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ABSTRACT

MODIFICATION OF GRAPHENE SURFACES FOR DETECTION OF
BIOMICROPARTICLES

Pathogens present in the food we consume and the water we drink pose a major
threat to human health. Another major health concern is the metastasis of cancer in
which cancer cells spread to new areas of the body, often by way of the lymph system
or bloodstream. To minimize the burden on health and economy, the detection of
biomicroparticles such as pathogens or circulating cancer cells in a highly sensitive and
practical manner is higly desirable. This thesis aims to develop a method to create
graphene-based biosensor substrate for detection of biomicroparticles such as bacteria,
viruses or mammalian cells.

For this aim, graphene surface was first functionalized using a linker
molecule. The effect of solvent type on functionalization was investigated via Raman
spectroscopy and X-Ray spectroscopy (XPS). AntiCD2 antibodies (Ab), as a model
antibody, were then conjugated to the functionalized graphene via NHS/EDC chemistry.
The Ab conjugation was verified by Raman spectroscopy and XPS analyses. Finally,
Jurkat cells, as model biomicroparticles, were recognized and captured by Ab-
conjugated graphene surface, as evidenced by optical microscopy. The temperature,
medium, and method for interaction of cells with graphene surfaces as well as the
specificity of the Ab- functionalized graphene surface were investigated. The results
overall showed the specific and efficient recognition of model cell line by Ab-

conjugated graphene surfaces.

Keywords : Biosensor, Graphene, Antibody, Cell capture, Biomicroparticle.
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OZET

BIYOMIKROPARTIKULLERIN BELIRLENMES] iCIN GRAFEN
YUZEYLERIN MODIFIKASYONU

Tiikettigimiz yiyeceklerde ve igtigimiz sularda bulunan patojenler insan saglig
icin biliyilk bir tehdit olusturmaktadir. Bir diger Onemli saglik sorunu, kanser
hiicrelerinin genellikle lenf sistemi veya kan dolagimi1 yoluyla viicudun yeni bolgelerine
yayildig1 kanser metastazidir. Saglik ve ekonomi iizerindeki yiikii en aza indirmek igin,
patojenler veya dolasimdaki kanser hiicreleri gibi biyomikropartikiillerin olduk¢a hassas
ve pratik bir sekilde saptanmasi talep edilen bir durumdur. Bu tez, bakteri, viriis veya
memeli hiicresi gibi biyomikropartikiillerin tespiti i¢in grafen esasli biyosensor substrati
olusturmak i¢in bir yontem gelistirmeyi amaclamaktadir.

Bu amacla grafen ylzey ilk olarak bir baglayict ara molekl
kullanilarak fonksiyonellestirildi. Gozucu tipinin grafen yuzey
fonksiyonellestirilmesi Uzerindeki etkisi Raman spektroskopisi ve X-Ray
spektroskopisi (XPS) ile arastirildi. Daha sonra bir model antikor olarak
AntiCD2 antikorlart (Ab), NHS / EDC kimyas! yoluyla fonksiyonellestirilmis
grafen ylzeye konjuge edildi. Ab konjugasyonu Raman spektroskopisi ve
XPS analizleriyle tespit edilmistir. Son olarak, model biyomikropartikuller
olarak kullanilan Jurkat hucreleri, Ab ile konjuge grafen yuzeyi tarafindan
tanindi ve hucre-ylUzey etkilesimi optik mikroskopi ile kanitlandi. Hlcrelerin
grafen yuzeyleri ile etkilesimi icin sicaklik, ortam ve yontem ile Ab-
fonksiyonel grafen ylzeyinin 6zgulligu arastinldi. Sonuclar genel olarak Ab-
konjuge grafen yuzeyler tarafindan model hlcre hattinin spesifik ve etkili bir
sekilde taninmasini gosterdi.

Anahtar  Sozciikler: Biyosensor, Grafen, Antikor, Hiicre tutma,

Biyomikropartikiil.
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CHAPTER 1

INTRODUCTION

Studies on biosensors have spread over a wide range of applications including
medicine, food and pharmaceutical industries. Biosensors are designed to provide
accurate, fast, cheap and reliable results. Graphene is preferred in many biosensors
applications because of its thermal conductivity, high mechanical strength, flexibility,
electronic mobility, thermal stability, chemical stability and transparency properties.
Detection of biomicroparticles such as pathogens or cancer cells is an important target
in biosensor applications. This thesis aims to develop a method for creating a graphene
based biosensor substrate for the detection of biomicroparticles such as mammalian
cells. Accordingly, the first chapter of this thesis provides literature review on graphene
as a material, graphene-based biosensors and functionalization methods of graphene.
The third chapter describes the materials and methods used in this thesis. Briefly, the
graphene surface was first functionalized with an intermediate molecule. The effect of
solvent on functionalization was investigated by Raman spectroscopy and X-Ray
spectroscopy (XPS). AntiCD2 antibodies (Ab) as a model antibody was then covalently
conjugated with the functionalized graphene surface via EDC/NHS chemsitry.
Biomolecule conjugation was confirmed using Raman spectroscopy and XPS. Finally,
Jurkat cells as model biomicroparticles were recognized by the Ab-activated graphene
surface. The cell capturing was observed by optical microscopy. In addition to the
specificity of the Ab-functionalized graphene surface towards Jurkat cells, the
interactiontemperature, medium and method were investigated. Chapter 4 presents the
results and discussion achieved throughout the study. The results of this thesis showed
that the model cell line was recognized specifically and efficiently by Ab-functionalized
graphene surfaces. Chapter 5 gives conclusions of the presented research and future

recommendations.



CHAPTER 2

BACKGROUND

2.1. Graphene

Carbon-based materials are available in three-dimensional (3D) forms
(considered allotrope) in diamond and graphite. The proof of the 3D graphite carbon
form goes back to the 1500s [1,2]. In the 1980s and 1990s, other carbon allotropes of
graphene, such as zero-dimensional (0D) fullerene [1] and one-dimensional (1D) carbon
nanotubes
[2] were discovered and this allows the graphene to be used in different workspaces.
Different carbon allotrops from a graphene layer demonstrate in Figure 2.1 However,
until 2004, a debate on the presence of two-dimensional (2D) allotropic carbon
continued; A publication published by Andre Geim and Konstantin Novoselov shows
the division of highly ordered pyrolytic graphite (HOPG) when a single graphite layer
(graphene) has been successfully isolated micromechanically on an adhesive tape

(Scotch Tape Method) [4].

2-D: Graphene,

0-D: Bucky Ball, 1-D: Carbon 3-D: Graphite,
198 Nanotube, 1991 150

Figure 2.1. Representation of different carbon allotropes from a graphene surface layer

[5].



The two-dimensional (2D) monolayer structure of covalently bonded sp’
hybridized carbon atoms is called graphene and graphene is a honeycomb form formed

by carbon atoms [5].

Figure 2.2. A) Graphite; and (B) Schematic demonstration of a single graphene layer
from graphite [4].

The other carbon is the only atomic thick allotropt that acts as the basic
structural unit for allotropic forms: 1) 0D, a sphere allotrope (Bucky ball), 2) 1D carbon
nanotube form (CNT), performed by rolling a graphene layer. This rounding is carried
out so that the carbon nanotubes form a cylindrical structure. 3) It is formed by stacking
several separate layers of graphene layer held together by van der Waals bonds as in the
structures of carbon shown in Figure 2.1 [5]. In general, single, double and triple
graphite layers are widely used. These are known as monolayer, bilayer and triple
graphene layers, respectively. Graphene layers exceeding 5 and 30 are generally
referred to as multi-layer graphene / thick graphene [6]. The carbon atoms in the form of
a honeycomb structure and attached to this structure have a bond length of 0.142 nm CC
in the graphene structure. Furthermore, the height (thickness) between the layers is
approximately 0.33 nm (3.3 A) as shown in Figure 2.2 [3].

Graphene is advantageous in numerous studies because it has many remarkable
properties such as a large theoretical specific surface area (2630 m’g - 1) [7], high
internal mobility (200,000 cm* V ~'s =) [8,9], high Young modulus value (~ 1.0 TPa)
[10], chemical properties and thermal conductivity (~ 5000 Wm - 'K™") [11]. It is also
able to



withstand good optical permeability (~ 97.7%), good electrical conductivity and current
density of 108 A / cm®. Graphene is also known as zero-band semiconductor. Therefore,
the band gap can be adjusted physicochemically. Because of these remarkable properties
of graphene, researches on graphene and its derivatives in the field of materials science
and condensed matter physics has attracted great attention in the last few years with
various applications such as membrane nanoelectronics, Li-ion batteries, electrodes,
supercapacitors, biosensors, and drug delivery.

Graphene is one of the most studied materials in recent years due to all the
mentioned features [14,15]. In 2004, Geim and Nosovelov of the University of
Manchester was succeeded in isolating a single layer of graphene. This ground breaking
discovery and later work on the physics of graphene encouraged the authors to win the
Nobel Prize in Physics in 2010 and the growth of graphene research involving various
disciplines. Since graphene is carbon based, it provides opportunity for biological

studies. The increase in graphene-based studies is shown in Figure 2.3 [16].
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Figure 2.3. Number of annual publications of graphene and functionalized graphene
[14].
Graphene is synthesized by micromechanical disintegration of graphite.
Although it is a timeconsuming process and not suitable for mass-scale production, it
can be synthesized in high quality pure [17]. Recently, for the synthesis of graphene, a

number of different methods such as epitaxial growth by chemical vapour deposition

on copper



(Cu) substrate, epitaxial growth by thermal deposition of Si atom from the SiC surface

and colloidal suspension from graphite oxidant have been developed [20].

2.2. Properties of Graphene

Graphene occurs waves on the surface due to its properties and honeycomb
network structure. The waves generated on this surface can stimulate the local electrical
and optical properties of graphene [21]. The remarkable properties of graphene include
quantum hall effect at room temperature, ambipolar electric field effect and ballistic
transfer of load carriers, adjustable bandwidth and high flexibility. While graphene is
expected to be completely flat, fluctuations are caused by thermal fluctuations. Ideally,
graphene is a single-layer material, but two or more layers of graphene samples are

examined with equal interest [17].

2.2.1. Electrical Properties

The graphene revolution began with an examination of the electrical and
electronic properties of graphene. These properties depend largely on the number of
graphene layers on the graphene sheets. Novoselov et al. on the graphene, the potential
charge in the transistors showed due to the possibility of charge carriers ranging from
holes to electrons [5]. This electron hole dependence can only be applied to single-layer
graphene sheets, but if the number of layers starts to increase, the dependence is
weakened due to the electrical field scanning of other fields [10].

It has been found that the quantum Hall effect of graphene for both electron and
hole carriers is due to the extremely high electron mobility of graphene under exposure
to various temperatures and magnetic fields. At room temperature, this may exceed
2000 ¢cm? Vs for mechanically produced graphene [21]. Typically, the classical
integer quantum Hall effect, the electron charge e and h, occurs at Planck's constant 4
e’/h, but in graphene, it occurs only at half integers. This effect is believed to result from

the unique



graphene band structure. The electron mobility of graphene depends on the temperature

and substrate used [15].

2.2.2. Mechanical Properties of Graphene

Carbon-based materials naturally exhibit excellent mechanical properties. For
example, diamond is known as hardest naturally-occuring material, and carbon
nanotubes are with their highest tensile strength. Graphene is not different in its extreme
mechanical properties. Lee et al. [8]. They also showed that single-layer graphene had
more than 200 times the breaking strength of steel and Young had 1 TPa modulus [8].
However, it is believed that these values depend on the purity of the graphene layers.
Frank et al. I measured Young's AFM monolayer graphene module at 0.5 TPa. Dikin et
al. graphene oxide paper showing elastic modulus of about 32 GPa and fracture strength
of about 120 MPa. To improve the mechanical properties of these graphene papers,
divalent ions and polyallylamine were introduced between the layers by chemical
crosslinking. A summary of some of the mechanical properties of graphene is presented
in Table 2.1. It is clear that the thickness of the graphene layers has a large effect on the
properties [21].

Table 2.1. Table of results obtained using AFM of mechanical properties of
graphene [8].

Graphene  Mechanical properties
layers

Young's modulus,  Intrinsic strength,
E (TPa) ¢ (GPa)

One 1 130
One 1 131
Two 1.04 125
Three 098 101




2.2.3. Optical Properties

Although only one atom thick, graphene can absorb 2.3% of white light. Two-
layer graphene absorbs up to 4.6% of white light [5]. Basically, it was found that the
absorption of white light increased almost linearly with the increase in graphene layers,
each layer absorption A =1 - T = = o, = 2.3%, where a ~ 1/37 is the fine structure

constant [15]. Graphene can also be identified by optical microscopy on a Si/SiO »

substrate due to interference. In the UV region, between 900 and 300 nm, the absorption
spectrum of graphene is non-specific and it can be seen that the maximum absorption

peak is at about 270 nm [21].

2.2.4. Thermal Properties

The thermal conductivity of graphene is dominated by phonon transport, i.e.
diffusive and ballistic conductivity at high and low temperatures. However, due to the
low carrier density of the non-doped graphene, electronic thermal transport within the
graphene can be omitted [21]. The internal thermal conductivity of graphene is about
2000-6000 Wm™ K for suspended graphene sheets at room temperature and ~ 600
Wm" 'K-1 for suspended graphene in SiO, substrate [5]. These values are highly

dependent on graphene defects such as edge scattering, isotopic doping and sample
production residues, which cause background scattering and localization. Therefore,
high thermal conductivity values are obtained with the graphene produced by the MC
method due to the high quality of the sheets [11].

2.2.5. Chemical Properties of Graphene

Pure graphene sheets are mostly non-reactive. Functionalization of the surface is

necessary to reactivate it with other materials. Graphene sheet chemical is dominated by



its surface and graphene nanoribbones at its edges [5,15]. Thickness also plays a very
important role in graphene reactivity. For example, the relative irregularity (D) peak in
Raman spectroscopy was determined by Sharma et al. To be nearly 10-fold more
reactive than monolayer graphene bi or multilayer graphene. Using spectroscopic
testing, they compared the reactivity of the graphene edges with the bulk materials. The
reactivity of the edges was found to be at least twice higher than the reactivity of the
bulk single graphene sheet [15,21]. One way of functionalizing the graphene layers is
by means of nitrenic chemistry, i.e. hydroxyl, bromine, carboxyl, amino, and the like.
Such is the introduction of reactive species covalently bonded to the surface of
graphene. Different solvents. These sheets can be easily processed and used in a variety

of applications such as nano-hybrids and for the manufacture of polymer composites

[4].

2.3. Graphene Based Biosensors Applications

Graphene and its derivatives have been the preferred nanomaterials in many
biosensor studies, including electrochemical biosensors, electrochemiluminescent
(ECL) biosensors, and FET biosensors [83,85].

Among the nanomaterials used for biosensor production, graphene and graphene
based nanomaterials are used in biosensor studies more than other materials because
they provide an improved signal response in various detection applications [82].
Furthermore, graphene-based nanomaterials have high surface area, and because
graphene and its derivatives are carbon-based nanomaterials, they offer excellent
biocompatibility with various biomolecules such as antibodies, enzymes, DNA, cells
and proteins. The inclusion of such biological molecules in the detection scheme of
graphene has allowed the development of graphene-based biosensors [85]. Graphene-
based biosensors can detect multiple molecules, biomolecules, and even cells. Figure
2.4 shows the parts that must be present in a biosensor and the components that interact

with the graphene surface.
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Figure 2.4. Schematic representation of a graphene platform and biosensor
components [90].

In general, sensors consist of two elements, defined as a receptor and a
transformer. The receptor is an organic or inorganic material that specifically interacts
with the target molecule. The target molecule may be organic, inorganic, living cells or
pathogens [82,83]. The transducer is the part of the biosensor that can measure its
chemical data and convert it into a signal. Graphene-based nanomaterials are used as
transducers of biosensors involved in converting interactions between receptor and
target molecules into detectable measurements [83].To obtain detectable data from these
measurements, it is necessary to functionalize the bioreceptor molecules (such as
antibodies, ssDNA and enzymes) on the transducer surface. The most common
bioconjugation method for immobilization of antibodies and ssDNA on graphene and
derivatives (graphene oxide, reduced graphene oxide) is EDC / NHS chemistry, while
enzymes are most commonly immobilized using physisorption [81,89]. The most
common attachment methods such as EDC / NHS chemistry and physisorption of

bioreceptors show in Figure 2.5.
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Figure 2.5. Representation of the most common attachment methods of bioreceptors
[90].

Graphene has been used in the design of different biosensors of various
transduction modes due to its large surface area, electrical conductivity, high electron
transfer rate and the ability to immobilize different molecules. For example, the
conjugate structure of graphene can facilitate electron transfer between the bioreceptor
and transducer, which can produce high signal sensitivity for electrochemical sensors.
Furthermore, the graphene-based nanomaterial can act as a quencher in the transducer to
produce fluorescent biosensors. Studies have shown that graphene (G), graphene oxide
(GO) and reduced graphene oxide (rGO) have a very high fluorescence quenching
efficiency [84].

Different synthetic batchs of graphene and derivatives and different synthetic
methods can lead to different properties and functions of graphene-based nanomaterials
in biosensors. The orientation between the G, GO or rGO sheets and the bioreceptor can
also directly affect the selectivity and sensitivity of the biosensors. In addition, the
number of layers, functional groups, and oxidation states of graphene and derivatives
will cause differences in the detection performance between the sensors and even affect
the bond between the transducer and the bioreceptor. The amount of functional groups
in the nanomaterials can also affect the interactions and limit of detection of the target

molecule [87,88].



The "body" of the Ab fragment consists of two different fragments, the
crystallizable fragment (Fc) and the antigen binding fragment (Fab). Fc and Fab contain
carboxyl (~COOH) and amino (-NH2) groups that bind to the target molecule with high
affinity. This high affinity recognition against a specific antibody-antigen reaction is
mainly due to the structure, properties and reactivity of the antibodies, making them
excellent for detection applications [86].

The versatility of the functional groups of the GO surface allows different
strategies for Ab binding. Most strategies for functionalizing GO with antibodies
include I-ethyl-3- (3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) / N-
hydroxysuccinimide (NHS) (EDC / NHS) chemistry reaction with electrostatic coupling
or pyrene derivatives.

Functionality through EDC / NHS chemistry is the most popular and versatile
method for producing biochemical conjugations. EDC is a water-soluble cross-linking
agent that allows direct bioconjugation between carboxyl and amine groups. In this
reaction, the nucleophilic attack from the primary amine group from the antibody forms
an amide bond with carboxyl groups on the surface GO. This process may form

conjugates between two different molecules with an amide group [81,89].
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Figure 2.6. Schematic representation of graphene surface modified with antibodies for
the recognition of pathogens [89].
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There are two main types of sensors in DNA biosensors that use graphene-based
nanomaterials as transducers: electrochemical and fluorescent sensors. The
electrochemical sensor is based on measurements of the change s in voltage, current or

impedance that may result from changes in electrochemical factors, such as electron
loss, conductivity or capacitance changes, which are caused by the hybridization of
DNA or the oxidation of adenine (A), thymine (T), cytosine (C) and guanine (G) of the
DNA [80].

The electrochemical signals generated by these biosensors can be detected using
cyclic voltammetry (CV), differential pulse voltammetry (DPV), or electrochemical
impedance spectroscopy (EIS). In the electrochemistry approach, immobilization of
DNA is done by m - & interactions on the surface of graphene-based nanomaterials. G
edges and GO or rGO with their functional groups (carboxylic, hydroxyl and epoxide

groups) can also be used to covalently interact with the DNA.
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Figure 2.7. Schematic representation of graphene-based nanomaterials as a DNA
biosensor Electrochemical detection (a) and fluorescence detection (b)
[80].



The fluorescent DNA nanobiosensor is based on hybridization of two single-

stranded DNA (ssDNA). One ssDNA is labeled with a fluorescent dye and the other is



complementary DNA corresponding to the target DNA. This method requires optical
detection; therefore, it utilizes the optical quenching property of graphene-based
materials to enhance visualization and detection of the target ssDNA. The
immobilization of the fluorescent-labeled DNA can be carried out by direct adsorption
of the DNA probe on the graphene-based surface through the n—m interaction between
the ring structure of the DNA bases and the graphene surface [79,80].

The two methods seem to be effective and offer low detection limits. However,
each technique has advantages and disadvantages which depend on the ability to
immobilize DNA and the method of measurement in substantially graphene-based
nanomaterials. Electrochemical detection method takes into account the large surface
area and conductivity of nanomaterials. The detection is based on the base types and
numbers present in the DNA that will cause changes in the electrical potential for
measurement. Therefore, homogeneous deposition of the probe on the graphene
material is essential for accurate measurements. In addition, electrostatic potential and
DNA length can affect the efficiency of the sensor. On the other hand, fluorescence
detection can be performed in ssDNA or dsDNA regardless of the length of the DNA.
This method is based on the extinguishing and optical capabilities of graphene-based
nanomaterials. One of the main disadvantages of this method is that it can overestimate
the fluorescence signal in some complex samples such as serum samples due to the high
background fluorescence signal. On the other hand, the fluorescently labeled probe may

lose its intensity (photo-bleach) over time [84].

2.4. Functionalization Strategies of Graphene Surface

Essentially there are three approaches for functionalization of the graphene
surfaces to control its chemical properties; (i) Non-covalent modification through weak
interactions, (ii) intercalation of molecules between graphene sheets and underlying
substrate and (iii) covalent modifications of the graphene lattice [49]. Non-covalent and
covalent modification of the graphene surfaces are more preferred methods in biological
applications (Figures 2.7 and 2.8). The functionalization of the graphene surface is

necessary to ensure the interaction of biological molecules with the surface [49,52].
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Figure 2.8. Schematic representation of the covalent and non-covalent
functionalization of graphene [60].
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Figure 2.9. Schematic demonstration of the covalent (up) and non-covalent (down)
functionalization of graphene [49,53].



2.4.1. Covalent Functionalization of Graphene

The covalent addition of different functionalities to the graphene surfaces occurs
via oxygen bonds, often referred to as "oxygenated functional groups" or structural m-n
networks [49]. Furthermore, the presence of carboxylic acid groups at the edges and
epoxy / hydroxyl groups on the basal plane of graphene and graphene oxide is used to
adapt the surface functionality of the graphene surfaces [50].

Covalent modification of graphene with various organic functionalities has been
done using two general pathways: (1) combining free intact graphene C - C bonds with
radicals or dienophils; and (2) reacting the oxygen groups of GO with organic
functional groups. Based on previous studies on fullerene and carbon nanotubes, the
most attractive organic species for reaction with sp? carbons in graphene are organic free
radicals and dienophils. Generally, both of these species are intermediate reactive

components produced under certain conditions in the presence of graphene [49,51].
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Figure 2.10. Representation of covalent modification of graphene surface with Diels
Alder Reaction [49].
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Figure 2.11. Representation of covalent modification of graphene surface with organic
cross-linkers [52].

2.4.2. Non-Covalent Functionalization of Graphene

Any distortion of the structure of the basal graphene plane refers to altering the
properties that make it a superior material. This involves covalent functionality, since
the formation of new bonds changes the hybridization of carbon atoms from sp® to sp’.
Non- covalent functionality is a physical process that takes advantage of the adsorption
of molecules to the graphene surface and allows the preservation of its own skeleton
and its associated properties [56].

n-n interactions define dominant non-covalent forces in m systems and the
functionalized structure of graphene. Therefore, in the non-covalent functionalization
studies of graphene, planar aromatic molecules and derivatives thereof are preferred. It
is known that pyrene and its derivatives show strong tendencies towards the graphene

basal plane in non-covalent functionalization studies (Figure 2.12) [60].
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Figure 2.12. Schematic representation of pyrene derivatives used for non-covalently
functionalization of graphene [57].

The use of pyrene butyric acid provides stable and robust functionalization by
stacking four aromatic rings, while the terminal acid function remains free and usable

for further covalent inoculation of biomolecules with amine functions [53,57].

2.5. Antibody-Cell Receptor Interaction

Antibodies are protein-based biomolecules secreted by B cells in the bone
marrow and having a Y-shaped structure [62]. Furthermore, an antibody molecule has
two heavy chains (H) and two light chains (L) in the structure. These chains contain

NH; at one end and COOH molecules at the other end. The NH; end of the antibody

molecule is called the aminothermal end and the COOH end is called the
carboxyterminal end. The two arms of the Y shape vary between different antibody
molecules in the V (Variable) regions [62,63]. They play a role in antigen binding,
whereas the body of the C (Constant)



region is responsible for interacting with effector cells and molecules. The structure of
the antibody molecules is shown in Figure 2.13. One of the major duties of antibodies is
to provide an immune response to antigens such as bacteria, viruses and pathogens. In

this way, antibodies play an important role in protecting our immune system against

b el
‘ s

infections and diseases [68].
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Figure 2.13. Schematic representation of antibody structure. (A) Schematic
representation of the X-ray crystallographic structure of an IgG antibody.
(B) Schematic representation of the four-chain composition of the antibody
structure and the domains containing each chain. (C) representation of a
simplified form of an antibody molecule [65].

Antibodies include small proteins of the immunoglobulin family (Ig) consisting
of anti-parallel B layers [67]. Ig consists of two light chains with a molecular weight of
25 kDa and two heavy chains of 50 kDa forming the Y-shape of antibody molecules.
These heavy and light chains are divided into two. The first is the N-terminus that forms
part ¢ that determines the antigen binding site and isotype [64,69]. Furthermore, the
light chain and the heavy chain are comprised of two groups of Ig and four Ig domains,
respectively. Depending on the antibody isotype [70,71] light chains and heavy chains
are linked together by non-covalent and disulfide bond interactions [72]. The V chain
and the heavy chain of the light chain are linked to form two antigen binding sites to
enable the antibody to bind strongly to the antigen. When the VH and VL domains bind
to the antibody, the hypervariable rings in these domains come together to form
complementarity determining regions (CDR1, CDR2, and CDR3), ie the antigen
binding region [74]. This CDR region consists of a combination of heavy and light

chains and



defines the specificity of the antigen. Further, three CDR regions come together to form

the surface of the antibody [75].



CHAPTER 3

MATERIALS AND METHODS

3.1. Materials

4-(1-Pyrenyl)-butyric acid (PBA, 97.0%) was used as linker in graphene surface
functionalization and purchased from Merck.

Methanol (Merck, high purity), ethanol (Merck, high purity), N,N-
dimethylformamide (Merck, high purity), acetone (Tekkim, 99.5%), ethanol
(Tekkim,96%), were used for graphene surface modification.

N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) was
purchased from Merck. N-hydroxysulfosuccinimide (Sulfo-NHS) was purchased from
Thermo Fisher Scientific.

Antihuman/NP CD2 (30 pg/ml) antibody was purchased from Invitrogen. 2-(N-
Morpholino) ethanesulfonic acid hydrate (MES > 99.5) and sodium hydroxide (NaOH)
were purchased from Sigma Aldrich. The mouse anti-Syndecan-1 [B-A38] monoclonal
antibody used as a different antibody.

RPMI 1640 (+L-Glutamine, Gibco), fetal bovine serum (FBS, Gibco),
penicillin- streptomycin (Pen-Strep, Gibco), phosphate buffer salt (PBS, 10X, Gibco),
trypan blue (Biological Industries) were used for cell culture experiments. All chemicals
were used as received.

Jurkat cells (T lymphocyte cell line) were donated by Prof. Dr. Yusuf Baran
(Izmir Institute of Technology). Graphene surfaces were provided by Assoc. Prof. Dr.

Cem Celebi (Izmir Institute of Technology).



3.2. Instruments

3.2.1. Raman Spectroscopy

Raman measurements in this study were performed using XploRA PLUS system
developed by HORIBA Jobin Yvon. In the measurements, solid state laser source
emitting at 532 nm and diode laser at 785 nm were used as excitation sources. The
optical imaging system integrated into the system is Olympus BX41 and the lenses with
10X, 20X, 40X and 100X magnifications of the same company were examined. The
data acquisition time for each measurement was set to 10 s and each measurement was
repeated 10 times. The spectra collected were normalized with the HORIBA data
acquisition program LabSpec 6. For reproducibility and reliability of the measurements,

Raman experiments were performed in 3 replicates.

3.2.2. X-Ray Photoelectron Spectroscopy (XPS)

Elemental analyzes and structures of the samples were performed by Thermo
Scientific K-Alpha Surface Analysis model X-ray photoelectron spectroscopy device.
Measurements were taken from an area of 400 pum diameter with X-rays produced by
the alpha ray source. All graphene surfaces prepared were sent to XPS analysis with

double control.

3.2.3. Stereo Microscope

Stereo microscope was used to examine the surface of visible objects and

provides a 3-dimensional image unlike light microscope. It was provided by Optical
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Characterization Laboratory of Physics Department of Izmir Institute of Technology.
Stereo microscope measurements in this study were performed using NIKON Photonic

PL2000.

3.3. Methods

3.3.1. Functionalization of Graphene Surfaces

Graphene surfaces were supplied from the Physics Department of the Izmir
Institute of Technology. For functionalization of graphene surfaces, 4- (1-Pyrenyl)-
Butyric acid (PBA) was dissolved at 10 mM concentration value in different solvents
(methanol, ethanol, dimethylformaldehyde (DMF), ethanol and dmf mixtures (in
different ratios), methanol and dmf mixture (different ratios) (24 hours). Graphene
surface was placed into the prepared solution and allowed to incubate for 24 hours.
Following incubation time, the surfaces were washed with the corresponding solvent
system for several times. The binding of PBA to graphene surface was analyzed by both

Raman spectroscopy and X-ray Photoelectron spectroscopy (XPS).

3.3.2. Conjugation of Antibodies to Graphene Surfaces

For antibody binding, PBA-modified graphene surfaces were first incubated for
10 minutes with EDC/NHS (EDC concentration: 15 mM and the NHS concentration
was calculated such that the final concentration of the EDC/NHS solution was 5 mM) in
MES buffer medium (pH 6). The graphene surfaces were then reacted in PBS (pH 7.2)
with the anti-human CD2 antibody (0.1 pg/ul) for 6 hours at room temperature.
Following the incubation time, the surfaces were washed with PBS for several times

and then characterized via Raman spectroscopy and XPS.



3.3.3. Interaction of Antibody-Functionalized Graphene Surfaces with

Cells

The Ab-conjugated graphene surfaces were immediately used for interaction
with Jurkat cells. After the results obtained from the experiments and determination of
certain parameters, graphene surface and cell (Jurkat cell line) interaction experiments
were started.

Two different methods were used for the interaction of Ab-functionalized
graphene surfaces with Jurkat cells: Firstly, the surfaces were incubated in the cell
suspension for 1 hour in different media (cell culture medium or PBS) at 4°C or 37°C.
At the end of the incubation, the surfaces were removed from the suspension and the
surface that removed were washed with PBS solution for several times. After washing,
surface was analyzed. As a second method, the cell suspension in media or PBS was
dropped onto the surfaces and incubated for 1 hour at 4°C or 37°C. After incubation,
excess liquid was removed from the surface and analyzed by adding fresh (cell-free)
medium or PBS. Non-functionalized surfaces with the antibody as the control assay

were subjected to the same treatments and analyzed.

3.3.4. Cell Culture

Jurkat cells (human T lymphocyte cell line) were grown in RPMI 1640 culture
containing 10% FBS and 1% penicillin / streptomycin in an atmosphere of 5% CO; at
37
°C. When the cells reached 80% fullness, the cells were passaged by centrifugation at
800 rpm for 5 minutes. In the next step after centrifugation, the medium was gently

withdrawn by pipette and the cells were resuspended by pipetting in new medium.



CHAPTER 4

RESULTS AND DISCUSSION

4.1. Functionalization of Graphene Surfaces

To develop graphene-based biosensors, functionalization of graphene is required
for enabling covalent conjugation of biomolecules such as antibodies. Pyrene butyric
acid (PBA) has been widely used in the literature for functionalization of graphene [76].
Graphene and PBA stably interacts through hydrophobic and pi-pi interactions [76, 77].
There is a number of experimental methods reported in the literature for
functionalization of graphene with PBA. A number of different solvents such as ethanol,
methanol, dimethylformamide, chloroform has been used for interacting graphene with
PBA in the literature. In this study, the most suitable solvent for PBA-graphene
interaction was firstly investigated. Solvents with varying polarity index values (Table

4.1) were chosen to be tested.

Table 4.1.  Polarity index values of solvent systems tested for graphene-PBA

interactions.
Solvent Name Polarity Index Value, P
Ethanol 5,2
Dimethylformamide 6,4
Methanol 6.6

Graphene surfaces were incubated with PBA (10 mM) in different solvents as
indicated in Table 4.1 and washed with the same solvent system for several times before
analyzing via Raman Spectroscopy. The Raman spectra of the samples are presented in

Figure 4.1.
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Figure 4.1. Raman spectra of graphene surfaces after functionalization with PBA (10
mM) in different solvents (A) Ethanol and mixtures with DMF at different
v:v ratios (B) Methanol and mixtures with DMF at different v:v ratios

In the RAMAN spectra, graphene displayed 4 peaks in the range between 3100
and 1100 cm™. These peaks are as follows; peak at around 1360 cm™ due to its
corresponds to disordered carbon structure, peak at 1590 cm™ due to corresponds to sp?
carbon systems and C-C bond because of graphitic structure, peak at 2350 cm™ due to
observed defects or impurities.and peak at around 2680 cm™ due to sp* carbon systems .
The peak at around 2680 cm™ depends on the number of layer graphite structure. Also,
the ratio of peak at around 2680 cm” and peak at 1590 cm’ gives significant
information about the number of layer graphitic carbon. When the graphene surface was
modified with PBA, deformations were observed at 2350 cm™'. Moreover, a new signal
at 1650 cm™ ' appeared which was attributed to sp® - sp> hybridization of carbon atoms.
These changes indicated that the graphene surface was functionalized with PBA. From
the Raman spectra, functionalization of graphene with PBA appeared to be more clearly
when Methanol and its DMF mixtures was used as solvent. Raman is a qualitative
analysis method although raman microscopy also helps in understanding the graphene
surface functionalization process. The studies were continued with XPS analysis

which is a



quantitative analysis method since it does not show the bond structures directly.
Surfaces treated with PBA in methanol or methanol: DMF mixtures were further

analyzed by X- ray Photoelectron Spectroscopy (XPS). Cls XPS data are presented in

Figure 4.2.
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Figure 4.2. Cls XPS spectra of graphene surfaces (A) non-functionalized (B) after
functionalization with PBA using methanol (C) after functionalization with
PBA using methanol:DMF (80:20) (D) after functionalization with PBA
using methanol : DMF (95: 5)

When the XPS results were evaluated, 5 distinct Cls bands for the non-
functionalized graphene surface were observed in Figure 4.2A. The band at 284.54 eV
was assigned to C-C sp” hybrids, C = C and C-H bonds. The band at 285.14 eV
corresponds to C-C sp® hybrids. The bands at 288.13 ¢V and 289.15 eV correspond to
C- O and C=0 bonds which might be due to adventitious carbon contamination. Figure
4.2B shows the Cls XPS data of graphene surface functionalized with PBA in
methanol. Unlike the non-functionalized graphene sample, new bands appeared at

286.41 eV corresponding to C-OH bond, 289.15 eV corresponding to O-C = O bond



and 291.03 eV corresponding to O-C = O bond along with n-n* interactions. The

surfaces functionalized



in methanol: DMF mixtures showed similar bands at lower intensities attributed to the
same chemical groups. The average atomic values of Cls and Ols obtained from
graphene surfaces before and after modification with PBA in different solvents are
presented in Table 4.2. Additionally, the average atomic values normalized according to
the average atomic value of Si2p were presented in Table 4.3.

The normalized C1s and Ols atomic percentages were expected to increase after
modification of graphene surfaces with PBA. As expected an increase in both
normalized Cls and Ols percentages of the surfaces after functionalization indicated
that the surfaces were functionalized with PBA in all three different solvent systems.
When three different solvents were compared, when DMF content was increased Cls
values were found to increase while Ols values decreased. Considering that carbon
contamination might be causing this inconsistency, the solvent that yielded significant
increase in both Cls and Ols percentages was chosen for functionalization of graphene
in further experiments. According to this evaluation, methanol was found to be

appropriate as the solvent in the functionalization of the graphene surfaces.

Table 4.2. The average atomic percentage values of the Si2p, Cls and Ols of the
graphene surfaces before and functionalization with PBA in different

solvents
Average Atomic Percentage
%

Ato Graphene GRP+PBA GRP+PBA GRP+PBA+
mic (Before (after (after (after
Nam functionalizati functionalizatio functionalization functionalization
e on) n in Methanol) in in Methanol: DMF

Methanol:DMF of 80:20)

of 95:5)
Si2p 19,0 13,6 11,7 11,5
Cls 46,5 53,8 59,5 62,2
Ols 29,0 34,6 22,9 19,9




Table 4.3. The average atomic percentage values of the Cls and Ols normalized to the
average atomic percentage values of the Si2p of the graphene surfaces
before and functionalization with PBA in different solvents

Normalized Average Atomic Percentage
%
Atomic Name Graphene | GRP+PBA+ | GRP+PBA+ GRP+PBA+
Methanol Methanol-DMF (95:5) | Methanol-

DMF
(80:20)

Cls 2,5 4,0 5,1 5.4

Ols 1,5 2,5 2,0 1,7

4.2. Antibody Conjugation to Functionalized Graphene

After the appropriate solvent was determined for the functionalization of the
graphene surface, experiments were carried out to perform covalent conjugation of a
specific antibody to functionalized graphene surfaces. AntiCD2 antibody specific to
human T cell receptors on Jurkat cells was used for these experiments. Briefly, PBA-
functionalized graphene surface was first treated with NHS/EDC to activate the
carboxylic acid groups on the surface. The activated surface was then incubated with
antibody solution in phosphate-buffered saline (PBS) for 6 h at below room
temperature. At the end of incubation time, the surface was washed several times with

PBS and then analyzed via XPS.

XPS was used to monitor the transformation of chemical content changes and
surface chemicals by utilizing binding energies after functionalization of the graphene

surface with various intermediate molecules and antibody.
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Figure 4.3. Cls XPS spectra of the functionalized graphene surface (A) Spectrum of
the non-functionalized graphene surface (B) Spectrum of the PBA-
functionalized surface (C) Spectrum of the PBA-functionalized surface
activated with Ab directly (D) Spectrum of the antibody-conjugated
graphene surface

Figure 4.3A and B show the Cls XPS data of the non-functionalized and PBA-
functionalized graphene surfaces. Expected bands of graphene and PBA-
functionalization were observed in accordance with Figure 4.3B Figure 4.3C shows the
results of XPS measurement of PBA-functionalized graphene surface after conjugation
with antibody (Ab). The band at 283,92 eV corresponds to C-Si bond, 285,76 eV to C-
OH bond, 287,11 eV and 287,57 eV bandscorrespond to C-O, C = O and C-OH bonds.
Figure 4.3D shows the results of XPS measurements after applying EDC / NHS
chemistry to the PBA-functionalized graphene surface. When compared to the non-
functionalized graphene sample, 285,80 eV corresponds to the C-OH bond and 287,94
eV corresponds to the C-O, C = O and C-OH bonds. In addition, the C atom percentage
was found to increase in each step of the Ab conjugation procedure, as shown in Table

4.4. Importantly, N and O atoms were also significantly increased upon conjugation of



Ab to graphene surface. This directly indicates the successful conjugation of Ab

molecules to PBA-



functionalized graphene surfaces. Additionally, N1s spectra were also evaluated to fully

evaluate the success in Ab conjugation (Figure 4.4).

Table 4.4. The ratio of the average atomic percentage values of Cls, N1s and Ols atoms
to the mean atomic percentage values of Si2p.

The ratio of Cls, N1s and O1s atomic percentage values to Si2p atomic
percentage value
Atom GRP+PBA GRP+PBA +Ab GRP+PBA+ED
(control  surface C/ NHS +Ab
without
treatment with EDC/NHS)
Cls 5,0 7,5 15,0
N 1s 0,2 0,9 1,7
O1s 2,8 2,9 5,4
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Figure 4.4. N1s XPS spectra of the functionalized graphene surfaces and non-
functionalized graphene surface



Figure shows the N1s XPS scan of the PBA functionalized graphene surface.
There is a single peak in N1s and the binding energy value at 400.09 eV was attributed
to N-Six-O group which might be due to contamination. After interaction with Ab in the
presence or absence of NHS/EDC, a significant band at 399.73-399.77 eV appeared
which corresponded to the C-NH; and N- (C = O) — bonds. The N-C = O bond represent
the peptide bond that exist in the protein structure. C-NH> bond might be due to the side
chain amino groups of lysine residues in the protein structure. Furthermore, the N atom
percentage was found to increase after Ab treatment. While the N atom percentage
normalized to Si atom of graphene surface is 0.20% before Ab treatment, this value
increased to 0.90% and 1.70% after Ab treatment in the absence and presence of NHS
and EDC, respectively. This proves that the graphene surface is functionalized with
antibody molecules. While there was some degree of non-covalent binding probably
through electrostatic and hydrophobic interactions, the Ab binding through covalent
bonds (in the presence of NHS and EDC) was more significant as expected. Overall the
XPS analysis proved that the PBA-functionalized surfaces were covalently conjugated

with Ab molecules in a successful manner.

4.3. Recognition of Cells by Antibody Conjugated Graphene Surfaces

At the next step, Jurkat cells were interacted with antiCD2 antibody-conjugated
graphene surfaces. It was anticipated that Jurkat cells would bind to the antibody-
functionalized surface because human T cell receptors specific to antiCD2 antibodies
are present on Jurkat cell surface. A number of optimization experiments were
performed to identify the best conditions for cell recognition. These experiments aimed
to investigate the effect of temperature (4 °C vs 37 °C), interaction medium (PBS vs.
cell culture medium), interaction method (dropping vs. dipping).

First, cells were incubated with Ab-functionalized graphene surface in PBS for 1
hour at 4 °C or 37 °C by dipping and dropping the surfaces in cell suspansions, the
control experiments included the incubation of cells with non-functionalized and PBA-
functionalized graphene surfaces under the same conditions. After the incubation time,

the surfaces were washed thoroughly with PBS solution several times. The cell binding
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on the washed surfaces was analyzed via optical microscope of Raman spectrometer.
The results are presented in Figure 4.5. As can be seen in the images, there was no
interaction between the cells and the non-functionalized or PBA-functionalized
graphene surface as expected. This indicated that there was no non-specific binding of
Jurkat cells to the graphene surfaces. For Ab-functionalized surfaces, it was observed
that jurkat cells adhered to the graphene surface on antiCD2 functionalized surfaces 4
°C. Considering this result, the use of 4 °C for incubation of cells with Ab-

functionalized surfaces was found to be suitable for further experiments.

Figure 4.5. Effect of temperature on cell interaction with graphene surfaces in PBS for
1 hour by dipping method. Optical microscope images of (A)
nonfunctionalized graphene surface after interaction with cells at 4° C, (B)
nonfunctionalized graphene surface after interaction with cells at 37° C,
(C) PBA-functionalized graphene surface after interaction with cells at 4°
C, (D) PBA-functionalized graphene surface after interaction with cells at
37° C,

(E) Ab-conjugated graphene surface after interaction with cells at 4° C, (F)
Ab-conjugated graphene surface after interaction with cells at 37° C.

Secondly, the interaction method was investigated. The cells were interacted
with the surface either by dipping the surfaces in cell suspension or by dropping the cell

suspension onto the surfaces. In these experiments, cells were suspended in PBS and



incubated with surfaces at 4 °C for 1 hour. The results are presented in Figure 4.6. As it
can be seen in the images, the cell binding was most significant when the cells were
incubated with Ab-functionalized surfaces via dipping method. The number of cells
recognized and attached to the surface was the highest when the Ab-functionalized

surfaces were immersed into the cell suspension.

a0 pm

Figure 4.6. Effect of method on cell interaction with graphene surfaces in PBS at 4°C
for 1 hour. Optical microscope images of (A) PBA-functionalized
graphene surface after interaction with cells via dropping method, (B)
PBA- functionalized graphene surface after interaction with cells via
dipping method, (C) Ab-conjugated graphene surface after interaction with
cells by dropping method, (D) Ab-conjugated graphene surface after
interaction with cells by dipping method.

At the next step, the effect of medium on the cell-surface interaction was
investigated. The cells were interacted with the surfaces in either PBS or cell culture
medium at 4 °C via dipping method for 1 hour. The results are presented in Figure 4.7.
As it can be seen in the images, the cell binding was most significant when the cells
were incubated with Ab-functionalized surfaces in PBS. It is possible that the

proteins and



other constituents of the cell culture medium non-specifically adsorb on the Ab-
functionalized graphene surfaces and inhibit the specific recognition and attachment of
Jurkat cells onto the antiCD2 antibodies on the graphene surfaces. Based on the result of
this experiment, PBS was found to provide a better environment of cell-surface

interaction.

Figure 4.7. Effect of medium on cell interaction with graphene surfaces at 4°C for 1
hour via dipping method. Optical microscope images of (A) PBA-
functionalized graphene surface after interaction with cells in PBS, (B)
PBA-functionalized graphene surface after interaction with cells in cell
culture medium, (C) Ab-conjugated graphene surface after interaction with
cells in PBS, (D) Ab-conjugated graphene surface after interaction with
cells in cell culture medium.

Overall the results of the above-given experiments showed that the specific
recognition and attachment of Jurkat cells onto the antiCD2 antibody-functionalized
surfaces were obtained when the cells were interacted with the antibody-conjugated
surfaces in PBS at 4 °C via dipping method. Using these conditions, the specificity of
the antiCD2 Ab-functionalized surfaces against Jurkat cells was also investigated. In
this experiment, a non-specific antibody, mouse anti-Syndecan-1 that being a

monoclonal



antibody was conjugated to the PBA-functionalized graphene surfaces following the
same experimental conjugation procedure using NHS/EDC chemistry. There is no
receptors specific to mouse anti-Syndecan-1 antibodies on jurkat cells. It was therefore
anticipated that there would be no recognition of the Anti-Syndecan-1 antibody
conjugated surfaces by Jurkat cells. Figure 4.8 shows the optical microscopy images of
the anti-Syndecan-1 antibody conjugated surfaces after incubation with Jurkat cells in
PBS at 4 °C for 1 hour via dipping method. As it can be seen, the Jurkat cells did not
recognize and attach onto the non-specific antibody conjugated surfaces while the cells
attached efficiently onto the antiCD2 antibody-conjugated surfaces. This result directly
proved that the recognition of Jurkat cells by the functionalized graphene surfaces was

through specific antibody-surface receptor interactions.

Figure 4.8. Optical microscope images of (A) antiCD2 antibody-conjugated graphene
surface after interaction with Jurkat cells in PBS at 4°C for 1 hour via
dipping method, (B) Anti-Syndecan-1 antibody-conjugated graphene
surface after interaction with Jurkat cells in PBS at 4°C for 1 hour via
dipping method.

In the last step, new experiment was designed to further show that the Jurkat
cell- antiCD2 antibody-functionalized graphene surface interactions were through the
specific antibody-surface receptor interactions. The cell-bound surfaces were incubated
with the excess of antiCD2 antibodies and the surfaces were analyzed by optical
microscopy to see whether the cells were remained on the surfaces or not. In this

experiment, cells were first incubated with the antiCD2 conjugated surface at the



optimized conditions. After washing step, the cell-bound surface was treated with a

solution of antiCD2 antibody (30



png/ml in PBS) for 1 hour and then analyzed via optical microscopy (Figure 4.9).
Surface- bound cells were clearly observed on antiCD2 antibody-functionalized
graphene surface after before treatment with high concentrations of antiCD2 antibody
solution. When these surfaces were interacted with a high concentration of
antibody solution, no cells were observed on the graphene surface. Since the cell surface
receptors would have the same or higher affinity towards the antiCD2 antibodies in
solution, the attachment of cells onto the surface-bound antibodies would be expected to
be replaced by antiCD2 antibodies in solution, which would lead to the release of the

surface-adhered cells into the solution.

Figure 4.9. Optical microscope images of antiCD2 antibody-conjugated graphene
surfaces after interaction with Jurkat cells followed by the treatment with
the antiCD2 antibody solution (30 pg/ml in PBS) for 1 hour at 4°C. (A)
Before and (B) after treatment with the excess of antiCD2 antibody
solution.



CHAPTER 5

CONCLUSION

This thesis aims to prepare a graphene-based biosensor substrate for
detection of biomicroparticles such as bacteria, viruses or mammalian cells. For this
aim, it was first attempted to optimize the functionalization of graphene surfaces with
PBA. The effect of solvent type on graphene surface functionalization was investigated
by Raman spectroscopy and X-Ray spectroscopy (XPS). Appropriate solvent was

determined as methanol when the results obtained were evaluated.

Graphene surface-antibody interaction was then investigated.. AntiCD2
antibodies (Ab) as a model antibody were interacted with the functionalized graphene
surface via EDC/NHS chemistry. Biomolecule conjugation was examined and
confirmed using Raman spectroscopy and XPS. Optimum parameters were determined
to be the optimum medium and optimum incubation time for graphene surface-antibody
conjugation were found to be MES buffer and 6h according to XPS and raman results

for antibody conjugation to graphene surface.

Jurkat cells, a non-adherent cell line, were recognized by Ab-activated
graphene surface and cell attachment was observed by optical microscopy. Temperature,
medium and the method for interaction of cells with Ab-functionalized graphene
surfaces were investigated. According to these investigations, the optimum
temperature and the medium for cell-surface interaction were found to be 4 “C and PBS.
It was also determined that dipping method was the more appropriate method for cell-
surface interaction when compared with dropping method. Furthermore, the cell-surface
interaction proved to be through specific Ab-cell receptor interactions as a non-specific
Ab-, anti-Syndecan-1 antibodies, functionalized graphene surface did not recognize and
capture Jurkat cells. More importantly, upon exposure of the cell-attached graphene
surface to a high- concentration of antiCD2 antibodies, the cells were observed to be
released from the graphene surface, evidencing that the cell attachment to the graphene

surface was through the affinity binding between antiCD2 antibodies on the graphene



surface and CD2 receptors on the cell membrane. Overall, this thesis provided a method

optimized for



preparation of Ab-functionalized graphene-based substrate for recognition of

nonadherent mamallian cells through their specific surface receptors.



FUTURE WORKS

The studies performed in this thesis can be further extended to include the

following investigations:

1. Characterization of cell binding to the functionalized graphene surface needs to
be performed using a technique other than optical microscopy. For example,
fluorescence microscopy can be used after staining the cells on the surface. Also Raman
spectroscopy can be used to indicate the attachment of cells on the surface.

2. Antibody density on the surface can be characterized and varied to enhance the
number of cells recognized by the graphene surface.

3. The developed biochips can be integrated to a biosensor system to create a

diagnostic tool.
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