra) increased when MCF-7 cell concentrations increased. The calibration curve presented a
linear relationship between the charge transfer resistance (R,) value and logarithm value of
cumulative MCF-7 cell concentrations in the range of 10 to 10’ cells/mL (F igure 3.10). The linear
regression equation was Y = 99.44 log [Cycp;] + 52.085, with a correlation coefficient of 0.9978.
Additionally, when only 1 concentration at 1,000 cells'mL was tested with the developed
immunosensor, we obtained R, around 226.78 Q0 (n=3) which is in the range of R, of 1,000 cells/mL.
Therefore, the result of detection as series per an immunosensor or 1 sample concentration per an
immunosensor is no different due to the number of MCF-7 cells that be used as a sample each time

are average of 1,000 cells/mL.
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Figure 3.9 A cumulative graph illustration of EIS spectra response at various concentrations of
MCEF-7 cells in the range of 10 to 10° cells/mL. This process was achieved by detecting in the

solution of 10 mM [F e(CN)G]M' containing 10 mM phosphate buffer pH 7.0
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Figure 3.10 The calibration curve presented a linear relationship between the charge transfer
resistance (R_,) value and logarithm value of cumulative MCF-7 cell concentrations that adapt from
the number of MCF-7 cell concentrations in the range of 10 to 10" cells/mL. The sensitivity was
achieved by detecting in the solution of 10 mM [F e(CN)G]}M_ containing 10 mM phosphate buffer

pH 7.0 (n=5)
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The limit of detection (LOD) was determined at a signal-to-noise ratio of 3 (3S/N),
where S is the standard deviation of the response (the standard deviation of y-intercepts) while N
is the slope of the calibration curve. The LOD was found to be 2 cells/mL. Therefore, this developed
immunosensor has a high potential to detect CTCs in low concentrations that were discovered in

an early-stage cancer patient.
The principle of calculating the limit of detection

From formula ;

LOD = 3S/N
= 3(8.89)/99.44
= 0268 ->X
Due to
log Cyycpy = X
Then Cycrg = 10%
So Cycpr = 102

< LOD = 1.854 = 2 cells/mL

3.2.2 Selectivity

The selectivity of the developed immunosensor was examined through the
response of EpCAM antibodies to the epithelial cell adhesion molecule (EpCAM) antigens of
MCEF-7 cells, A2780 cells and MG 63 cells. Therefore, the expression of EpCAM antigen on cancer
cell surface was used as a criterion to evaluate the specificity of this immunosensor in the same
concentration and under conditions. As shown in Figure 3.11, the R, of MCF-7 cells was found to
be the highest due to MCF-7 cell surface overexpression of EpCAM antigen, resulting in a large
amount of captured MCF-7 cells on the modified SPAUE surface. As a result, electron transfer to
the electrode surface was inhibited. While R, of A2780 cell had a lower signal response due to the
low expression of EpCAM antigen, this resulted in a lower chance of A2780 cell capture. However,
it should be noted that this phenomenon might occur owing to the expression of EpCAM antigen
on the surface of each cancer cell. The R, of MG 63 cell was slightly higher than in the control

(1X PBS). This is due to MG 63 cell nonspecific adsorption on the modified SPAuE surface.
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Finally, the R,, of cancer cell mixture (MCF-7 cells, A2780 cells, and MG 63 cells) was almost
increased with the same along with an increasing proportion of A2780 cells and MCF-7 cells.

The result implied that the developed immunosensor was highly selective with the
cancer cells that expressed EpCAM antigen on their surface. Especially, cancer cells were

overexpression of EpCAMs as MCF-7 cells.

1,000 cells/mL. = 100,000 cells/mL
600
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400

300

200
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Control MG 63 A2780 MCF 7 Mixture

ARt

Figure 3.11 Effects of interfering on the response of the developed immunosensor to MCF-7,
A2780, and MG 63 cells in 1X PBS solution at the concentration of 1,000 and 100,000 cells/mL of

each type.

3.2.3 Reproducibility

The reproducibility was examined using five immunosensors. The five
immunosensors were prepared in the same condition and tested with 100 cells/mL. As shown in
Figure 3.12, the R results were 149.00 , 155.00 £, 145.00 Q, 154.93 (), and 157.85 Q,
respectively. The result found that the five immunosensors obtained a relative standard deviation

(RSD) of 3.43% for 100 cells/mL, indicating acceptable reproducibility.
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Figure 3.12 Response of the five developed immunosensors to detect 100 cells/mL of MCF-7 cells

in the solution of 10 mM [Fe(CN),]*"* containing 10 mM phosphate buffer at pH 7.0.

To summarize, the novel developed immunosensor discovered that modified
streptavidin protein (normally known as the insulating layer) on the sensor surface, which contains
PANI and AuNPs, showed no reduction in sensor conductivity. Additionally, as previously
mentioned, streptavidin protein provided an improvement in the current signal of the developed
immunosensor by collaborating with PANI and AuNPs. Here, our immunosensor (BSA/
b-EpCAM/SA/AuNPs/PANI/SPAUE) was compared to other electrochemical biosensors for MCF-7
cells detection, as shown in Table 2. As can be seen, our immunosensor provided a wider linear
range than previous research. Interestingly, the high sensitivity of our developed immunosensor
achieved a limit of detection as low as 2 cells/mL, which is lower than the previous reports in
Table 2. Thus, our developed immunosensor could be a promising tool for use to detect CTCs at

various stages of cancer metastasis, from the early stages to the later stages.
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CHAPTER 4

CONCLUSIONS

This study presented the success of a novel electrochemical immunosensor based
on the contribution of both polyaniline and gold nanoparticles. The combination of polyaniline and
gold nanoparticles could contribute to the sensor performances for detecting MCF-7 cells showing
a limit of detection of 2 cells/mL. The developed immunosensor exhibited high selectivity to
EpCAM antigen on the cancer cell surface. The immunosensor for detecting MCF-7 cells in the
range of 10 to 10° cells/mL was accomplished. Furthermore, the immunosensor obtained
satisfactory reproducibility in fabricated immunosensor. The performance of our developed
immunosensor for CTC was compared to other studies for MCF-7 detection. Our immunosensor
provided a wider linear range and the lowest limit of detection. It could be concluded that the
developed immunosensor could be used as a potential tool for highly sensitive and selective
quantification of MCF-7 cells in cancer patients for point-of-care CTCs detection. However,
although the detection limit of this developed immunosensor is very low, the amount of CTCs in
early-stage cancer patients was extremely low, with only 2-3 cells in 1 mL of a blood sample.
It makes detection difficult when only an immunosensor is used. In future work, our developed
immunosensor could be tested for the performance of CTCs detection in blood samples. Also, it is
possible to combine the developed immunosensor with microfluidic technology for CTC isolation
by controlling the fluid flow of a patient’s blood sample into the measuring zone of immunosensor.
Therefore, the combination of both technologies will increase the performance of CTC detection
with more effectiveness in the future. Additionally, we hope that this immunosensor will enhance

the chances of cancer patients recovering from the disease.
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