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ABSTRACT

Cancer is a cell malfunction disease that leads to morbidity and mortality.
Diagnosing of cancer cells and distinguishing cancer from normal cells at an early stage
can be greatly beneficial to significantly reducing the lethal rate in cancer patients.
Herein, an electrochemical biosensor was fabricated by functionalizing Concanavalin A
(Con A), asugar binding protein on graphene using carbodiimide (EDC) as a zero linker,
covalently immobilizing Con A on the graphene structure. The Con A functionalized
graphene electrochemical sensor showed good performance in detecting cells and
differentiating ovarian cancer cells from normal fibroblast, relying on cells
electrochemical activity. The results revealed unique electrochemical patterns of
ovarian cancer cells, and good sensitivity of ovarian cancer cells detection in
concentration windows of 1x10* to 2x10 cells/ml. The sensor could be of great benefit
to early cancer diagnosis, and could be used as a preliminary test that indicates whether

the cell is a cancer in a matter of few hours.
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CHAPTER |
INTRODUCTION

In Chapter I, research introduction was stated, involving motivation,

objectives and scopes of the project.

1.1 Motivation

Cancer is one of the most lethal diseases and a leading cause of death in
Thailand. Infection, unhealthy life style and wounds can trigger malfunctioning cells to
lost their original memories and insanely duplicating themselves. An early and accurate
diagnosis are considered the best approach to cope with cancer, significantly enhancing
surviving rate of a patient. Cancer is a disease caused by cell dysfunction, cancer cell
characteristics are significantly differed from normal cells, including morphology,
regeneration, genetic traits, behavior and metabolism [1]. Treatment and diagnosis of
cancer are challenging because of cancer cell growth in the invisible part of organs and
is ignored by immune system of the body. Since cancer can grow uncontrollably and
often spread to surrounding tissue and can metastasis to any part of the body. Cancer
cells can release glycoprotein, glycan and nucleic acid, causing excessive presence of
these substances on the cellular surface which can be categorized as tumor markers [2].
These biomarkers will have a great impact on cellular surface properties and they can
be potentially useful in early cancer diagnosis.

For these reason, Normal and cancer cells can be distinguished by
monitoring cellular properties using analytical methods and tools in many ways, e.g.
electrochemical potentials from Zeta potential [3], chemical tests from ELISA Kits [4],
and basic cell staining procedures [5]. All these methods need to be performed by an
expertise, are time consuming, and costly. A simple method for cancer cells monitoring

is required.
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Currently, electrochemical sensor is one popular fields of technology due to
a tremendous amount of research works on advanced materials, mainly nanostructures,
such as metal/metal oxide nanoparticles, carbon nanotubes and graphene. The
nanomaterials can be used to increase the sensitivity of an electrochemical biosensor,
leading to greater precision and accuracy. In addition, faster sensor respond could be
achieved with nano-sized devices owing to smaller distances [6]. Graphene is a thin
layer of carbon nanostructure which has attracted a great deal of attention in recent years
due to the unique properties with outstanding charge transfer, mechanical strength, and
chemical stability properties. Also graphene structure is enriched of reactive oxygen
functional groups, including carboxyl (-COOH) that could be used for enzyme
immobilization through covalent binding, such as covalent bond between carboxylic group
on graphene and the amino group on protein [7], which make them suitable to be applied
to biological sensors. The direct binding between the functional groups of graphene and
protein requires linkers, connection molecule, such as 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), activating carboxyl groups leading them to react with amine
groups [8].

In this works, the Con A/graphene electrochemical biosensors would be
fabricated, and demonstrated for electroactivity differentiation of normal and cancer
cells that were observed by cyclic voltammetry electrochemical approach. The
advantages in this work approach primarily for direct monitoring of cancer cells, which

will be significant in early cancer diagnosis.

1.2 Objectives

1.2.1 To study different methods for Con A immobilization on graphene
structure, effects of immobilization methods on ovarian cancer cells adhesion.

1.2.2 To study electrochemical activity of ovarian cancer cells and normal
fibroblast cells on Con A-functionalized graphene electrochemical sensor

1.2.3 To investigate possibility of introducing graphene-base electrochemical

biosensors for a cancer cell monitoring purpose.
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1.3 Scopes of study

1.3.1 Efficacy of the Con A immobilization methods, Con A physisorption
or covalent binding, would be tested by observing number of ovarian cancer cells on
ConA/graphene film.

1.3.2 Investigating electrochemical potentials of ovarian cancer cells and
normal fibroblast cells using Con A-functionalized graphene electrochemical sensor in
a cyclic voltammetry mode.

1.3.3 Variations in cell concentration are 1x10% 1x10° 1x10°, 1x10” and
2x107 cells/ml of ovarian cancer cells and mixed cell solutions consisting of 5x10°
cells/ml of ovarian cancer cells and various concentrations of normal fibroblast cells-
5x10°, 1x10°, 1.5x10°, 2x10° and 2.5x10° cells/ml.
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CHAPTER Il
THEORY AND LITERATURE REVIEW

In Chapter Il, theory and literature review was stated, involving cancer
diagnosis, biosensor detection and electrochemical cell, graphene, concanavalin A and

enzyme immobilization on graphene.

2.1 Cancer diagnosis

Cancer are mainly resulted from abnormal proliferation of cells in human
body. It can start with one malfunctioned cell that spread and survived in suitable
conditions. Human normally have certain number of cells for each cell type, due to
cellular mechanism that creates "signal™ to inhibit cells from unlimited duplications.
Problem occurs when the "signal™ is missing or incorrectly responded, leading to
abnormal cell growth and multiplication that could further develop to tumor. Tumor is
a group of cell that spread uncontrollably, which could be benign or malignant. Common
skin wart is one example of a benign tumor, occupied limited spaces, close to its original
location, and showed no sign of spreading to other area. A malignant tumor, on the other
hand, invades surrounding cell tissue and spreads through human body via circulatory
or lymphatic systems (metastasis). The malignant tumors are considered harmful cancer
that invades and metastasizes other cells, leading to organs malfunction, organ lost or
even death. A single altered cell can cause a proliferative cell population (Figure 2.1),
progressing to benign adenomas and, then, malignant carcinoma. Next, the cancer cells
could penetrate to nearby cells, tissue and, then, blood, gradually extending to human
body [9]. It's worth noting here that benign cancer cells can be removed by surgery while

malignant tumors could withstand local treatment.
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Figure 2.1 Development of colon carcinomas [9]
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Cancerous cells can be different from noncancerous cells in various aspects.
Such changes can occur during cell reproduction and dividing, leading to cell mutation
- genetically damage in genes, lost in genetic information, or false replication. Cell
mutation can lead to cell "memory lost", an evil step that triggers out of control cell
growth that leads to tumors. The mutation of cell to tumors causes changes in cell
behaviors, including metabolisms. Cancer cell may release glycoprotein, glycan or
nucleic acid causing excessive presence of these substances, which can be indicated as
a tumor marker. The marker is potentially useful in screening early cancer diagnosis.
For instance, overexpressed glycoproteins on the cellular membrane can influence the
properties of the cellular surface. Yi C. et al [10] investigated the expression of c-Kit
and platelet-derived growth factor receptor a (PDGFRa), one of the family of receptor
tyrosine kinase (RTK) that can be founded in epithelial ovarian tumor cells and stromal
tumors. The c-Kit and PDGFRa were involve in cell growth, metastasis, invasiveness
and cell proliferation of malignant tumors. In ovarian cancer, the overexpression of
these are higher than benign ovarian tumors or normal tissues. In addition, Perfezou M.
et al [6] observed that human epidermal growth factor (HERZ2) is a member of epidermal
growth factor receptor (EGFR) tyrosine kinases, which is a glycoprotein, can affect the
growth of some cancer cells. The overexpression leads to cancerous cell proliferation
and can be founded in a various types of human carcinomas such as lung, breast, and
ovarian carcinomas. So far, several diagnosis tests have been used for a diagnosis of
cancer cells, such as imaging tests, biopsy and chemical stains and electrochemical

techniques.

2.1.1 Imaging tests

The basic most technique for a diagnosis of cancer cell is imaging tests,
which involves inside human body image capture, locating whereabouts of the
suspected cancerous cells. The method can be utilized in several ways:

a) Computerized tomography (CT) Scan

CT scan combines data from X-rays in different angles and transmitted to a
computer, producing a 3D-cross section image of structures inside the body and displaying
on the screen (figure 2.2). Dye or materials with some forms of label can be applied to

specific areas to highlight or provide signals for diagnosis purpose [11].
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Detector Array
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Figure 2.2 CT scanner [12]

b) Ultrasound

Ultrasound imaging technique utilizes high frequency sound waves to
produce live images of organ inside the body (figure 2.3). The sound waves approach
the organs and reflect to a signal-receipting device called transducer. The signals can be

used for creation of image, known as sonogram that is displayed on the monitor [13].

(Onboard computer)

CDIDVD Drive

Figure 2.3 Ultrasound machines [14]
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¢) Magnetic resonance imaging (MRI)

MRI technique utilizes a combination of magnetic field and radio waves to
generate detailed images of structures and organs inside of the body (figure 2.4). The
principle of examination was radio waves handle the magnetic position of nuclei of
atoms, which generate rotating magnetic fields and send to a computer. The computer
resulting in clearly black and white cross-sectional images inside the body, which can

be converted into three-dimensional (3-D) image of the scanned area [15, 16].

MRI Scanner Cutaway

Figure 2.4 Magnetic resonance imaging scanner [17]

d) Positron Emission Tomography (PET) scan

PET uses radioactive materials called radiotracers injected into the body and
were adsorbed by organs and tissues. The scanner probes that special dyes and produces
three-dimensional (3-D) images, showing where the tracer accumulate in the body and
showing functionality state of the organs and tissues (figure 2.5) [18].
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Figure 2.5 Procedure of PET scan [19]

These current approaches have been widely used and accepted by doctors,
researchers and expertise worldwide. However, they are time consuming, are costly,
depend strongly on trained personals, and, unfortunately, contain a considerate level of
uncertainty. There are plenty of rooms for improvement as a new approach for cancer

diagnosis with high reliability and accuracy with ease of performing is still needed.

2.1.2 Biopsy and chemical stains

A biopsy is medical procedure that remove a piece of sample tissue or cell
from an organ or body tissue and make it a “specimen”. The specimen can be obtained
in several ways, such as punching needle to a defined spot to obtain fluid or tissue
sample, using an endoscope, special instrument with a long tube that contains camera
and cell acquisition mechanic at the tip, or performing a surgery for tissue sample
removal. The tissue would be grinned, dyed and spaded on glass slide prior to an

observation under a confocal fluorescence microscope (Figure 2.6) [20, 21].
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Figure 2.6 Standard procedures for tissue or cell collection. Collect sampling cell
with fine-needle (a), quickly removed needle and aspirated to the syringe (b),

dropped sampling on the glass slide (c), and analyzed under a microscope (d) [22]

There are several approaches, used for attaching tissue specimens on glass
slide:

a) Permanent section

The tissue specimen was “fixed” in a formalin solution for several hours.
The cell fixation period can be varied depending on specimen’s size and types of cell
tissue. The fixation process forces cellular proteins to become fixed and stiff while
physical structure of the cell. Then, water is removed from cell tissue, replaced with the
paraffin wax. The specimen was cut to an extremely thin slice, floating in the water, and
was gently placed on the glass slide. Then, the paraffin was dissolved from the tissue,
allowing water to refill the cell structure.

b) Frozen section
To create frozen section, the specimen was quickly frozen after surgery removed, and
cut into thin layers with cutting instrument called as cryostat. These specimen placed on
glass slide
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c) Smear

In this method, the specimen, a liquid or a small pieces of tissue was
smeared on the glass slide and let dried in the air. The specimen was further sprayed
with fixative solution or submerged in a fixative solution to fix the cell tissue.
The tissue cell can be stained with colored dyes that can be nonspecific or targeting
some parts of the cell [23]. Next, the specimen was observed under an optical
microscope and characterized in terms of color and size, etc. Although the chemical
staining procedure provides extremely accurate results in indicating cancer cells, it
involves preparation steps and time consumption, delaying test results by days. Therefore,
we are interested in electrochemical detection techniques that can provide real-time

monitoring, fast response and reasonable cost.

2.1.3 Electrochemical detection techniques

The electrochemical approaches involve monitoring of electrochemical,
chemical, electrical, physical properties of an element, attached to the electrode of an
electrochemical cell. Cell can also be adhered to the electrode and monitored for
electroactivity, relying on changes in biological functionality that affect cell surface
properties, or other phenomenon associated with cell membrane. Changes in cell
membrane properties could alter charges in cell-electrolyte interface and could be
related to cell alteration during cancer transformation.

Cell membranes composes of a bilayer of lipid molecules that act as an
electrical insulator, restricting of charged ion mobility from travelling across the
membrane. The exchange of intracellular and extracellular charged ions across the cell
membrane creates potential difference that provides electrical signals. For a healthy cell,
the outer layer of the cell membrane is slightly negatively charged as resulted from
various functional groups- amino, carboxyl, and phosphate, including sialic acid
molecules on glycolipids and glycoproteins. The groups extended out of the cell
membrane, and usually located at terminal position or in the side chain of
oligosaccharides. Normal cancer cell would contain even more glycoproteins and more
of sialic acid molecules, leading to a highly negative charges on cell membrane as
compared to that of a normal proliferating cell [24]. For example, cancer antigen 125

(CA-125) is a glycoprotein antigen that is usually overexpressed by epithelial ovarian
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tumours [25], a-Fetoprotein (AFP) is a glycoprotein that associated with hepatocellular
carcinoma, and Human epidermal growth factor (HER2) is a glycoprotein that is
overexpressed in several malignant tumors, especially breast cancer [26].

In addition, a healthy cell have high concentration of potassium and low
concentration of sodium. lonic concentrations would change drastically once cells are
injured or membrane degenerated from carcinogenesis sodium and water flowing in
while potassium, magnesium, calcium and zinc going out of the cell. Difference in
electrochemical charges, caused by cell functionality, can be monitored electrochemically,
and could be used for an indication of carcinogenesis in cells [27].

Recently, electrochemical sensor has been applied to many fields, including
cancer monitoring, relying on changes in cell membrane functionality and chemicals
produced by cell. For instance, Chen X. et al [28] demonstrated a use of electrochemical
sensor for indication of cell carcinogenesis, combining reduced graphene oxide (rGO)
with poly(amidoamine) dendrimer (PAMAM) and concanavalin A (Con A). Cells can
be immobilized by Con A and further incubated with aptamer-horseradish peroxidase-

modified gold nanoparticles (HRP—aptamer—AuNPs) as a nanoprobe (Figure 2.7).

(A)
GCE

rGO-DEN rGO-DEN/GCE

?. Hydroquinone
[
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Figure 2.7 Electrochemical biosensor fabrication (A), PAMAM Dendrimer-
Conjugated reduced graphene oxide (rGO—DEN) fabrication (B), and aptamer-
horseradish peroxidase-modified gold nanoparticles (HRP—Aptamer—AuNPs)
fabrication (C) [28]
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Figure 2.8 (A) DPV curves of the Con A/rGO-DEN electrode (a), after incubated
with HRP—aptamer—AuNP solution (b), and after incubated with CCRF-CEM
cells and HRP—aptamer—AuNP solution, respectively (c) and (B) DPV curves of
the PAMAM-conjugated rGO-modified electrode incubated with CCRF-CEM

cells at various concentrations of 1x102, 5x10?, 1x10%, 5x103, 1x10%, and 5x10*

cells/ml [28]

The signal behaviours of the biosensor (Figure 2.8(A)) was obtained in a
differential pulse voltammetry mode (DPV) where peak of Con A/rGO—DEN electrode
was observed (curve a). The peak current increased after incubating the electrode with

HRP—aptamer—AuNP nanoprobes (curve b), in which HRP is a mannose-containing
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glycoprotein with enzymatic activity. The HRP—aptamer—AuNP nanoprobes absorbed
on the Con A modified electrode because of the affinity interaction between Con A and
mannose groups. When the Con A/rGO—DEN electrode was incubated with human acute
lymphoblastic leukemia (CCRF-CEM) cells solution and then incubated with
HRP—aptamer—AuNP nanoprobes, the DPV peak current exhibited a sharp peak (c),
which was attributed to strong affinity between Con A and mannose groups on the
CCRF-CEM cell and highly specific interaction between the aptamer and CCRF-CEM
cells. The DPV curves (Figure 2.8(B)) show the sensing signals of the biosensor,
incubated with various concentrations of CCRF-CEM cell form 1x10? to 5x10* cells/ml.
DPV peak currents increased with cell concentrations increased in proportion with the
logarithmic value of the cell concentrations with a correlation coefficient (R) of 0.996.

Likewise, Chandra P. et al. [29] demonstrated a use of biosensor, combining
gold nanoparticles (AuNPs) with conducting polymer composite and then immobilizing
with Permeability glycoprotein (P-gp) antibody (AuNPs/pTTBA/ANtiP-gp). Multidrug
resistance cancer cells (MDRCC) can be adhered, followed by immobilization of
antigen on the surface and then incubated with the aminophenyl boronic acid (APBA)
that combining with multi-wall carbon nanotube (MWCNT) to detecting different
amount MDRCC and acquired the sensing signal in cyclic voltammogram mode (Figure
2.9).
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Figure 2.9 CVs curve of blank background (a), incubated with multidrug
resistance cancer cells (MDRCC) cells at different concentrations of 1000, 1500,
2000, 2500, 3000, and 3500 cells/ml (from b to g) using AUNPs/pTTBA/AntiP-gp
electrode and Inset shows the calibration curve with increasing of MDRCC [29]

Their CVs responses (Figure 2.9) increases as the amount of MDRCC
increases from 1000 to 3500 cells/ml. The increment in current intensity was in
conformation with previous reports, discussed earlier. The Inset (Figure 2.9) shows a
linear correlation of response current and cell concentration with a correlation
coefficient (R) of 0.997.

2.2 Biosensor detection and electrochemical cell

Biosensor is a biomaterial-based sensor that utilizes specificity of biological
receptor and efficient charge transfer of semiconductor. Basic mechanisms involve
biochemical reactions between biomaterials and target analytes, providing "biological

signal" that can be converted by semiconductive sensitive element to “electrical signal”.
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Biosensor has been developed and applied to various fields of application including

blood sugar test, ferment ethanol in beverage, and dissolved oxygen, etc.

2.2.1 Electrochemical cell

An electrochemical cell is an electrochemical device that functions as
platform for a conversion of electrochemical reactions to electronical signals. It
commonly involves 3-eletrode set up; working electrode (WE), reference electrode (RE)
and counter electrode (CE) (Figure 2.10).

Figure 2.10 Electrochemical system with three electrodes: working electrode

(WE), reference electrode (RE) and counter or auxiliary electrode (CE)

a) Working electrode (WE) can be glassy carbon, carbon powder, gold, or
nickel sheets, and is responsible for redox reaction. Physical/chemical/electrochemical
reactions occurred on WE would be monitored and converted to electrical signal.

b) Reference electrode (RE) is the potential reference electrode, in which
solution potential is measured and set as "zero". The applied potential provided to WE
or CE would be in correspondent to RE. Normal reference electrodes include silver-
silver chloride (Ag/AgCl) or standard saturated calomel electrode (Hg/HgClI).
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c) Counter or auxiliary electrode (CE) is an addition electrode that is
employed to complete the other half of redox reaction. Inert and conducting materials,
such as platinum and graphite, are normally used.

In a normal operation, WE would react/interact with target analyte with a
motive force from applied potential, monitored with respect to RE, creating
electrochemical current. Meanwhile, the other half redox reaction would undergo at CE,

completing the redox reaction, and driving electron donation/accepting.

2.2.2 Electrochemical techniques

For an electrochemical analysis, various electrochemical signals such as
current, potential, charge and impedance can be monitored and recorded via redox
reaction, occurred on the working electrode. In a biological analysis, biochemical
reactions that involve specific binding, enzymatic reaction, bioreceptor, etc., can be
utilized, creating correlation between reaction rate and analyte concentration. One of the
most commonly used electrochemical measuring techniques is cyclic voltammetry
(CV).

Cyclic Voltammetry

Cyclic voltammetry (CV) is one of the most widely used measuring
technique in electrochemical analysis, measuring electrochemical current and a function
of scanning potential. Cyclic voltammetry is performed by scanning potential, applied
to the WE vs. RE, from initial value to a potential edge and scanning potential backward
to the other potential edge to complete a scan. Potential scan continues by scanning
potential from one potential edge to the other and from the other to the original value
(Figure 2.11). While the potential is scanned, electrochemical current passing through
WE is recorded [30].
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Figure 2.11 Cyclic voltammogram [31]

The forward CV scan creates anodic peak (oxidation peak) that correlates to
anodic current (ipa) while the backward (reverse) scan generates cathodic peak
(reduction peak) that correlates to cathodic current (ipc). Basic ideas behind the
voltamogram phenomenon rely on double layer concept, revolving around electrostatic
charge balances on WE. Depending on material used for the WE, functional groups on
WE and cell electrolyte cause electrostatic charges at solid-liquid interfaces. Charge
polarity on WE is governed by amount of functional groups and their pKa values that
dictate total charge polarity at a certain pH. The electrolyte would gradually balance the
WE electrostatic charge with radicals with opposite polarity, creating “double charge
layers” - an imaginative film consisting of negatively and positively charged layers
balancing one another [32]. The double layer acts as electronic capacitor- collecting and
releasing charges, depending on applied potential on WE and electrolyte pH. During the
initial state, electrical charge transfer on WE involves heavily on charging/discharging
of the double layer capacitance. As the potential scans, charging/discharging
phenomenon continues and is responsible for hysteresis loop of the CVs. During the
potential scan, active radicals from the electrolyte can get involved in redox reaction
over the WE, providing anodic peak current (ipa) and cathodic peak current (ipc), as
corresponded to oxidation and reduction reaction, respectively. Peak position and

direction indicate anodic and cathodic peak potential (Epaand Epc), involving certain radicals
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conducting certain reactions. On the other hand, peak intensity can relate to number of
charge transfer through the WE that further calibrate to radical concentration in the
electrolyte phase. To understand the behavior of the cell under cyclic voltammetry,
influences of voltage on the equilibrium established at the electrode surface need to be
understood. For example, Cui J. et al. [33] developed a specific technique for cancer
cells detection using electrochemical sensor, based on Au/TiO2 nanobelt heterostructure

electrodes, and reported results in cyclic voltammogram as shown in figure 2.12.
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Figure 2.12 Cyclic voltammograms of blank culture medium (a), the embryonic
kidney cells (b), the human breast cancer cells (c) and the human lung cancer
cells (d) using the Au/TiO2 nanobelts modified electrode [33]

The CVs of the normal and cancer cells were different, as shown in Figure
2.12. Normal cells of the embryonic kidney revealed two peaks at -0.25 and 0.3 V. while
the human breast cancer cells showed two distinctive peaks on the cathodic side at +0.21
and +0.81 V. Another 2 distinctive peaks were observed from CV of the lung cancer
cells (Figure 2.8(d)), one anodic peak at +1.1 V, and two cathodic peaks at +0.26 and
+0.73 V. These results show that cancer cells and normal cells exhibit markedly

different voltammetric characteristics.
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2.3 Graphene

Graphene is a two-dimensional (2D) nanostructure of carbon, providing
high surface-to-volume ratio, electron transfer rate and thermal stability. These
properties offer endless possibilities to highly sensitive detection [34], mechanical
reinforcement, and electronic devices. There are 3 main oxidative states for a chemically
synthesized graphene, known as graphene, graphene oxide (GO) and reduced graphene
oxide (rGO). Graphene is the original form that combines to create a packed graphite layer,
consisting of carbon atoms connecting with one another via SP? hybridization. Each
graphene layer weakly interact via m- 7 interaction that allows graphene sheets to
combine and remain as stack. One method to disintegrate graphite to graphene sheets
relies on chemical oxidation of oxidizing agent and graphite in strong acid solution. The
chemical reactions urge carbon bonds to break and become C-H-O functional groups-
carboxyl (COOH), hydroxyl (C-OH), and carbonyl (C=0), etc (Figure 2.13). The
functional groups can dissociate depending on PKa value of each group and pH of the
solution; however, they remain so negatively charged that lead to repulsion and
separation of graphene sheets. Graphene oxide (GO) is produced from oxidized
graphene sheets, and since GO contains lots of functional group, it is suffered from low
electrical conductivity. Some functional groups can partially be removed from GO by
reducing the GO with strong reducing agent, such as hydrazine or ascorbic acid,
converting it to reduced graphene oxide (rGO). Based on chemical reduction, oxygen-
containing functional groups can be removed from GO, but the broken carbon bonds are
not fully fixed. Then, the rGO is rather semiconductor, instead of metallic like the
original graphene sheets. The chemical path has been known as chemical exfoliation
approach and been one of the most popular method for gram-scale synthesis of graphene
[35].
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Figure 2.13 Graphene oxide structure [36]

2.4 Concanavalin A

Concanavalin A (Con A) is a group of plant proteins, known as lectins,
which demonstrates an ability to bind with a-D-glucosyl and a-D-mannosyl residues at
the non-reducing terminus of oligosaccharides, polysaccharides and cell surface
glycoproteins receptor [37]. The affinity of Con A and polysaccharide terminus has been
widely applied in cell monitoring such as agglutination, mitogenesis, or cell surface
alteration [38]. In order to bind with saccharide sugar, Con A requires a metal ions such
as manganese (Mn?*) and calcium (Ca?*) for the protein transformation. Con A binds
with two metal ions per monomer [39, 40], inducing conformation changes of sugar
binding site. It is noted that Con A preferentially binds to hydroxyl groups at the C3,
C4, and C6 positions of D-glucopyranosyl or D-mannopyranosyl rings, needed in a-

glucopyranosides and a-mannopyranosides.



Chayanit Phatoomvijitwong Theory and Literature Review / 22

2.5 Enzyme immobilization on graphene

Graphene oxide (GO) and reduced graphene oxide are rich in functional
groups, which can be utilized for an immobilization of enzyme/protein through covalent
binding of “EDC chemistry” [41]. The EDC chemistry relies on chemicals in
carbodiimide group, such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
that reacts specifically with carboxyl group. The EDC-activated carboxyl can further
form covalent bond with amino groups from biomolecules prior to a release of EDC
from the molecules. GO can firstly be introduced to EDC for an activation of carboxyl
group, and exposed later on to the biomolecules for covalent binding [42]. As shown in
figure 2.14, Gao Y. et al. [43] reported the covalent coupling of a protein onto CNTs
using EDC chemistry.
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Figure 2.14 Theoretical mechanism of protein conjugation with EDC to produce
carboxylated CNT [43]

Reaction mechanism of the EDC chemistry is started by a reaction of EDC
and carboxyl group that forms an amine-reactive “O-acylisourea” intermediate. The
rapid reaction between the intermediate and amino group, form an amide bond and
release an isourea by-product (Figure 2.15) [44]. The approach was highly effective and
can be applied for the formation of a stable amide bond with a free amine group on

proteins.
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Figure 2.15 Step of EDC reaction with carboxyl and amino group [44]

2.6 Trypsinization

Trypsinization is the process to dissociate cell by using trypsin, a proteolytic
enzyme (hydrolyses proteins) which cleaves peptide chains mainly at the C-terminal
side (carboxyl side) of lysine and arginine amino acid residues (Figure 2.16). If the C-
terminal side is followed by proline, a type of secondary amine, it could not be

hydrolyzed because trypsin can only hydrolyses peptide bond of primary amines [45].
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Figure 2.16 Trypsin hydrolyses peptide bond of arginine and lysine residues [45]

Trypsinization method is often used to dissociate cell adhesion proteins on
the flask in the cell culture and cell-cell interaction that calcium ions is needed. Trypsin
usually combines with EDTA, chelator for calcium and manganese ions. Both of these
ions inhibit trypsin, causing the concentration of these divalent ions and proteins that
could inhibit trypsin to be reduced. However, if cells remain in contact with trypsin for

a prolong period, it could cause damage to the protein in cells’ membrane. [46].
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CHAPTER 11
RESEARCH METHODOLOGY

The Chapter 11l concerns materials and method, divided to three section;
Materials and methods were including graphene synthesis and cells line preparation,

Cell visualization and Electrochemical operations (Figure 3.1).
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Figure 3.1 Research methodology plans
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3.1 Materials and methods

3.1.1 Materials

Graphene oxide (GO) was synthesized from natural graphite flakes (99.9%,
-10 mesh, USA) following a modified Hummer's method [35]. All chemicals, including
sodium nitrate (NaNOgz, 99%), potassium permanganate (KMnOs4, Ajax Finechem pty
Ltd), hydrogen peroxide (30% H202, Emd millipore corporation), hydrochloric acid
(HCI, 37%, V.S.Chem house), sulfuric acid (H2SOs, 98%, V.S.Chem house), sodium
hydroxide (NaOH, 97%, Ajax Finechem pty), MES buffer (4-morpholinoethanesulfonic
acid, pH 4.5) were either reagent or analytical grade. Phosphate buffer saline solution
(10x PBS, pH 7.4) containing with sodium chloride (NaCl, 137 mM) and potassium
chloride (KCI 2.7 mM) was prepared in house. Cell culture medium (RPMI 1640 and
DMEM) and Penicillin-Streptomycin were purchased from Gibco (USA). Fetal bovine
serum (FBS), trypan blue solution, N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) and Concanavalin A from Canavalia (Jackbean) were purchased
from sigma-aldrich. Carboxyfluorescein succinimidyl ester (CFSE) was purchased from
BioLegend (USA). All chemicals were analytical grade and used without further

treatment.

3.1.2 Synthesis of reduced graphene oxide

Synthesis of GO relied on a modified Hummers' method [35] that involved
chemical oxidation of graphite with sodium nitrate and potassium permanganate that
acts as catalysts in an acid solution to introducing oxygen molecules to the carbon of
graphene. The process started by mixing 2 grams of graphite and 1 gram of NaNOs in a
50 ml concentrated H2SO4 at 0 “C for 2 hrs. During the time, 7.3 g of KMnO4 was added
slowly in to prevent the rapid rise of temperature (kept the reaction temperature below
20 °C). The mixture was raised to 35 °C and stirred for 2 hrs prior to an addition of 90
ml DI water, reducing mixture viscosity. A solution of 7 ml 30% H2O> solution and 55
ml water was added in to the mixture to terminate the reaction, yielding brownish color
GO powder that can be filtered out using vacuum filtration apparatus. The obtained GO

powder was rinsed with 3% HCI and DI water to reduce metal ions before being dried at
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90°C for 24 hrs. The GO was thermally reduced at 320°C for 4 hrs, producing reduced
graphene oxide (rGO).

3.1.3 Cancer and normal cells line preparation

Ovarian cancer cells (A2780) and normal fibroblast cells (L929) were
cultured in RPMI 1640 and DMEM medium, respectively. Both cells were
supplemented with 10% Fetal bovine serum (FBS) and 1% Penicillin-Streptomycin
(10,000 U/ml). Cells were cultured at 37°C with 5% (v/v) CO2 in a humid-saturated
atmosphere and were collected using 0.25% trypsin-EDTA. Cells with more than 90%
viability, as determined by trypan blue exclusion, were visualized by basic cell staining
method using Carboxyfluorescein succinimidyl ester (CFSE). In brief, 1 ml of cell
suspension (10x10° cells/ml) was mixed with 10 pM CFSE in PBS with 0.1% FBS. The
cells were obtained via centrifuge at 2,000 rpm for 5 min, and were rinsed twice in fresh
PBS solution. The obtained cells were suspended in medium broth and kept at 4°C for

future uses.

3.2 Visualization of cell adhesion on rGO

The rGO powder was re-suspended in DI water (2 mg/ml), drop-casted on
multiple well glass slides, and dried at 50 °C, creating rGO film layer on the glass slides.
For physisoption, rGO-coated glass slide was incubated with well stained ovarian cancer
cells for 30 mins, gently rinsed with PBS solution (pH 7.4), and observed under
fluorescence microscopy. For covalent binding divided into two methods that are
directly binding between the functional groups of graphene and protein and requires
linkers (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide, EDC), the Con A solution
for 30 minutes the method are following in figure 3.2.
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Figure 3.2 Flow chart of covalent binding method

3.3 Monitoring of electrochemical signal

3.3.1 Fabrication of Con A/rGO electrochemical sensor

The rGO powder was re-suspended in DI water (2 mg/ml), drop-casted on a
glassy carbon electrode (GCE, diameter of 3 mm), and dried at 50°C, creating the rGO
film layer on the GCE. The rGO-coated GCE was introduced to EDC in MES buffer at

pH 4.5 (10 mg/ml) for 2 hrs, and immediately exposed to Con A solution with containing
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1 mM CaCl and MnCl> (3.82 mg/ml) for 30 mins. The electrode was further exposed
to 1% (w/v) BSA in PBS for 30 mins to block nonspecific binding, prior to a gentle rinse

with PBS solution.

3.3.2 Cancer cell monitoring

a) Electrochemical signals from ovarian cancer cell

Ovarian cancer and normal fibroblast cell solution were prepared at 1x10°
cells/ml, dropped (20 ul) on the Con A/rGO electrode, and incubated for 30 mins. The
electrode was rinsed with PBS solution (pH 7.4) to remove nonspecific-binding cells.
Then, the Cells/Con A/rGO electrode was employed as working electrode (WE) along
with platinum wire counter electrode (CE) and reference electrode (RE, Ag/AgCl),
electrically connected to CHI1206B electrochemical work station. Electrical potential
was applied to the WE. Electrochemical current was monitored and recorded as
corresponded to the CV analysis, which was recorded between -0.8 and 1.8V in 0.1 M
PBS solution (pH 7.4).

Cell membrane

GCE

Con A \ EDC

BSA

_,——— s A s s A —— Cells

GCE

Figure 3.3 Schematic diagram showing procedures for a fabrication of rGO/Con A
electrode and a process for cell monitoring
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b) Quantitative detection of cancer cells with Con A/rGO electrode

In this experiment, the Con A/rGO electrode was incubated with different
ovarain cancer cell concentrations, varied from 1x10* cells/ml to 1x10°, 1x106, 1x10’
and 2x107 cells/ml. Then, drop (20 ul) of a desired concentration of cells on the Con
A/rGO electrode, and incubated for 30 mins. The electrode was rinsed with PBS solution
(pH 7.4) to remove nonspecific-binding cells. Electrochemical current was monitored
and recorded as corresponded to the CV analysis, which was recorded between -0.8 and
1.8V in 0.1 M PBS solution (pH 7.4).

c¢) Mixed solution of cancer and normal cells

In this experiment, the Con A/rGO electrode was incubated with different
ratio of ovarain cancer and normal fibroblast cells. The amount of ovarian cancer cells
was fixed at 5x10° cells/ml while the amount of fibroblast cells was varied from 5x10°
cells/ml to 1x108, 1.5x108, 2x10° and 2.5x10° cells/ml, respectively. A drop (20 pl) of
cell mixture at a desired cell concentration was applied on the Con A/rGO electrode,
and let the cells adhered to the electrode for 30 mins (Incubation). The electrode was
further rinsed with PBS solution (pH 7.4) to remove nonspecific-binding cells, and was
positioned in a electrochemical cell. The electrode was operated in cyclic voltammetry
mode whereas electrochemical current was monitored while potential scan of -0.8 to 1.8
V was applied to the electrode. The background solution was 0.1 M PBS solution with

a pH value of 7.4.
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CHAPTER IV
RESULTS & DISCUSSION

4.1 Characterizations of GO and rGO

Morphologies of GO and rGO were observed using Scanning electron
microscope (SEM) and Transmission electron microscope (TEM) (Figure 4.1). The
SEM and TEM images showed geometry of flat sheets with wrinkles of GO (Figure
4.1(a) and (b)) and rGO (Figure 4.1(c) and (d)). Functional groups on GO and rGO were
identified on FTIR spectra (Figure 4.2). The FTIR spectra of GO (Figure 4.2(a)) shows
the stretching of hydroxyl (-OH) from carboxyl group (-COOH) at 3,400 cm™, the
carbonyl stretching (C=0) at 1700-1750 cm, and the ether or ester groups (C-O) at
1,200 cm™®. The FTIR spectra of rGO (Figure 4.2(b)) showed significant reduction at
various functional group-related positions. This was attributed to functional group

removal during thermal reduction process.

Figure 4.1 SEM and TEM images showing morphology of GO (a) and (b), and
rGO (c) and (d), respectively
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Figure 4.2 FTIR spectra of rGO (a) and GO (b)

4.2 Visualization of cell adhesion on rGO

For a purpose of visualization, rGO, Con A-physisorbed rGO, and Con A-
functionalized rGO were prepared on multiple well glass slides, and incubated with
stained ovarian cancer cells (1x10° cells/ml) before being rinsed gently with PBS
solution. The samples were observed under fluorescence microscopy (Figure 4.3(a-c)).
The microscopic images revealed significant effects from rGO modification with Con A,
in which the ovarian cancer cells barely adhere to rGO (Figure 4.3(a)), and more cells
were observed attached to the Con A/rGO. Technique of Con A immobilization can also
play an important effect on cell adhesion since cells were adhered more on the Con A-
physisorbed rGO attracted significantly less cells as compared to that of the Con A-
functionalized (Figure 4.3(b-c)). This could be attributed to strong binding of Con A to
the rGO that yielded convalently-binded Con A a better chance in capturing cells, as
compared to the physisorbed Con A. For trypsinization of cell adhesion with the
cleavage of peptide bond at the carboxyl side of lysine and arginine amino acid residues

seem to not affect the affinity between con A and specific sugar on cellular surface,
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which results in cell binding in monolayer and uniformly distributed on graphene
(Figure 4.3(b-c))

Figure 4.3 Fluorescence microscopy images of the ovarian cancer cells (A2780) on
rGO (a), Con A/rGO (Physisorption) (b) and Con A/rGO (EDC) (c)

4.3 Electrochemical signals from ovarian cancer cells

Electrochemical activity of the cells on working electrode were investigated
using cyclic voltammetry (CV) in 0.1 M PBS buffer and the voltage window of -0.8 V
to 1.8 V (50 mV/s scan rate). The CV analysis on rGO, Con A/rGO, ovarian cancer
cells/Con A/rGO (Incubated with 1x10°® cells/ml) and Fibroblast cells/Con A/rGO
(Incubated with 1x10° cells/ml) revealed voltammograms, shown in Figure 4.4. The
voltammogram from rGO electrode was set as an initial background (Figure 4.4(a)),
showing an anodic peak at +0.75 V and strong cathodic peak at +0.51 V. The whole
voltammogram was flattered after functionalized with Con A on rGO (Con A/rGO,
Figure 4.4(b)), indicating charge transfer blockage due to passivation effect from Con
A protein [44]. It was observed that fibroblast cells provided no significant response to
the Con A/rGO electrode (Figure 4.4(c)). However, one cathodic peaks at +0.63 and one
anodic peak at +1.16 V were distinctively indicated from ovarian cancer cells (Ovarian
cancer cells/Con A/rGO, Figure 4.4(d)). The electrochemical activity that was obtained
from ovarian cancer cells was distinguishable from background current and
hypothetically an exclusive cellular property (Figure 4.4(d) Inset). The observed

electrochemical signals could be attributed to unique characteristic of the ovarian cancer
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cells that might involve electrochemical activity of cell wall components [33, 47, 48].
Two possible factors for electrochemical signal generation are redox reactions that involve
- Functional groups on cell wall, such as glycoprotein, glycan or nucleic
acid that often overexpressed on cancer cells surface [49, 50] and/or
- Metabolized chemicals released from the cell.
Redox peaks from cells-laden electrode were observed (Figure 4.4(d)) and compared
with the electrochemical signals from Con A/rGO electrode (Figure 4.4(b)), with no
cell. Unique signal patterns were observed from the ovarian cancer cells, as resulted

from two possible factors that were previously mentioned.

2000
—(a) rGO
{ —— (b) Con AIrGO 3
----- (c) Fibroblast cells/Con A/IrGO
1w ... (d) Ovarian cancer cells/Con A/rGO J
200
1000 4

500

Current (pA)

. . . T . T .
0.8 -0.4 0.0 0.4 0.8 1.2 1.6
Potential (V)

Figure 4.4 Cyclic voltammograms of rGO (a), Con A/rGO (b), Fibroblast
cells/Con A/rGO (c) and Ovarian cancer cells/Con A/rGO (d) in 0.1 PBS buffer
(pH 7.4)
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4.4 Quantitative detection of cancer cells with Con A/rGO electrode

The highly sensitive device for cancer cells detection can be crucial in an
early stage cancer diagnosis. The Con A/rGO electrode was incubated with different
ovarian cancer cell concentrations, varied from 1x10* cells/ml to 1x10°, 1x108, 1x10’
and 2x107 cells/ml, respectively. The cyclic voltammograms (Figure 4.5) showed good
correlation of electrochemical current and cell concentration since the current intensity
increased as the ovarian cancer cell concentration increased. Cathodic current from the
cathodic peak at +0.63 V was determined from each voltammogram and plotted against
logarithmic scale of ovarian cancer cell concentrations (Figure 4.6). Linear correlation
between cathodic currents and logarithamic of ovarian cancer cell concentrations was
observed with regression equation of

Y =-103.88X + 167.42 (equation 3.1)

where Y was the cathodic current and X was the logarithmic of ovarian
cancer cell concentrations and has a correlation coefficient of 0.9411.

These results showed good electrochemical responses from the ovarian
cancer cells of the Con A/rGO sensor can be further investigated and developed to basic

principle for cancer cell diagnosis.
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Figure 4.5 Cyclic voltammograms of Con A/rGO electrode, corresponded to

different ovarian cancer cell concentrations from 1x10* to 2x107 cells/ml (from a to €)
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Figure 4.6 Correlation of electrochemical currents and logarithmic values of

ovarian cancer cells concentration
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4.5 Interference from normal cells to cancer cells

Although it was clear that Con A was not a very selective protein, and would
not provide much specificity to cancer cells, it is worth investigating if there is any
preference in term of normal and cancer cells capturing performance. In this case,
normal fibroblast cells were used as interences to cancer cells, in which the Con A/rGO
electrode was incubated with solutions of cell mixture. The solution consisted of 5x10°
cells/ml of ovarian cancer cells mixed with normal fibroblast cells at various
concentrations of 5x10°, 1x10°, 1.5x10°, 2x10° and 2.5x10° cells/ml. The Con A/rGO
electrode was incubated with a desired cell solution for 30 mins, and further rinsed with
0.1 M PBS buffer 3 times to remove nonspecific binding cells. The electrode was
employed in the electrochemical cell and analyzed in the cyclic voltammetry mode. The
results, shown in Figure 4.7, revealed that cyclic voltametry curves presenting only unique
electrochemical characteristics of ovarian cancer cells with no distinctive signals from
the normal fibroblast cells in the tested concentration window. However, the normal
fibroblast cells interference occurred as the cathodic currents from the ovarian cancer
cells were clearly lowered with a denser amount of the fibroblast cells (figure 4.8). This
could be attributed to competitive binding effects between the fibroblast cells and cancer

cells since Con A was not a specific protein.
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Figure 4.7 Cyclic voltammograms of Con A/rGO, corresponded to different
proportional concentration between 5x10° cells/ml of ovarian cancer cells with
various concentrations of normal fibroblast cells from 5x10° to 2.5x108 cells/ml

(from ato e)
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Figure 4.8 Cathodic current, corresponded to different proportional concentration
between 5x10° cells/ml of ovarian cancer cells with various concentrations of normal

fibroblast cells from 5x10° to 2.5x106 cells/ml (from a to e)

After all, the Con A/rGO electrochemical sensor offers a prominent
approach for cancer monitoring as it can differentiate ovarian cancer cell from normal
fibroblast cell, relying on electrochemical characteristics of cells. In a process of cell
biopsy for cancer diagnosis, the obtained cells specimen, instead of being smeared on
glass slide and observed under optical microscope for cell appearances, can be applied
on the Con A/rGO electrode and characterized for the electrochemical activities. This
could help reducing the amount of time required in cancer diagnosis, or could serve as
a test for pre-diagnosis. Comparison of the electrochemical method and others (Table
4.1) revealed advantages of the method that can lead to a great advancement in cancer

diagnosis.
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Table 4.1 Comparison of methods to diagnosis of cancer

Method Real-time Trained Cost Time
monitoring personals
CT Scan [12] No Needed High Time-consuming
Ultrasound [14] Yes Needed High Time-consuming
MRI [17] No Needed High Time-consuming
Electrochemical Yes No needed Low Rapid

sensor
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CHAPTER V
CONCLUSION

This research demonstrated uses of Con A-graphene materials as a transducer
for a detection of cancer cells. The Con A protein was covalently immobilized on the
rGO substrate via EDC chemistry, and was visualized to provide good results in
capturing ovarian cancer cells. The Con A/rGO electrochemical sensor were
successfully prepared and demonstrated for a detection of ovarian cancer cells in cyclic
voltammetry mode. The sensor can differentiate normal cell from cancer cell by
monitoring their electroactivity, and revealed unique electrochemical pattern for ovarian
cancer cells. Good performances of the electrochemical sensor can be attributed to high
charge transfer ability of graphene. The Con A/rGO sensor showed high sensitivity and
a rapid response to ovarian cancer cell concentrations between 1x10* to 2x107 cells/ml.
Nevertheless, Con A was not a very selective protein, and would not provide much
specificity to cancer cells. The electrochemical sensor could be of great benefit to early
cancer diagnosis, in which it can be used as a preliminary test that indicates whether the

cell if a cancer in a matter of few hours.

Suggestion
Future research in this direction is emphasize toward the design, and
implementation of more specific that can be better for monitoring cancer cells. For

instance, using antibody or substances that specific for types of cancer.
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APPENDIX A

Preparation of visualization of cell adhesion on rGO

Figure A.1 Preparation of multiple well glass slides by treated with ethanol

solution

Figure A.2 rGO powder was re-suspended in DI water (2 mg/ml)
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Figure A.3 Drop-casted rGO suspended on multiple well glass slides

Figure A.4 Dried at 50 °C, creating rGO film layer on the glass slides
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Figure A.5 Droped 20 ul of EDC in MES buffer at pH 4.5 (10 mg/ml) after 2 hrs,
droped 20 pl of Con A in PBS buffer with containing 1 mM CaClz and MnCl2
(3.82 mg/ml) for 30 mins, and then incubated with 20 pl of well stained ovarian

cancer cells (1x108 cells/ml) for 30 mins

Figure A.6 Image of well stained ovarian cancer cells observed under

fluorencence microscopy
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APPENDIX B

Preparation of ovarian cancer cells on electrochemical sensor

Figure B.1 rGO powder was re-suspended in DI water (2 mg/ml)
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Figure B.3 Dried at 50 °C, creating rGO film layer on the electrode sensor
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Figure B.4 Droped 20 pl of EDC in MES buffer at pH 4.5 (10 mg/ml) after 2 hrs,
droped 20 pl of Con A in PBS buffer with containing 1 mM CaClz and MnCl:
(3.82 mg/ml) for 30 mins, and then incubated with 20 ul of desired ovarian cancer

cells for 30 mins

Figure B.5 Gently rinsed with PBS solution (pH 7.4)
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Figure B.6 Electrochemical current was monitored and recorded as corresponded

to the cyclic voltametry analysis
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APPENDIX C

Microscopy images of the ovarian cancer and fibroblast cells
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Figure C.2 Image of ovarian cancer cells (A2780) at 20x magnification
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Figure C.4 Image of fibroblast cells (L929) at 20x magnification
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