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Abstract

Graphene is essentially a monolayer of sp> bonded carbon atoms, arranged in a honeycomb
lattice. Graphene has in recent years attracted phenomenal interest from researchers in materials
science, condensed matter physics, and electronics since its first demonstration in 2004. The
importance of graphene research was epitomised by the Nobel prize for physics being awarded

to pioneers of the field in 2010.

The main topic of this research was the development of epitaxial graphene on silicon
carbide (SiC) substrates. The substrate inferred processability of epitaxial graphene enables
graphene devices to be fabricated on full wafers using standard semiconductor processing

techniques.

Biosensor research is a rapidly expanding field. The major driver comes from the healthcare
industry but there are also applications for biosensors in the food quality appraisal and
environmental monitoring industries. The key advantages of electrochemical biosensors over
competing sensor technologies are the low cost of mass production, and ability to make sensors
into small compact systems. Smaller, portable sensors allow for the development of point-of-
care medical devices, which can be crucial in fast diagnosis and long-term monitoring of

diseases.

Graphene channel resistor devices have been fabricated using electron beam lithography
and a successfully developed contact metallisation scheme — using Titanium / Gold contacts.
The metal-graphene contacts have been characterised using XPS and electrical current-voltage

measurements.

The graphene channel device has been used as the basis of an electrochemical sensor for
human chorionic gonadotropin (hCG), an indicator of pregnancy — which has also been linked

to increased risk of several cancers.

The immunosensor developed is a promising tool for point-of-care detection of hCG, due to
its excellent detection capability, simplicity of fabrication, low-cost, high sensitivity and

selectivity.
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Immunosensor; Graphene; Carbon Nanotube; Antibody; human chorionic gonadotropin.



“To know, is to know that you know nothing,

That is the meaning of true knowledge”

Socrates
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CHAPTER 1

“Education is the most powerful weapon
which you can use to change the world.”

Nelson Mandela (1918-2013), South African Politician

Framework

1.1 Motivation

Nanotechnology has become an increasingly popular buzzword over the past 15 years or so, a
trend that has been fueled by a global set of publicly funded nanotechnology initiatives. Even as
researchers have been struggling to demonstrate some of the most fundamental and simple aspects of
this field, the term nanotechnology has entered into the public consciousness through articles in the
popular press and popular fiction. As a consequence, the expectations of the public are high for

nanotechnology, even while the actual public definition of nanotechnology remains a bit fuzzy.

Nanotechnology is the ability to manipulate individual atoms and molecules to produce
nanostructured materials and submicron objects that have applications in the real world.
Nanotechnology involves the production and application of physical, chemical and biological systems
at scales ranging from individual atoms or molecules to about 100 nm, as well as the integration of the
resulting nanostructures into larger systems. Nanotechnology is likely to have a profound impact on
our economy and society in the early 21g century, perhaps comparable to that of information
technology or cellular and molecular biology. Science and engineering research in nanotechnology
promises breakthroughs in areas such as materials and manufacturing, electronics, medicine and
healthcare, energy and the environment, biotechnology, information technology and national security.
Clinical trials are already underway for nanomaterials that offer the promise of cures for certain

cancers. It is widely felt that nanotechnology will be the next industrial revolution.
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1.2 Structure of the thesis

This thesis is organized in eight chapters.

Chapter 1 outlines the motivation of this work, describes the structure and the framework of the

thesis, and lists of publications and communications associated with the PhD.
Chapter 2 presents a literature review about the principal concepts of this work.

Chapter 3 presents the experimental methods of the production and characterization techniques
used during the research work of this dissertation, highlighting the graphene growth, the
characterization techniques for the nanofabrication of the devices and electrochemical

characterization of the devices.

Chapters 4 to 7, present the development, characterization and application of electrochemical

assays detection of the hormone biomarker hCG.

Chapter 4 describes the use of lithographic techniques to pattern epitaxial graphene devices,
whose dimensions are scalable and suitable for wafer scale production. Epitaxial graphene devices
have been functionalized using (3-Aminopropyl)triethoxysilane (APTES), to achieve an amine
terminated graphene surface. Antibodies targeted against hCG have been bound to the amine-
terminated graphene. This sensor was operational but improvement of the electrochemistry became
necessary for enhanced sensor performance.

Chapter 5, an immunosensor with a Chitosan layer incorporating gold nanoparticles, able to be
functionalized with the anti-hCG for subsequent detection of hCG is described.

Chapter 6 a new impedimetric biosensor for hCG fabricated, based on antibody-antigen binding
to a PANI-modified screen-printed graphene electrode, was developed. It was shown that polyaniline
was successfully deposited on a graphene-SPE. The simple approach for antibody binding, enabled
attachment of the antibody to the sensing layer, and provided excellent reproducibility and stability in
the sensor. The sensor’s electrode impedance, increased linearly with increasing hCG protein
concentration and was not significantly affected by interference from chemical components present in
synthetic urine.

Chapter 7, an immunosensor set-up, where the antibody has been directly attached to a CNT
amine-modified layer, on a screen-printed electrode, was developed and investigated using
electrochemical impedance spectroscopy (EIS) label-free measurements. This sensor had a clinically
relevant limit of detection of 0.01ng/mL.

Chapter 8 summarizes the main results obtained and presents guidelines for future research work.
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1.3 List of Publications

The main results obtained during this dissertation were presented in some international

conferences and published in peer-reviewed publications.
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CHAPTER 2

“Anybody who has been seriously engaged in scientific work
of any kind realizes that over the entrance to the gates of the
temple of science are written the words: We must have faith.

It is a quality which the scientist cannot dispense with.”

Max Planck (1858-1947), German Theoretical Physicist

Literature Review

In this chapter a fundamental background regarding the functioning principles of biosensors, field
effect based devices and electrochemical sensors are provided. A brief overview of graphene and

CNT materials are given.

To set the context for this research, it is important to understand the application for the biosensors

being developed.

Detection of the biomarker hCG is important in establishing whether a woman is pregnant. hCG is
also becoming increasingly important as a marker for several cancers. Both pregnancy and cancer,

and the role of hCG in these conditions, are discussed at the outset of this chapter.

2.1 Pregnancy and hCG

Pregnancy is the fertilization and development of one or more offspring, known as an embryo or
fetus, in a woman's uterus. In a pregnancy, there can be multiple gestations, as in the case of twins or
triplets. Childbirth usually occurs about 38 weeks after conception; in women who have a menstrual
cycle length of four weeks, this is approximately 40 weeks from the start of the last normal menstrual
period (LNMP). Human pregnancy is the most studied of all mammalian pregnancies. Conception can

be achieved through sexual intercourse or assisted reproductive technology.
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human chorionic gonadotropin (hCG) has always been thought of as one molecule, a hormone
which promotes progesterone production. The last 20 years has seen big changes in this concept: hCG
has been shown to comprise 3 independent molecules and not one. All 3 have a common B-subunit
peptide structure (has a highly glycosylated carboxyl terminal peptide (CTP) extension, rich in serine
and proline, which confers the immunological and biological specificity to the whole hCG) and the
name hCG has remained attached to all three molecules. These are: (i) hCG, which has been shown to
have multiple functions extending way beyond promoting progesterone production by corpus luteal
cells [1]; (ii) hyperglycosylated hCG (hCG-H), a major glycosylation variant of hCG which has a
different 3 dimensional structure and is also produced by placenta. hCG-H has critical functions in
invasion and growth of choriocarcinoma cells and implantation of pregnancy [1]. (iii) hCG free -

subunit is produced by most human cancers. It promotes cancer cell growth and malignancy.

Human chorionic gonadotropin (hCG) is a kind of glycoprotein hormone with a molecular mass
of about 37 kDa, secreted by the trophoblastic cells of the placenta chorionic vesicle [2]. In healthy
human serum and urine, the concentration of hCG is extremely low. The increased level of hCG in
serum and urine is associated with the trophoblastic cancer and many diseases related to pregnancy
[3]. Levels can first be detected by a blood test about 11 days after conception and about 12 - 14 days
after conception by a urine test. In general the hCG levels will double every 72 hours. The level will
reach its peak in the first 8 — 11 weeks of pregnancy and then will decline and level off for the
remainder of the pregnancy. There is really no single "normal” hCG level in early pregnancy and

there is a very wide range of hCG values as pregnancy progresses.
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The hCG hormone is measured in milli-international units per milliliter (mIU/ml).

Table 2.1 - hCG levels in weeks from last menstrual period.

Weeks Level of hCG (mIU/mL) Level of hCG (ng/mlL)
3 5-50 1-10
4 5-426 1-85.2
5 18-7.340 3.6- 1468
6 1.080 - 56.500 216 - 11300
7-8 7.650 - 229.000 1530 - 45800
9-12 25.700 - 288.000 5140 - 57600
13-16 13.300 - 254.000 2660 - 50800
17-24 4.060 - 165.400 812 - 33080
25-40 3.640 - 117.000 728 - 23400
Non-pregnant females <5.0 <1
Postmenopausal females <9.5 <1.9

Thus, it is necessary to measure hCG in all modern immunological pregnancy tests and even early
monitoring of trophoblastic diseases [4-6]. Amperometric immunosensors seem to be excellent
candidates for the quantification of immunological moieties in clinical samples, displaying a low
detection limit and high sensitivity, and employing the innate amplification properties of enzymes.
Recently, several amperometric immunosensors for hCG have been reported [7,8]. In the
amperometric immunosensor, since most antibody and antigen are intrinsically unable to act as redox
partners, the entrapment of an enzyme mediator onto the electrode has been used to improve the

sensitivity of the immunoassay [9-11].

Immunosensors for hCG presented in literature are summarised in the following Tables.
Table 2.1 presents graphene-based immunosensors; Table 2.2 presents labelled-free immunosensors
and Table 2.3 presents immunosensors employing chemical labels, the most complex processes
presented in the literature. Antibody binding type is also presented. Almost all previous works give no
importance to binding the antibody randomly [12]. Some other studies use an amine function for this
purpose, which means that the antibody in linked upside-down [13]. Only a few reports use specific
proteins that show special affinity to the fragment crystallisable region (F.) terminal antibody sites

ensuring that suitable orientation is achieved [14].
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2.2 Conventional methods for detection of hCG

2.2.1 ELISA

Enzyme-linked immunosorbent assays (ELISAs) are plate-based assays designed for
detecting and quantifying substances such as peptides, proteins, antibodies and hormones. Other
names, such as enzyme immunoassay (EIA), are also used to describe the same technology. In
an ELISA, an antigen must be immobilized to a solid surface and then complexed with an
antibody that is linked to an enzyme. Detection is accomplished by assessing the conjugated
enzyme activity via incubation with a substrate to produce a measureable signal. The most
crucial element of the detection strategy is a highly specific antibody-antigen interaction.

ELISAs are typically performed in 96-well (or 384-well) polystyrene plates, which will bind
antibodies and proteins. It is this binding and immobilization of reagents that makes ELISAs so
easy to design and perform. Having the reactants of the ELISA immobilized to the microplate
surface makes it easy to separate bound from nonbound material during the assay. This ability
to wash away nonspecifically bound materials makes the ELISA a powerful tool for measuring
specific analytes within a crude preparation.

A detection enzyme or other tag can be linked directly to the primary antibody or introduced
through a secondary antibody that recognizes the primary antibody. It also can be linked to a
protein such as streptavidin if the primary antibody is biotin labeled. The most commonly used
enzyme labels are horseradish peroxidase (HRP) and alkaline phosphatase (AP). Other enzymes
have been used as well, but they have not gained widespread acceptance because of limited
substrate options. These other enzymes include B-galactosidase, acetylcholinesterase and
catalase. A large selection of substrates is available for performing the ELISA with an HRP or
AP conjugate. The choice of substrate depends upon the required assay sensitivity and the
instrumentation available for signal-detection (spectrophotometer, fluorometer or luminometer).

ELISAs can be performed with a number of modifications to the basic procedure. The key
step, immobilization of the antigen of interest, can be accomplished by direct adsorption to the
assay plate or indirectly via a capture antibody that has been attached to the plate. The antigen is
then detected either directly (labeled primary antibody) or indirectly (labeled secondary
antibody). The most powerful ELISA assay format is the sandwich assay (Figure 2.1). This type
of capture assay is called a “sandwich” assay because the analyte to be measured is bound
between two primary antibodies — the capture antibody and the detection antibody. The

sandwich format is used because it is sensitive and robust.
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An ELISA can also be performed as a competitive assay (Figure 2.1). This is common when
the antigen is small and has only one epitope, or antibody binding site. One variation of this
method consists of labeling purified antigen instead of the antibody. Unlabeled antigen from
samples and the labeled antigen compete for binding to the capture antibody. A decrease in
signal from purified antigen indicates the presence of the unlabelled antigen in samples when

compared to assay wells with labeled antigen alone.

Fluorescent tags and other alternatives to enzyme-based detection can be used for plate-
based assays. Despite not involving reporter-enzymes, these methods are also generally referred
to as a type of ELISA. Likewise, wherever detectable probes and specific protein binding
interactions can be used in a plate-based method, these assays are often called ELISAs despite

not involving antibodies.

Substrate
Secondary antibody
conjugate

Inhibitor
. . antigen
Primary antibody
conjugate
Capture antibody
Direct ELISA Indrect ELISA Competitive EUSA

Figure 2.1 - Common ELISA formats. In the assay, the antigen of interest is immobilized by direct
adsorption to the assay plate or by first attaching a capture antibody to the plate surface.

The direct detection method uses a labeled primary antibody that reacts directly with the
antigen. Direct detection can be performed with antigen that is directly immobilized on the
assay plate or with the capture assay format. Direct detection is not widely used in ELISA but is
quite common for immunohistochemical staining of tissues and cells.

The indirect detection method uses a labeled secondary antibody for detection and is the
most popular format for ELISA. The secondary antibody has specificity for the primary
antibody. In a sandwich ELISA, it is critical that the secondary antibody be specific for the
detection primary antibody only (and not the capture antibody) or the assay will not be specific
for the antigen. Generally, this is achieved by using capture and primary antibodies from

different host species (e.g., mouse IgG and rabbit IgG, respectively).
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Table 2.5 - Comparison of direct and indirect ELISA tests

Advantages

Disadvantages

Advantages

Disadvantages

Comparison of Direct and Indirect ELISA Detection Methods

Direct ELISA Detection

Quick because only one antibody and fewer steps are used.

Cross-reactivity of secondary antibody is eliminated.

Immunoreactivity of the primary antibody might be adversely affected by

labeling with enzymes or tags.

Labeling primary antibodies for each specific ELISA system 1is time-

consuming and expensive.

No flexibility in choice of primary antibody label from one experiment to

another.

Minimal signal amplification.

Indirect ELISA Detection

A wide variety of labeled secondary antibodies are available commercially.

Versatile because many primary antibodies can be made in one species and the

same labeled secondary antibody can be used for detection.

Maximum immunoreactivity of the primary antibody is retained because it is

not labeled.

Sensitivity is increased because each primary antibody contains several
epitopes that can be bound by the labeled secondary antibody, allowing for

signal amplification.

Different visualization markers can be used with the same primary antibody.

Cross-reactivity might occur with the secondary antibody, resulting in

nonspecific signal.

An extra incubation step is required in the procedure.
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Either monoclonal or polyclonal antibodies can be used as the capture and detection
antibodies in sandwich ELISA systems. Monoclonals (made by identical immune cells that are
all clones of a unique parent cell) have an inherent monospecificity toward a single epitope that
allows specific detection and quantitation of small differences in antigen. A polyclonal (made
from several different immune cells) is often used as the capture antibody to pull down as much
of the antigen as possible. Then a monoclonal is used as the detecting antibody in the sandwich

assay to provide improved specificity.

An important consideration in designing a sandwich ELISA is that the capture and detection
antibodies must recognize two different non-overlapping epitopes. When the antigen binds to
the capture antibody, the epitope recognized by the detection antibody must not be obscured or
altered. Capture and detection antibodies that do not interfere with one another and can bind
simultaneously are called "matched pairs" and are suitable for developing a sandwich ELISA.
Many primary antibody suppliers provide information about epitopes and indicate pairs of

antibodies that have been validated in ELISA as matched pairs.

2.2.2 Pregnancy Test Strip

A pregnancy test attempts to determine whether a woman is pregnant (Figure 2.2). Markers
that indicate pregnancy are found in both urine and blood, and pregnancy tests require sampling
one of these substances. The first of pregnancy marker to be discovered, human chorionic
gonadotropin (hCG), was discovered in 1930 to be produced by the trophoblast cells of the
fertilised ova (eggs). While hCG is a reliable marker of pregnancy, it cannot be detected until
after implantation (movement of the fertilized egg through the fallopian tube to the uterus). This
results in false negatives if the test is performed during the very early stages of
pregnancy. Obstetric ultrasonography may also be used to detect pregnancy. Obstetric
ultrasonography was first practiced in the 1960s; the first home test kit for hCG was invented in
1968 by Margaret Crane in New York. She was granted two U.S. patents: 3,579,306 and
215,774. The kits went on the market in the United States and Europe in the mid-1970s.
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Figure 2.2 - Pregnancy strip.

There are two basic types of home pregnancy tests:

The most common types of home pregnancy tests use a test strip or dipstick that
is hold in the urine stream or dipped into a sample of urine. An area on the end
of the dipstick or test strip changes color if hCG is present, meaning pregnancy.
A second type uses a urine collection cup with a test device. To use this type of
test, several drops of urine may be placed into a well in the test device or the
test device is immersed into urine collected in a cup. An area of the device
changes color if hCG is present, meaning pregnancy.

The first urine of the morning (collected in the bladder overnight) yields the most accurate

test results.

A typical test strip consists of the following components (Figure 2.3):

Sample pad - an adsorbent pad onto which the test sample is applied;

Conjugate or reagent pad - this contains antibodies specific to the target analyte
conjugated to coloured particles (usually colloidal gold particles, or latex
microspheres);

Reaction membrane - typically hydrophobic nitrocellulose or cellulose acetate
membrane onto which anti-target analyte antibodies are immobilized in a line
that crosses the membrane to act as a capture zone or test line. A control zone
will also be present, containing antibodies specific for the conjugate antibodies;
Wick or waste reservoir - a further absorbent pad designed to draw the sample

across the reaction membrane by capillary action and collect it.
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Lateral Flow Assay Architecture

Antibodies conjugated to Test Line Control Line
Analyte Gold Nanoparticles (Antibody) (e.g. antMgG Antibody

S le Conjugat
aPr:g ¢ -onjugate Membrane Wicking Pad

it

Test Une Control Line
(Positive)  (Valid Test)

Figure 2.3 - Detection mechanism of a pregnancy strip.

2.3 Biosensors

According to a IUPAC document [54] a biosensor is defined as a specific type of chemical
sensor comprising a biological recognition element and a physico-chemical transducer. The
biological element is capable of recognizing the presence, activity or concentration of a specific
analyte in solution. The recognition may be either a binding process (affinity ligand-based
biosensor, when the recognition element is, for example, an antibody, DNA segment or cell
receptor) or a biocatalytic reaction (enzyme-based biosensor). The interaction of the recognition
element with a target analyte results in a measurable change in a solution property, such as

formation of a product (Figure 2.4).

The transducer converts the change in solution property into a quantifiable electrical signal.
The mode of transduction may be one of several approaches, including electrochemical, optical

and the measurement of mass or heat.
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Analyte Bioclement Transducer Electrical

Signal

Biosensor

Figure 2.4 - Schematic Representation of Biosensors.

Biosensors should ideally demonstrate stability during operation and over time; reversibility
of the recognition event; a linear or well-defined range of operation; defined detection limit and

reproducibility of sensor response.

Biosensors can be classified according to the nature of the signal that occurs from the
physical-chemical interaction between the analyte and the sensitive layer. These can be optical
(fluorescence, luminescence, refractive index), thermal, acoustic, magnetic, piezoelectric or
electrochemical. Electrochemical sensors, in turn, can be divided into potentiometric,

amperometric, conductometric and field effect-based according to the measurement type.

Historically the first biosensor was reported in 1962 [55]. It was an electrochemical
biosensor where an enzyme (glucose-oxidase) containing membrane was combined with an
oxygen electrode to yield the well-known glucose sensor. The interest and development of
biosensors has been growing ever since due to the inumerable possibilities of applications of
such devices. The demands in process control and monitoring of complex biochemical reactions
both in-vitro and in-vivo and the constant progress in biotechnology (genomics, proteomics and
pharmaceuticals) have been some ofthe driving forces behind the increased development of this

new generation of analytical devices.

2.3.1 Enzyme-based biosensors

2.3.1.1 Immunosensors

Biosensors which monitor antigen-antibody interactions are referred to as immunosensors
[57]. Either an antigen or antibody is immobilized on a solid-state surface and participates in a
biospecific interaction with the other component, allowing detection and quantification of an
analyte of interest. The specific interaction is followed by a measuring device (transducer)
capable of sensing a change in a physical property resulting from the antigen-antibody

interaction.
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The sensors may operate either as direct sensors, i.e., the change in property is produced
directly by the antigen—antibody-binding reaction and detected in real time, with or without a
label, or as indirect sensors, requiring a label on one of the biomolecules, a separation step and a
secondary reaction to produce a change in the property to be measured. The latter method is
commonly used in a competitive binding approach and results in more sensitive and versatile
detection modes when incorporated into immunosensors [58]. These direct and indirect modes

of sensing are often referred as homogeneous and heterogeneous immunosensors, respectively.

The sensitivity and specificity of an immunosensor are governed by the specificity and
affinity of the antigen—antibody interaction and the noise and selectivity of the transducer. In the
ideal sense, an immunosensor would be a multiuse device, using the reversibility of the antigen—
antibody interaction to regenerate the immobilized component. However, in practice, adequate
analytical sensitivity can only be achieved if antibodies with increased affinity are used [59].
Therefore, a high-affinity constant and a labile immobilized antibody, sensitive to the harsh
conditions often required, make regeneration of the surface difficult to realize in practice,

limiting practical application of immunosensors to single-use devices [60].

2.3.1.1.1  Amperometric immunosensors

Biosensors based on electrochemical transducers are the most commonly used for clinical
analyses and the most frequently cited in the literature after ELISA tests [61]. Amperometry is
the electrochemical technique usually applied in commercially available biosensors for clinical
analysis. Amperometry is a specific electrochemical technique taking advantage of the fact that
certain chemical species are oxidized or reduced (redox reactions) at inert metal electrodes,
driven at a constant applied potential. These chemical species are known as electroactive
substances. Two or three electrodes may comprise an electrochemical cell: the working

electrode (WE), the reference electrode (RE) and the counter electrode (CE) (Figure 2.5).

45



Literature Review

Working electrode Pt counter electrode

Ag/AgCI reference electrode

Iron cyanide electrolyte
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Figure 2.5 - Schematic of an electrode electrochemical cell. WE is the graphene channel, CE is the
Platinum electrode and the RE is the Ag/AgCL electrode.

The working electrode is usually constructed from a metal such as platinum or gold.

A reference electrode, usually Ag/AgCIl, provides a fixed potential against which the

potential applied to the working electrode is measured and controlled.

A third electrode, the counter (or second) electrode is sometimes included. The counter
electrode can be any material which conducts easily and will not react excessively with the bulk
electrolyte solution. The most common materials that can be used as counter electrodes are
platinum or silver wire electrodes. Platinum is often used because of its inert nature. The
counter electrode supplies current to the working electrode, and its size should be larger than
that of the working electrode. Reactions occurring at the counter electrode surface are
unimportant as long as it continues to conduct current well. To maintain a constant current
between the counter electrode and the working electrode, the counter electrode will often

oxidize or reduce the solvent or bulk electrolyte.

There is a small current flow between the counter electrode and reference electrode and for
this reason the potential of the reference electrode does not change. If the working electrode is
driven to a positive potential, relative to the reference electrode, an oxidation reaction is
supported at the working electrode, and it is referred to as the anode of the electrochemical cell.
When applied to biosensors, the anode monitors formation of a product or depletion of a
reactant resulting from a bioreaction (e.g., an enzyme-catalyzed reaction) involving an analyte

of interest, near the surface of the electrode.
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The species to be monitored diffuses to the surface of the electrode, where it undergoes a
redox reaction. The measured cell current (diffusion current) is a quantitative measure of the

analyte of interest.

Coupling of immunological reactions to amperometric electrodes has been demonstrated as
a versatile technique for measurement of many analytes of clinical interest. Most analytes (e.g.,
proteins, hormones) are not electrochemically active and cannot participate directly in redox
reactions. An immunoreaction is used as a selective recognition mechanism for an analyte of
interest. Coupling of the immunoreaction to an amperometric transducer usually involves use of
a labelled immunoagent. Enzymes, when used as labels, facilitate production of electroactive
species, which can be determined electrochemically. A major advantage of electrochemical
detection of the label is that it can be used in turbid media, unlike optical detection. Solid
supports for labeled immunoagents for amperometric immunosensors can be made of large
surface materials area to increase sensitivity, and the support is not required to be optically
transparent. The first report of an amperometric immunosensor adapted an ELISA assay for

human chorionic gonadotropin (hCG) to an amperometric measurement [62].

In amperometric electrodes a capture antibody is usually bound to a solid support. This
antibody binds antigen (analyte) from the sample. After a rinsing step to separate free from
bound antigen, a second labeled antibody is added, which binds to a different epitope on the
antigen. After incubation and rinsing steps, substrate is added. The rate of formation of
electroactive product is proportional to the amount of labeled antibody bound to the support,
which is proportional to the concentration of antigen in the sample. This type of
noncompetitive, heterogeneous sandwich assay generally shows better sensitivity and

specificity for measurement of protein analytes [63].

As an example, a heterogeneous, sandwich-type amperometric immunosensor for
apolipoprotein E (apo E)' in serum has been demonstrated [64]. In this assay, a monoclonal
capture antibody for apo E is attached to the surface of a disposable, activated cellulose
membrane and placed over a carbon working electrode. Bound apo E was determined using a
polyclonal antibody labeled with alkaline phosphatase and p-aminophenyl phosphate was used
as the substrate. Enzymatically generated p-aminophenol was monitored amperometrically. The
sensitivity of this type of approach is evidenced by a linear response to a lower limit of 50ng/ml

apo E.

! This protein combines with fats (lipids) in the body to form molecules called lipoproteins. Lipoproteins are responsible for
packaging cholestero! and other fats and carrying them through the bloodstream. Apolipoprotein E is a major component of a
specific type of lipoprotein called very low-density lipoproteins (VLDLSs)
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2.4 Biofunctionalization

2.4.1 Antibody
In addition to the sensor electrode, the Ab is also a critical component of an immunosensor.

Antibodies (often abbreviated Ab) also known as immunoglobulin (Ig), are proteins
produced by an organism’s immune system to provide a response against foreign substances,

such as microbes.

It is a natural produced protein, composed of four chains: two identical “heavy” and two
identical “light” polypeptide chains, which together form a “Y-shaped” conformation (Figure
2.6). The arms of the Y-shaped molecule are the antigen binding fragments (Fab), and the

vertical portion is called the fragment crystallisable (Fc) region.

Antigen
Antigen
Variable binding site
region
Light chain
Constant
region

Heavy chain

Figure 2.6 - A schematic representation of an IgG molecule.

When an Ab is randomly attached to a conductive support, it may adopt four possible
orientations: Fcattached to the support, Fab attached to the support, one Fcand one Fab attached
to the support, or all three fragments attached to the support [65]. The actual orientation of the
antibodies on the surface may indeed comprise of a combination of these four 4 positions
(Figure 2.7). As the active sites of the antibody are on the Fab segment, the ideal orientation of
the immobilized antibody is when the Fc fragment binds to the adsorbent substrate surface and
the Fab is oriented so that it is exposed to the analyte solution [65]. Thus, this oriented Ab

immobilization is expected to yield an analytical improvement of the final immunosensor.
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Figure 2.7 - Illustration of (A) main structure of antibody; (B) different orientation of randomly
immobilized antibodies: (a) end-on, (b) head-on, (c¢) sideways-on,(d) flat-on; (C) oriented immobilization
of antibody fragments: (e) half-antibody, and (f) Fab; (D) immobilization of antibodies through different

bio-affinity systems:(g) avidin-biotin, (h) protein A,G or L, and (i) DNA-directed immobilization.

There are few reported strategies related to the oriented immobilization of antibodies to
solid supports. Feng ef al. reported an affinity ligand fused to the N/C-terminus of chimeric
antigen for site-oriented immobilization, which resulted in significant enhancement of analytic
signal [66]. Rosales-Rivera ef al. reported the oriented immobilization of antibodies on surfaces
of gold, achieved using a carboxylic-tenminated bipodal alkanethiol that is covalently linked
with amino groups of the antibody’s Fab fragments [67]. The most common approach includes
attaching protein A or protein G to the biosensing surface prior to Ab binding. These proteins
bind specifically to the Fc region of the antibodies, providing a suitable orientation of the
antibodies all over the surface. However, this additional step in the surface modification process
decreases the order and organization on the biosensing surface, simply because the proteins are
also randomly attached to the surface. Other approaches employ the reduction of disulphide
bonds between the peptide chains present in the same Ab, using the resulting thiol side chains as
reactive sites for conjugation to gold or maleimide functionalized surfaces [68]. The simplest
process for Ab orientation modifies its Fcregion in order to facilitate its chemical binding to an
amine layer under mild conditions. This is achieved by carboxylic activation at the Fc terminal

via carbodiimide chemistry [68].
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2.4.1.1 EDC/NHS Reaction Chemistry

Cross-linking refers to the formation of covalent bonds between molecules. A cross-linking
agent is a compound with two reactive ends that can react with special functionalized groups
(such as amino groups) on proteins.

For coupling of proteins and peptides a diversity of chemical methods exist. The standard
amine coupling includes a three-step reaction with EDC/NHS chemistry (Figure 2.8). Many
small molecules like drugs can be chemically modified to include amine or aldehyde
functionality. A few exceptions to these coupling procedures exist: neutral molecules and highly
negatively charged molecules.

Proteins vary in composition and structure, but only four functional groups of proteins are
typically used in cross-linking: primary amines (-NH2), carboxyls (-COOH), thiols (-SH), and
carbonyls (-CHO). For each protein functional group, there are one to several types of reactive
group capable of targeting and binding to them. The most commonly used cross-linkers have
two functional groups.

Carbodiimide compounds are used for cross-linking carboxylic acid to proteins [69]. The
conjugation between carboxyls and amines is often performed using 1-Ethyl-3-(e-
dimethylamino-propyl) carbodiimide hydrochloride (EDC, sometimes written EDAC) and N-
Hydroxysuccinimide (NHS). EDC acts to dehydrate the carboxylate groups into an active o-
acylisourea intermediate. This is quickly displaced by nucleophilic attack from a primary amine.
NHS reacts with the o-acylisourea intermediate to form a semi-stable NHS-ester, which favours
conjugation with amines. As the EDC/NHS facilitates the conjugation of the carboxyl group to
amines without becoming part of the final linkages between molecules, the process is referred to
as a zero-length cross linker [70]. This process is commonly used to attach proteins or peptides
to a carboxyl/ amine modified surface.

An overview of the cross-linking process with EDC and NHS is shown in Figure 2.8.
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Figure 2.8 - Carbodiimide crosslinking reaction scheme.

2.4.1.2 Bovine Serum Albumin (BSA)

Protein-surface and protein-protein interactions are essential for a wide variety of
biological applications in biotechnology, food processing, biomedical implant fixation, and
many industrial processes [71-75]. Limitations such as low sensitivity or selectivity in
biosensors or immunoassays, are often a result of non-specific protein-surface and protein-

protein interactions [76,77], In order to reduce such non-specific interactions, blocking reagents

are employed.
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Bovine serum albumin (BSA) is typically used at a 0.5 to 3% concentration. BSA is
inexpensive and can be stored dry or as a sterile solution at 4°C. The use of BSA as a blocking
reagent is documented and has been proven to be a good blocker of non-specific protein-surface
binding on medium and high binding surfaces, as well as many of the pre-activated covalent

surfaces. Disadvantages associated with BSA include:

e lot-to-lot variability — primarily related to the fatty acid content (BSA used as a
blocking reagent should be fatty acid free),

e  cross-reactions with antibodies prepared against BSA-hapten conjugates (BSA is
typically linked to small haptens that lack the ability to elicit an immune response as
individual molecules), and

e lack of diversity required to block some covalent surfaces (surfaces that feature

hydrophobic, ionic and covalent characteristics).

Despite its disadvantages, BSA is probably the most widely used blocking reagent for

solid phase immunoassays.

The selection of an appropriate blocking system is essential to the development of a
specific and sensitive assay. Most often the choice is based on convenience, literature and “what

has traditionally worked”.

2.5 Graphene

As a material with impressive mechanical, thermal, and electronic properties, graphene
has attracted a lot of interest from researchers in materials science, condensed matter physics,
and electronics. Theoreticians, experimentalists and engineers alike have been quick to
investigate and publish intriguing characteristics of graphene since its demonstration in 2004
[83]. Graphene is essentially a monolayer of sp” bonded carbon atoms arranged in a honeycomb
lattice. Its unit cell is comprised of two carbon atoms invariant under a rotation of 120° with an
inter-atomic length of 1.42A [84].

Many of the headline-grabbing numbers regarding graphene involve its electronic
properties. These unusual electronic properties of graphene are caused by its unique band
structure. Hybridization in the p orbitals of the carbon atoms forms the n* (conduction) and =

(valence) bands [85].
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( A) Energy

Figure 2.9 - Atomic and electronic structures of graphene. (A) Graphene lattice structure consisting
of two triangular sub-lattices. (B) # (in blue) and n* (in red) band structure of graphene, represented in 3D
in the first Brillouin zone. The six Dirac cones are positioned on a hexagonal lattice.

Graphene is the basic structural element of several carbon allotropes, including
graphite, carbon nanotubes and fullerenes [86]. The fourth electron of each carbon in graphene,
a p-orbital electron, forms a n bond that is oriented in the z-direction (orthogonal to the plane of
the carbon atoms). This 7 orbital can be seen as a pair of symmetric lobes, oriented along the z-
axis and centered on the carbon nuclei. Each carbon atom has one of these n bonds, which are
then hybridized together to form what are referred to as the bonding »n band and anti-bonding 7*
bands (Figure 2.9). These bands equate to the valence and conduction bands in graphene and are
responsible for many of the unusual electronic properties of graphene. Separating the valence
and conduction bands is a neutral point where there is a zero gap (the so-called Dirac point).
Graphene is thus a zero-gap semiconductor because the conduction and valence bands meet at
the Dirac points - locations in momentum space, on the edge of the Brillouin zone (the plane

connecting the Dirac points).

The band structure of graphene relates to the energy and momentum of electrons within
the material [86]. In graphene devices, the Fermi energy can be significantly different from the
Dirac energy. Electrons within about leV of the Dirac energy (the energy of the Dirac point)
have a linear dispersion relation [87]. This infers that charge carriers in graphene behave like
relativistic particles with an effective speed of light given by the Fermi velocity. This behaviour
is one of the most interesting aspects about graphene, and is responsible for much of the

research attention that graphene has received [88].
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2.5.1 Surface Functionalization of Graphene

The mechanical, electrical and chemical properties of chemically modified graphene are
intrinsically linked to its structure [89]. Graphene has an intrinsic zero band-gap energy. In
order to use graphene as a sensor, the band-gap has to be opened; then graphene can be used in

electronic devices, single-molecule gas sensors, bio-sensors or as a transparent electrode [90].

Modification of the surface chemistry of graphene via chemical functionalization can be
used to open the band gap in graphene. [91]. The modification of the surface chemistry of
graphene via chemical functionalization can be useful for introducing new properties to the
material — for example, functionalization can modify the carrier concentrations and other

electronic properties of graphene [86].

By altering the electronic structure, structural “imperfections” can alter the chemical
properties and reactions of graphene. If atoms or molecules can react selectively with a specific
region of graphene, it becomes possible to build integrated circuits, as multifunctional sensors,

and as devices by using selective functionalization [91].

In Figure 2.10 it is a schematic of a graphene biosensor. By chemically modifying (or
functionalizing) the graphene surface, biological materials (such as antibodies) can be bound to
graphene. These can give a specific electrochemical response, for example, to disease
biomarkers. By using lithographic patterning techniques used in the processing of
semiconductors, micron-sized channels of graphene can be fabricated. By functionalizing these
channels, biosensor devices are developed which offer high sensitivity to disease biomarkers,

which may be present in very low concentrations in clinical samples.
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Figure 2.10 - Schematic of a graphene biosensor. By chemically modifying the graphene surface,
biological materials (such as antibodies) can be bound to graphene. These can give a specific
electrochemical response.

Composed of sp~ carbon, graphene is chemically unsaturated. Intrinsically, it is possible to
undergo covalent addition to change the carbons from spJto sp' hydridization. However, carbon
atoms in the graphene basal plane are protected by their 71-conjugation system, whose motion is
constrained by surrounding carbon atoms. Therefore, basal plane covalent addition usually
encounters large energy barriers, and reactive chemical groups, such as atomic hydrogen,
fluorine, and pre-cursors of other chemical radicals, are usually needed as the reactants. So far,
the chemical modification of graphene cannot be fully controlled. Therefore, most of the

reactions can also take place on graphene edges.

2.5.1.1 Hydrogenation and dehydrogenation

Hydrogenation of the free-standing graphene and of graphene located on top of oxidized Si
substrates has been investigated both experimentally and theoretically [92-96]. The supported
graphene displays different structures and electronic properties before and after hydrogenation.
Hydrogenation changes the hybridization of carbon atoms from sp2to sp3, resulting in elongated
C-C bonds in the H-modified graphene. Hydrogen atoms tend to react with both surfaces of the
plane of pristine graphene (Figure 2.11). If only one side is hydrogenated, it can then be rolled

to form CNTs because of the unbalanced external stress [97],
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Figure 2.11 - The most favorable conformations of graphene after hydrogenation, the chair (a) and
boat (b) conformations. Carbon is shown as black and hydrogen is shown as red. In functionalization,
hydrogen tends to attach to both sides ofthe graphene plane.

2.5.1.2 Oxidation reactions

The oxidized graphene sheet is one of the most important forms of graphene, in which graphene
is heavily oxygenated with a wide variety of oxygen species such as carbonyl, carboxyl, and
hydroxyl groups [98]. Because of the existence of oxygen-containing functional groups,
graphene oxides react easily with soluble moieties. This enables changing the hydrophilicity,
hydrophobicity, or organophilicity of graphene, as required for many applications. For example,
many modified graphene sheets are readily dispersed in organic solvents for further
functionalization, or for mixing with organic matrices to form new nanocomposite materials.
Oxidation can also generate a monotype of oxygen-containing functional group, such as
graphene with only hydroxyls (graphenol), or only carboxyls (grapheme acid) on the basal

plane.

2.5.1.3 Diazotization

Graphene has an electron-rich surface due to its n electrons. When electron-accepting moieties
such as aryl diazonium salts react with graphene, electrons can transfer from the basal plane to
the reactant. Because of the increase of pyramidalization of the deformed plane, diazonium salts
easily react with graphene. Diazotization could be used to regulate electrical conductivity of the
graphene since it can modulate the surface potential of graphene via regiofunctionalization [99-
101]. Chemical converted graphene and epitaxial graphene (EG) have been successfully
modified by diazotization at room temperature [102, 103], Nitro groups on the surface of

diazotized graphene can be reduced further to amine. The amine groups make sub-sequent
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graphene functionalization possible because amine can react with many other groups, such as

hydroxyl radicals, carboxyl groups, and acyl chlorides.

2.5.2 Graphene Sensors

Particularly important to this thesis are graphene sensors. Graphene has been actively
studied as a chemical sensor since shortly after it was isolated in 2004. Increasingly
sophisticated device processing has revealed that early measurements on graphene exhibited

chemical sensing responses that were amplified by unintentional functionalization [104].

Several methods have been successfully established for graphene preparation, such as
peeling-of graphite [105], liquid-phase exfoliation [106-108], chemical vapour deposition [109-
112], graphitization of silicon carbide [113, 114], templating [115, 116], reduction of graphene
oxide [117, 118], unzipping carbon nanotubes [119, 120], organic synthesis [121, 122], and
anodic bonding.[123] These different methods produce graphene with different size, shape,
chemical composition, and environment all of which have different requirements for

functionalization.

The sensitivity of graphene to atoms and molecules adsorbed on the surface is
indicative of its suitability for use in chemical sensors. Just a few extra electrons from atoms or
molecules adsorbed on the surface of graphene can give rise to notable relative changes in
carrier concentration. This impressive sensitivity is caused by the low-noise nature of graphene,
which is a result of its high conductivity [124]. Graphene and graphene composites have been
used to fabricate sensors for biologically relevant molecules such as glucose [125], hydrogen

peroxide [126], or NADH [127] with impressive sensitivities such as pAmp.

The highly sensitive electronic response of graphene to its chemical environment allows
for the detection of ultra-low concentrations of biologically relevant molecules and enzymes
[128]. This level of sensitivity is necessary in a number of fields, from researching processes in

cells to clinical diagnostics [129].

Despite the wide range of possible applications, there are still many challenges for
graphene to reach its full potential. For example, graphene has an intrinsic zero band-gap
energy. In addition, graphene is insoluble in organic solvents and susceptible to aggregation in
aqueous solutions. Therefore, functionalization approaches that can modify the structural,
electronic, and chemical properties of graphene are critical for applications. In principle,
graphene can be functionalized at two classes of locations: the basal plane and the edges. On the

basal plane, sp’ hybridization of carbon leads to a strong covalent bonding, as well as to
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delocalization of the m electrons. The interaction of the basal plane with guest atoms or
molecules leads to modification of the n—m conjugation and thus the electron density distribution
and the physical and chemical properties. The dangling bonds at edge sites of graphene are
highly reactive to guest atoms or molecules. Typically, functionalization approaches used for
fullerenes and carbon nanotubes (CNTs) can be applied to graphene. There are significant
chemical differences due to the single atomic layer of graphene sheets. Much of this chemistry
remains to be explored. The rehybridization from sp” to sp® via covalent reaction occurs both at

the edges and on the basal plane.

2.5.2.1 Enzyme — based sensors

Glucose oxidase biosensors - The metabolic disorder of diabetes mellitus results in the
deficiency of insulin and hyperglycemia and is reflected by blood glucose concentration higher
or lower than the normal range of 80-120mg/dL (4.4-6.6mM). The disease is a major cause of
death and disability [130]. Therefore, the diagnosis and management of diabetes requires close
monitoring of blood glucose levels. The application of graphene in high sensitivity and cost-
effective biosensors can aid the diagnoses. Various research groups have shown that graphene-
based glucose biosensors exhibit good sensitivity, selectivity and reproducibility [131]. Kang et
al. [132] fabricated chitosan — graphene/glucose oxidase modified electrodes for direct
electrochemical glucose sensing. The excellent performance of the biosensors was attributed to
the large surface area to volume ratio and high conductivity of [133]. Introduction of platinum
nanoparticles increased the sensor’s sensitivity, allowing a detection limit of 0.6uM glucose.
The biosensor possessed good reproducibility and long-term stability with negligible
interference signals from ascorbic acid and uric acid. Shan et al. [134] designed chitosan —
graphene/gold nanoparticles nanocomposite films for glucose sensing, which exhibited good
amperometric responses to glucose with a response of 2—10mM (R = 0.999) at —0.2V and 2-
14mM (R = 0.999) at 0.5V. Chen et al. [135] prepared Nafion-graphene/graphene oxide film-
modified electrodes for the detection of glucose. The sensor showed good stability, with a

standard deviation of 4.21% (n = 5).

Nicotinamide Adenine Dinucleotide biosensor - NADH is an important coenzyme that
takes part in more than 300 dehydrogenase enzymatic reactions. Electrocatalytic oxidation of
NADH has been investigated as part of the development of dehydrogenase-based biodevices.
However, its electrochemical oxidation at bare glass carbon electrodes in neutral solutions
occurs at a high over potential (ca. 0.5V) because of slow electro transfer kinetics and electrode
fouling [136]. Therefore, the effective oxidation of NADH at low potentials would aid the
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development of NADH-based biodevices. Tang et al. [137] studied the electrochemical
behavior of NADH on reduced graphene sheet film. It showed increased electro transfer kinetics
and excellent electrocatalytic activity compared with bare glass carbon electrodes. The peak
potential of NADH oxidation shifted from 0.75V on bare glass carbon to 0.42V on the reduced

graphene sheet film/glass carbon electrode.

Hemoglobin (Hb) biosensor - Hb is the most important part of blood and is responsible
for transporting O, throughout the circulatory system. Changes of Hb concentration in blood can
cause several diseases and even death. Therefore, accurate determination of Hb content in blood
is medically essential. Xu et al. [138] used a chitosan — graphene modified electrode for the
electroanalysis of Hb. The cyclic voltammogram of Hb at the chitosan - graphene/glass carbon
electrode showed a well-resolved redox peak compared with a chitosan/glass carbon electrode.
The current response of Hb at the chitosan - graphene/glass carbon electrode increased linearly

with scan rate from 30 to 150mV s’ indicating a surface-controlled electrochemical process.

Cholesterol biosensor - Cholesterol and its ester are essential constituents of all animal
cells. They are precursors of bioanalytes such as bile acid and steroid hormones. However,
increases of cholesterol levels can cause life-threatening coronary heart diseases, cerebral
thromboses, and artherosclerosis [139], therefore accurate detection of cholesterol level is
medically useful. Dey and Raj [139] developed a highly sensitive amperometric biosensor based
on a hybrid material derived from platinum nanoparticles and graphene for the detection of
H,0,. The cholesterol biosensor was developed by immobilizing cholesterol oxidase and
cholesterol esterase on the surface of the graphene/platinum nanoparticles hybrid material. The
sensitivity and detection limit of the electrode towards cholesterol ester were 2.07 + 0.1 pA

pM™ cm™ and 0.2 pM, respectively.

Ascorbic acid (AA), uric acid (UA) and dopamine (DA) - Simultaneous determination
of AA and DA is problematic in analytical neuro- and bio-chemistry [140]. The oxidation peaks
of both the compounds appear almost at the same potential range. Therefore, their simultaneous
detection is very difficult. Recently, graphene-based electrodes have been used for simultaneous
detection of AA, DA, and UA. Shang et al. [141] used multilayer graphene nanoflakes for the
selective determination of DA, AA and UA in 50mM PBS solution containing 1mM AA,
0.1mM DA, 0.1mM UA, and their ternary mixture at a scan rate of 100mV s '. The multilayer
graphene nanoflakes demonstrated good electron transfer kinetics and allowed well-resolved
simultaneous discrimination of AA, DA and UA at a detection limit of 0.17 pm. Zhou et al.
[142] investigated the biosensing efficiency of chemical reduced — graphene oxide. The

electroanalytical performances towards the detection of AA, DA and UA were much better
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compared to bare glass carbon or graphite/glass carbon electrode. Wang et al. [143] employed a
graphene-modified electrode for the selective detection of DA. The CV curve of ImM DA on
chitosan — graphene/glass carbon, chitosan/glass carbon, and glass carbon electrodes show well-
defined and resolved voltammetric peaks for the direct oxidation of DA on chitosan —

graphene/glass carbon as compared with chitosan/glass carbon or glass carbon.

DNA sensors - Sensitive, selective, rapid, and cost-effective analysis of biomolecules is
important in clinical diagnosis and treatment. Carbon nanostructures, such as CNTs have been
used for this purpose. Recently, Lu et al. [144] reported that graphene and ssDNA assemblies
can be used for the homogeneous detection of biomolecules. Lu et al. [144] studied fluorescence
quenching properties of GO in DNA biosensing, GO sheets were employed as a novel DNA
biosensor by applying the GO in an array to recognize specific DNA-DNA hybridization.

Gas sensors - Graphene has potential use in gas sensors [145, 146] owing to its 2D
structure with extremely high surface area. Gas sensing by graphene generally involves the
adsorption and desorption of gaseous molecules (which act as electron donors or acceptors) on
the graphene surface, leading to change in conductance in the graphene layer. The high
sensitivity of graphene towards different gaseous molecules has led to its use in hydrogen,
carbon monoxide, ammonia, chlorine, nitrogen dioxide and oxygen gas sensors. Schedin ez al.
[146] prepared a gas sensor using graphene. Gases such as NO,, H,0, iodine vapor, NH;, CO
and ethanol vapor were detected individually by Hall measurement. Moradian et al. [147]
observed that armchair graphene can form p- or n-type semiconductors through adsorption of

finite concentration adsorption of gas molecules.

2.5.2.1 Antibody — based sensors

Jung et al. [148] developed a novel GO-based immunobiosensor that could quickly detect
viruses with high sensitivity and selectivity. The fluorescence quenching efficiency of GO
arrays was affected by several factors, such as the concentration of immobilized Ab, their

surface area and the number of AuNP quenchers.

Proof-of-concept graphene biosensors for the detection of glucose [149], hydrogen
peroxide [150], and paracetamol [151] have been reported. These sensors were shown to

demonstrate high sensitivity and reproducibility. More recently, biosensor devices based on the
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attachment of a biomarker or enzyme to an appropriate linking/functional group to the graphene

surface have been investigated [152].

Highly sensitive detection, in the range of the fmol, of specific species can be achieved
by attaching biological molecules such as antibodies to the organic linking group. The
development of a generic sensor technology for the detection of a variety of biomarkers could

ultimately allow for fast, cheap, highly sensitive biosensors.

2.6 CNT

Carbon nanotubes (CNTs) have received great attention since they were discovered in
1991 by lijirna [153]. There are two classes of CNTs, single-wall carbon nanotubes (SWCNTs)
and multiwal! carbon nanotubes (MW CNTs) (Figure 2.12). The first consist of a single sheet of
graphene rolled seamlessly, defining a cylinder of 1-2 nm diameter. MWCNTs can be
visualized as several concentric tubes of graphene inside one another with diameters typically
ranging from 2 to 100 nm with each tube, separated by a distance of 0.3-0.4 nm [154-157].
Because of their unique structure, mechanical strength, and electronic properties, CNTs are

attractive materials for a wide range of applications [158-167].

SWNT MWNT

Figure 2.12 - Structure of SWNT and MWNT.

In electroanalytical chemistry, CNTs are used as electrode modifiers in order to

decrease the potential and/or increase the rate of reaction of various electroactive substrates
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[159]. CNT modified electrodes show better electrochemical performance than conventional
carbon electrodes. There have been several reports which show that the electroactivity of CNTs
is due to the presence of reactive groups on their surface and/or defect-areas of the nanotubes
[154, 155]. A number of authors [158-160] have considered the advantages of using CNTs for
electrode surface modification in the development of new designs of electrochemical sensors

and biosensors.

2.6.1 CNT as sensor

In conventional single-walled carbon nanotube (SWCNT)-modified electrodes, such as
SWCNT-modified glassy carbon electrodes [168], screen-printed carbon electrodes (SPCEs)
[169], the electrochemical signals come from both the SWCNTSs and the supporting electrodes
(carbon or platinum, etc.) because the supporting electrodes are also exposed to the electrolyte
solutions. In most of these cases, SWCNTs exhibit greatly enhanced electrochemical signals, so

that the contribution of the supporting electrodes is negligible.

Several research groups are working on the functionalization of CNTs with different
materials to enhance their sensing performance [170]. There are two main approaches for the
surface functionalization of CNTs: covalent functionalization and non-covalent
functionalization, depending on the types of linkages of the functional entities onto CNTs.
Functionalized CNT sensors often offer a higher sensitivity and a better selectivity, compared
with pristine (defect-free) CNT sensors. CNT/polymer nanocomposites as a non-covalent
functionalization method without destruction of the physical properties of CNTs offer promising
features as a sensing material. An et al. [171] fabricated SWNT and polypyrrole (PPy)
nanocomposite based gas sensors. The sensor was formed by spin-coating nanocomposites onto
prefabricated electrodes. The sensitivity of the nanocomposites was about ten times higher than
that of polypyrrole alone. Abraham et al. developed a wireless gas sensor using a multi- walled
carbon nanotube (MWNT) and PMMA composite film. The sensor was fabricated by dip-
coating the composite film on a pair of electrodes with interdigital fingers. The sensor showed a
fast response and a large change of resistivity of an order of magnitude for sensing

dichloromethane, acetone, and chloroform [172].

Challenges for the realization of commercially viable devices are numerous. They
include: the development of a detailed fundamental understanding of the sensing mechanisms of
these novel sensors and the utilization of this information for the rational design of
nanostructured sensing materials; the development of analyte-specific, fast and stable sensors
and sensor arrays together with appropriate numerical methods to analyze sensor array data; and
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the development of suitable high throughput nanomanufacturing techniques that enable mass

production of high density sensor arrays.
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CHAPTER 3

“A theory is something nobody believes, except the
person who made it. An experiment is something
everybody believes, except the person who made it”
Albert Einstein (1879-1955), German Theoretical Physicist

Fabrication process

Thorough attention to detail, and a keen regard to cleanliness, is critical in any cleanroom
process. Contamination during a fabrication process, such as dust, will render the fabrication of
multiple channel devices inreproducible, or with a very low yield. Surface treatment and
cleanliness will make all the difference between a metal contact sticking or peeling off. The
fabrication of a channel device requires several steps and several techniques, which are
presented in this chapter, and each of those has to be understood properly in order to optimise

the device.

3.1 Cleaning

v" Solvent clean

Photoresist on the top of the SiC wafer (from the laser cutting of the wafer) is removed
using acetone. SiC is cleaned by submersing the samples clean in an ultrasonic bath for 15

minutes in solutions of trichloroethylene, acetone, isopropyl alcohol and methanol respectively.
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v"  Piranha clean

The sample is then immersed in concentrated sulphuric acid (H,SO,), and hydrogen
peroxide (H,0,) is added every 5 minutes 3 times in order to provide a self-heating effect, this
solution is meant for remove organic residues off substrates. This yields a thin oxide layer on

the surface, which is subsequently removed with HF.

v" RCA clean

The sample is immersed in a solution of SH,O (deionised water):1H,0, (hydrogen
peroxide): 1INH,OH (ammonium hydroxide) maintained at 75°C for 5 min, this solution is meant
for the removal of insoluble organic contaminants. The sample is then dipped in HF for 3
minutes to remove the thin silicon dioxide layer resulting from the RCA clean. The sample is

then ready for graphene growth in the Rapid Thermal Annealing (RTA) furnace.

3.2 Graphene Growth

3.2.1 Graphene preparation on SiC by sublimation

Graphene samples have been grown on 4H-SiC in a Jipelec SiC rapid thermal annealing
furnace. This furnace, primarily meant to activate dopants in SiC, can also be used to grow
graphene on SiC if the vacuum is low enough to prevent effects such as step bunching [1,2]. To
prevent step bunching, the system was fitted with an extra turbo molecular pump, allowing the
base pressure in the chamber to decrease from 10 mbar to 10~ mbar.

The furnace is an induction furnace for heat treatment of samples, up to 2 inches in
diameter, at temperatures up to 2000°C. Samples are placed on a graphite susceptor that is
installed at the top of a glassy carbon tube and inside a quartz chamber. The furnace temperature
is measured using an optical pyrometer. In order to get a controlled RTA growth, the growth
temperature has to be obtained rapidly, which is permitted by this system, since it has a

temperature ramp rate of 500°C/min.

The growth of graphitic layers on SiC substrates by the sublimation of Si, has been known
since 1975 [3]. After the famous discovery of graphene in 2004, the electronic properties of
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these graphitic layers were found to be comparable to that of isolated graphene sheets [4] [5].
This technique seems to be most compatible with current standard semiconductor device
fabrication technology, opening up prospects of achieving practical graphene technology with

more complex functionality and performance [5].

In the sublimation technique, silicon atoms in the top layer(s) of a semi-insulation SiC
substrate are removed through annealing at elevated temperatures (>1200°C), leaving behind an
electronically decoupled epitaxial graphene layer (illustrated in Figure 3.1). However, the
realization of an atomically flat surface covered by a graphene monolayer requires advances in
SiC substrate preparation and comprehensive understanding of the graphene nucleation and
growth process. SiC substrates are grown, cut, and polished with an intension to get an

impeccably flat surface but these are never perfectly on-axis.

SiC substrate Initial state

o o - S
00 pRADO R 0BO c
Si sublimation via
heating

. graphene

SiC substrate Graphene formation

Figure 3.1 - Schematic illustration of the graphene formation on SiC by sublimation.

3.3 Standard fabrication techniques

3.3.1 Photolithography

Photolithography is the process by which a pattern from a template, or mask, is transferred
into a stack of thin films on the surface of a silicon wafer in order to create integrated circuits.
These patterns may be transistor gates, metal interconnect lines to connect devices, contacts or

vias to connect between layers, or a variety of other features.
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The photolithography process is accomplished by illuminating the mask from behind and
forming a demagnified image of it on the surface of the wafer. The wafer is coated with a
material called photoresist that undergoes a chemical reaction when exposed to light [6] .

Photoresists are photoactive polymers which are used as a protective or mask material in
electronic device fabrication processes. Photoresists undergo a photochemical reaction and
subsequent change in their solubility on exposure to light. Photoresists can be categorized as
positive or negative resists. Positive are degraded when exposed to light and exposed areas
become soluble to solvents in which the resist isn’t soluble, whereas negative resists are based
on using the energy provided by the incident beam to cross-link the polymer chain, and thus
become less soluble [6].

A chemical known as a developer is then used to remove the less soluble areas of the
photoresist, leaving the desired pattern behind. This pattern may then be etched into the
underlying film stack. After etching, the remaining photoresist may be removed, leaving the
desired pattern in the film stack [6].

Photoresists have enabled the modern electronic revolution. The patterns of conductive
tracks on circuit boards and the tiny transistors on microchips are "patterened" using
photoresists. The technology of photoresists has been refined to the point where many millions
of micron-sized devices can be fabricated simultaneously and reliably on silicon or other
semiconductor substrates. Research on yet smaller (and therefore more dense and efficient)
circuitry continues apace today. Photolithography is still the predominant technology, but
polymers for extreme ultraviolet and electron beam lithography are becoming increasingly
important as the evolution of electronic devices. Nano-lithography techniques such as electron
beam lithography and Nano Imprint Lithography also utilise photochemistry to achieve

nanoscale patterns [6].

3.3.2 Electron beam lithography (EBL)

Electron beam lithography (EBL) is one of the most common techniques used for patterning
features at the nanoscale. The usual resists are polymers dissolved in a liquid sotvent. Liquid
resist is dropped onto the substrate, which is then spun at 1000 to 6000rpm to form a coating —
as in photolithography. After baking out the casting solvent, exposure to the electron beam
modifies the resist. As in optical lithography, there are two types of e-beam resists: positive tone
and negative tone, with the usual behaviour, i.e., positive resists develop away at exposed

regions, whereas in the case of negative resist the developed region remains after development.

79



Fabrication Process

Polymethyl methacrylate (PMMA) is the standard positive e-beam resist, usually purchased
in two high molecular weight forms (495K or 950K) in a casting solvent such as chlorobenzene
or anisole. Electron beam exposure breaks the polymer into fragments that can be dissolved in a
1:2 MIBK:IPA developer (MIBK is Methyl Isobutyl Ketone and IPA in Isopropyl Alcohol).

The main issue encountered when using standard lithography is the wavelength of the
photon source used, since the minimum feature size is directly related to the wavelengths, which
are, with an Hg light source, 436nm ("g-line"), 405nm ("h-line") and 365nm ("i-line").

The wavelength for electron beam lithography is usually in the pm range. A combination of
various effects increase the beam size, such as the interaction between electrons (coulomb
repulsion) within the beam, the interaction between the incident electrons and the returning
secondary electrons, the cyclonic movement introduced by the magnetic lenses (in the plane
perpendicular to the electron beam), and, more significantly, the electron source. The smaller
the electron emitting source is, the sharper the energy dispersion will be. State-of-the-art
systems can reach a spot size of less than 1nm. Practically, it is difficult to achieve feature size
of less than 10nm due, mostly, to the electron/matter interactions. These contributions can be
attributed to two main types of scattering each of which can be treated separately and modelled
by Gaussian distributions [7].

¢ Inelastic scattering generates the secondary electrons that will expose the resist, or
that can be used to image the surface. However, high energy electrons are only slightly deviated
from the incident direction, thus increases in the electron energy reduces the lateral dispersion
of secondary electrons.

¢ Elastic collisions (backscattered electrons), though, consist of a large modification
of the incident electron direction without any loss of energy and can be generated deep within
the substrate. The back scattered electron can therefore be directed back to the surface in a
location far from the incident beam, thus exposing the resist where it wasn’t intended to.
Successive exposures around the same area can therefore fully expose the resist outside the

designed writing area. This is called the proximity effect.

3.3.3 Reactive Ion etching (RIE)

After a photoresist image has been formed on the surface of a wafer, the next process often
involves transferring that image into a layer under the resist by etching.

It is useful to begin this discussion of etching by identifying the appropriate figures of merit.
The primary one is the etch rate, which has dimensions of thickness per unit time. A high etch

rate is generally desirable in a manufacturing environment. Too high an etch rate, however, may
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render a process difficult to control. Common desired etch rates are tens or hundreds of
nanometers per minute. Etch rate uniformity is measured in terms of percentage variation of the
etch rate. It is quoted across a wafer and from wafer to wafer. Selectivity is the ratio of the etch
rates of various materials, such as the photoresist or the underlying layer, referenced to the etch
rate of the film being patterned. Undercut is the lateral extent of etch under the photoresist mask
[8].

Etching in a plasma environment has several significant advantages when compared with
wet etching. Plasmas are much easier to start and stop than simple immersion wet etching.
Furthermore, plasma etching processes are much less sensitive to small changes in the
temperature of the wafer. These two factors make plasma etching more repeatable than wet
etching. Most important for small features, plasma etches may have high anisotropies. Plasma
environments may also have far fewer particles than liquid media.

For a plasma etching process to proceed, six steps must occur. A feed gas introduced into
the chamber must be cracked into chemically reactive species by the plasma. These species
must diffuse to the surface of the wafer and be adsorbed. Once on the surface, they may move
about (surface diffusion) until they react with the exposed film [8]. The reaction product must
be desorbed, diffused away from the wafer, and transported by the gas stream out of the etch
chamber. As with wet etching, the etch rate is determined by the slowest of these steps.

In a typical plasma etch processes, the surface of the film to be etched is subjected to an
incident flux of ions, radicals, electrons, and neutrals. Although the neutral flux is by far the
largest, physical damage is related to the ion flux. Chemical attack depends on both ion flux and
radical flux. Often this bombardment sets up a modified surface layer that is many atomic layers
thick [8].

Reactive ion etching involves both physical and chemical processes. The physical process
includes ionization of reactive gas molecules and ion sputtering of sample surface, both of
which take place in a plasma. Plasma can be loosely defined as partially ionized gases. In a
confined space such as a vacuum chamber, the ionized particles collectively set up a long-range
electrostatic field which has an important influence on the behaviours of these charged particles.
The electric field is created because electrons in the plasma tend to move faster than ions. The
fast moving electrons hit the chamber wall before ions do, causing the wall to be charged up
negatively. The negatively charged wall surface pushes other electrons away from the wall,
creating a layer of positively charged region where an electrical field is created to accelerate the

ions toward the wall surface [9].
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3.3.4 Sputtering (magnetron)

Sputtering and sputter deposition are widely used techniques for the erosion of surfaces and
the deposition of films. Sputtering, also known as sputter etching, is used for patterning
semiconductor wafers, for cleaning surfaces, for micromachining, depth profiling, and a number
of applications which require careful, microscopic erosion of a surface. Sputter deposition is
used for film deposition on semiconductor wafers, on magnetic media and head surfaces, for
coating tools and cutting surfaces for wear resistance, for reflective coatings on window glass,
for coating the insides of plastic bags and the surfaces of automobile parts, and a number of
other wide ranging applications.

Sputtering is usually practiced by means of plasmas which generate charged particles which
can be accelerated towards a surface electrically.

Sputtering is simply the process of erosion of that surface by the energetic particles, a sort
of atomistic sandblasting. Sputter deposition is nothing more than the accumulation of these
atoms which are blasted off the surface onto a nearby sample.

Magnetron sputtered films now outperform films deposited by other physical vapour
deposition (PVD) processes, and can offer the same functionality as much thicker films
produced by other surface coating techniques such as evaporation. Consequently, magnetron
sputtering now makes a significant impact in application areas including hard, wear-resistant
coatings, low friction coatings, corrosion-resistant coatings, decorative coatings and coatings
with specific optical, or electrical properties [10].

The term “magnetron” was originally used to describe tubes used to generate microwave
power for radar applications. It is still used for this purpose, and the builder or owner of a
microwave plasma system will use a “magnetron” power source to run their plasma. The same
general magnetron effect found in these tubes can be altered somewhat to make an extremely
efficient sputtering cathode.

These cathodes operate in a diode mode, either in rf or dc, but are rarely, if ever, called
diodes. Magnetron sputtering sources are the current workhorse of the sputter deposition field,

used in perhaps 95% of all sputtering applications [11].

3.5 Device analytical performance

3.5.1 Electrochemical

Electrochemical biosensors are affinity-based biosensors, using an immobilized recognition

element that binds selectively to the target molecule. When the target binds to the recognition
82



Fabrication Process

element at the surface of the biosensor, it generates current and/or voltage changes at that
surface.

Based on their operating principle, electrochemical biosensors can employ potentiometric,
amperometric and impedimetric transducers, converting the chemical information into a
measurable electrical output signal. Due to their low cost and capacity for miniaturization,
electrochemical biosensors hold great promise for POC applications, where minimizing size and
cost are crucial. Potentiometric-based methods are amongst the oldest class of electrochemical

sensors, usually correlated to the conventional pH glass electrode.

3.5.1.1 Cyclic voltammetry

Cyclic Voltammetry (CV) is the most common, simple, fast and perhaps most
straightforward electroanalytical technique for acquiring both qualitative and quantitative
information about any electroactive species (i.e. a species that can be oxidized and/or reduced)
involved in electrochemical reactions.

This reversible technique has proven to be very useful in obtaining information about fairly
complicated electrode reactions [14].

It consists of applying a linear potential (E) sweep at a steady scan-rate to a working
electrode (WE), leading to sequential linear potential increases or decreases between minimum
and maximum potential limits. The CV plot measures the resulting electrical current at the
electrode surface (/) against the applied potential. The application of this potential sweep is
controlled by a reference electrode and has a triangular waveform when plotted against time
[15], with minimum and maximum potential limits established within the procedure (Figure

3.2).
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Potential (E)

E(t)=El

time (t)

Figure 3.2 - Variation of the applied potential to the WE with the time in CV: E,- Initial potential; Er
final potential; Eminr minimum potential; Emax- maximum potential, tx- time for the reverse scan.

The electrical current response of the electrode versus the applied potential constitutes the
cyclic voltammogram and has different characteristics according to the type of redox system
involved. The shape of the observed voltammogram depends on the reversibility of the redox
couple (O/R), and/or the electrostatic repulsive or attractive forces. Regarding the redox

couples, these can be subdivided in to reversible, quasi-reversible and irreversible categories.

3.5.1.1.1 Reversible systems

In the CV ofreversible systems, where the kinetics of the couple O/R is fast enough to keep
the electron transfer process in equilibrium, the product of the initial oxidation or reduction is
oxidized or reduced, on reversing the scan direction. The typical response of such reversible

redox process may be seen in Figure 3.3.
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Figure 3.3 - Typical voltammogram for a reversible system.

Assuming that the scan starts at a positive potential, when the electrode potential reaches the
potential of the redox couple (E°), reduction begins and current starts to flow. As the potential
shills to more negative values, the surface concentration of oxidized species decreases and the
current increases. As the potential moves past E° towards more negative values, the
concentration of the oxidized species at the surface drops to nearly zero, mass transfer of species
to the surface reaches a maximum rate, and then declines as the depletion of the reducing
species from the diffusion layer effect sets in, thus generating a peak. A similar but opposite
peak may be observed in the reverse scan, provided that a reversible redox system is present.
The reduced species generated in the forward half-cycle are re-oxidized and the anodic peak

appears.

The first theoretical analysis of the wave shape for a reversible system was achieved by

Randles and Sevcik [16]. The Randles-Sevcik equation allows determination of the peak current

(@):

Ip=(2.69x10"n"AD"v"C (3-1)

In this equation, n is the number of electrons involved in the reaction, 4 is the electrode
surface area (cm?2), D is the diffusion coefficient (¢cm2 s'l), C is the bulk concentration of the

species (mol dm'2), vis the scan-rate (V s'l), and L, is the peak current. Overall, the information
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provided by the Randles-Sevcik equation can be presented in the form of an analysis tool for

cyclic voltammograms of reversible systems [13] using the following conditions:

I~ v (32)
E, independent of the v (3.3)

| E, - E,2| = RT/ nE) (34)

AE, =|E,, ~E, |#0=(2.3RT /nF)=59/n (:5)
1,11, |=1 36)

where E, the peak potential, Ej, is the peak potential anode, E, is the peak potential cathode, R
is the gas constant or resistance, T is temperature and F faraday, n is the number of electrons

involved in overall electrode reaction.

When all these conditions are verified simultaneously, the peak separation can be used to
determine the number of electrons involved in the electron transfer process of reversible

systems.

3.5.1.4  Irreversible and quasi-reversible systems

In irreversible processes the electron transfer kinetics is very slow-moving compared to the
time-scale of the sweep. In such a condition, concentrations of the oxidized and reduced species
do not follow the Nernst equation (relates the numerical values of the concentration gradient to
the electric gradient that balances it) and the individual O/R peaks are reduced in size and

widely separated. This means that totally (O/R) irreversibility is characterized by a shift of the
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peak potential with sweep rate and peak intensity [17]. In irreversible systems the linear
potential sweep and CV lead to the same voltammetry profile, since no reverse peaks appear on
changing the sweep direction, which means that re-reduction or re-oxidation cannot occur

(Figure 3.4).

Figure 3.4 - Electrochemically-irreversible voltammogram (curve A) and quasi-reversibie (curve B).

In order to observe the net current, the forward process must be so strongly activated, by

application of overpotential, that the reverse reaction is virtually completely inhibited [13].

In a completely irreversible processes the peak current (Ip) is given by:

From Equation 3.7 it is clear that the peak current (/p) for the oxidized or reduced species is
still directly proportional to the concentration of the species (C) and to the square root of the
scan rate (v12), but is lower when compared with reversible systems because of the shape of the

aeak.
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From the information provided by equation 3.7 the following diagnostic criteria for cyclic

voltammograms of totally irreversible systems may be deduced:

L~V 33)
E, independent of the v (3.9
E _Em’ _417 (3.10)

on
AE, =|E,, -E, |259/n G.11
1,11, |=1 3.12)

Electrode processes are not always easy and fast (reversible systems) or very slow
(irreversible systems), and sometimes we must consider the whole voltammogram
characteristics. In such quasi-reversible or quasi-nerstian systems, the net current, which is
controlled by both the charge transfer and mass transport, involves activated components from
the forward and reverse charge transfers. In these systems the reverse peak appears but is
smaller than the forward peak. For electrochemically quasi reversible reactions, the surface

concentration is controlled both by kinetics and diffusion processes.

The peak shape and associated parameters can be expressed by a parameter, A , which is a

quantitative measure of the reversibility, being effectively defined as the ratio of

kinetics/transport:

A k, _ k, (3.13)
(DX Dy’ (DI Dy @y
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o =v(nF /RT). (3.19)

Where K is the rate constant, D the diffusion coefficient, a transfer coefficient and ¢ surface

excess charge density.

When the diffusion coefficients of the oxidized and reduced species are equal D, = Dg =D

the equation can be rewritten:

A= koD%a% (3.15)

Showing that when the scan rate (v) increases, and o is high, the reversibility degree is low

and A is small.

The parameter A can be estimated by using the parameter y, a numerical approach, which
expresses the relation between the separation of the anodic and cathodic peaks with the degree

of reversibility (Equation 3.16):

w=nrh=—F (3.16)

where = is surface pressure.

As a general conclusion, when Y increases, at very slow sweep rate (v), the system
approaches reversibility. For small values of v, at very fast sweep rate, the system exhibits an
irreversible behaviour in which there is a decrease in the peak current relative to the reversible

case and increasing separation between the anodic and cathodic peaks.

3.5.1.5 Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a widely used technique for the

characterization of electrochemical systems. The electrical resistance is a very well-known
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concept, corresponding to the ability of a circuit element to resist the flow of electrical current.
Ohm's law (Equation 3.17) defines resistance (R) in terms of ratio between voltage (£) and

current (J), as follow:

rR=E G.17)

This equation is applied to only one circuit element, the ideal resistor. The ideal resistor
displays several simplifying proprieties including: i) it follows Ohm’s law at all current and
voltage levels; ii) its resistance value is independent of frequency; iii) AC (alternating current)

and voltage signals through a resistor are in phase with each other.

Impedance is a measure of the ability of a circuit to resist the flow of electrical current, but
it is not limited by the simplifying proprieties listed above. The impedimetic approach consists
in the application of a small sinusoidal excitation signal to the WE of the electrochemical

system under investigation and measurement of the subsequent response of the system.

In EIS, the current signal can be analyzed as a sum of sinusoidal functions. The potential
and the current changes with the time are represented by a sinusoidal function. Figure 3.5 shows

a typical graph that illustrates the relationship between two related sinusoidal signals, such as

AC and E signals rotating at the same angular frequency ().
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phose-shift

Figure 3.5 - Sinusoidal current response in a linear system after applying an alternating current.

Normally, in a linear system, as shown in Figure 3.5, the current response to an applied
sinusoidal potential perturbation is sinusoidal at the same frequency but differs in phase and

amplitude from the applied signal. Consequently, their phases will be separated by a certain

phase angle ((f)).

E1S measurements can take from some minutes to hours, depending on the selected
frequency range. The time required to measure the EIS should be adapted to each system,
otherwise EIS analysis tools may give inaccurate results due the growth of an oxide layer,

adsorption of solution impurities, coating degradation, temperature changes, and so on [17].

The application of a purely sinusoidal voltage to the electrode/electrolyte solution interface,

expressed as a function of time, has the form:

E(t)=E0sm((Ot) (3.18)

Where E(t) is the applied voltage at a time t, EOQ is the oscillation amplitude of the excitation
signal, and ca is the angular frequency of the sinusoidal excitation (rad s'l). o) is 2K times higher

than the conventional frequency (Hz) in agreement with the equation 3.19:
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o =2nf (3.19)

In linear systems, the current response (I), which has different oscillation amplitude (Ip) and

is shifted in phase (¢) relatively to the excitation signal, is expressed by:

I(t)=1,sin(wt+¢) (3.20)

The electrical impedance of the system (Z) is defined as the proportionality factor between
the applied potential perturbation and the current response. Using an expression analogous to
Ohm’s law, one calculates the impedance of sinusoidal system as follows:

Z=E(t)= EO'Sin(CUt) ZZO Sin(a)t) 3.21)
I(t) I,sin(wt+¢) sin (@t + @)

Where the impedance (Z) is characterized by the magnitude (Z,) and phase angle (¢). Using
Euler’s equation:

exp( j@) = cos(@) + jsin( ) (3.22)

It is possible to express the impedance as a complex function. In this way, the potential is
described as:

E(t)=E,expliot) (3.23)

Where i is the imaginary number defined as i = (-1)".

Thus, the impedance can be represented as a complex number:
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=gz _exp(jot) _ i9) = s 3.24
Z=2, P TP |Z|exp( j#) =|Z|(cos ¢ + jsin ¢) (3.24)

Equation 3.25 states that in the complex plane, the impedance is composed of real

(Z= Zo COS¢) and imaginary (Z ’=Z, Sin¢) parts, at any value of , as follows:

=747 (3.25)
1 ,
1 Ry W€ R;—jR3
= =% = 7 +2sz ‘:zu;cz (3.26)
R—2+]WC (E) + w2 c2 2
! R ! ’
Zeg =Ry + anzw_c)z‘z (0)=R,+ Ry;Z'(0) =R, (327

RZ wc

no_ _
Zeq - 1+(R, wc)?

3Z2'"(0)=0;Z"(0) = 0 3.28)

A Nyquist plot is obtained by plotting the real part (Z') on the X-axis and the imaginary part
(Z'") on the Y-axis of a chart (Figure 3.6). In this plot the Y-axis is negative and each point is
the impedance at a specific angular frequency (o).

As it is indicated in the Figure 3.6, low frequency data are on the right side of the plot and
higher frequencies are on the left. However, this criterion is only valid for electric circuits in
EIS data where the impedance usually decreases as frequency increases. Furthermore, on the
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Nyquist plot, the impedance can be represented as a vector of length |Z| The angle between this

vector and the X-axis, generally called as a phase angle, is defined as™ = arg Z

©= e 0=0

Figure 3.6 - Nyquist plot that illustrates both real (Z') and imaginary (Z") components of impedance
at each co.

The Nyquist plot gives a quick overview of the EIS data, allowing some qualitative
interpretations. The semicircle presented in Figure 3.6 is characteristic of a simple equivalent

electrical circuit.

3.5.1.6 Commom Equivalent Electrical Circuit Models

The characterization of the electrochemical systems with impedance spectroscopy requires
the interpretation of the data with the help of suitable equivalent circuit models. These models
can be divided into two broad categories: equivalent electrical circuit models and process
models (consists in developing mathematical methods based on the kinetics of heterogeneous
reactions involved). The models are regressed to experimental data in order to estimate the
parameters that can be used to describe, interpret and fit the impedance data adequately. The

models can also be used to predict the behaviour ofthe system under different conditions [18].
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3.5.1.6.1 Randles Equivalent Circuit: The R(RC) Equivalent Circuit

The Randles equivalent circuit. R(RC), is one of the simplest and most commom equivalent
circuit models. It includes a solution resistance (Rn), a double layer capacitance (CV) or a
constant phase element (CPE), and a charge transfer (R(/) or a polarization resistance (Rp). This
model assumes that the double layer capacitance is in parallel with the charge transfer
resistance. In addition, to being a useful model in its own right, the simplified Randles
equivalent circuit is often the starting point for other more complex models. The simplified
Randles equivalent circuit, R(RC), is shown in Figure 3.7. An example of a Nyquist plot for this
model is shown in Figure 3.8 [19].

The Nyquist plot for a simplified Randles equivalent circuit is always a semicircle. The
solution resistance (RQ) can be found by reading the real axis value at the high frequency
intercept. This is the intercept near the origin of the plot. The real axis value at the other
intercept is the sum of the solution resistance and the charge transfer resistance (Rn + Ra). The

diameter of the semicircle is therefore equal to the charge transfer resistance.

Figure 3.7 - Typical simplified Randles equivalent circuit (R(RC)).
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Figure 3.8 - Typical Nyquist plot for a simplified R(RC) Randles equivalent circuit.

3.6 Experimental characterisation methods

3.6.1 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to
generate a variety of signals at the surface of solid specimens. The signals that derive from
electron-sample interactions reveal information about the sample including morphology
(texture), chemical composition, crystalline structure and orientation of the materials making up
the sample. In most applications, data are collected over a selected area of the sample surface,
and a 2-dimensional image is generated that displays variations in these properties, spatially

[20].

The Hitachi S-4800 field emission scanning electron microscope features a maximum
resolution of 1.0 nm and a variable acceleration voltage of 0.5 - 30 kV (0.7nm at 30kV; 1.Onm
at 15kV; 1.4nm at IkV). Both secondary electron and backscattering electron detectors are
available for imaging. It features an image capture system for digital storage of images and
image files can be transferred through network or USB drive. It can handle samples from piece-
parts to 6" wafers. The stage can rotate 360° and tilt -5° to 70°. It provides scanning
transmission electron microscope (STEM) imaging capability from 100V to 30kV, which may
be useful for STEM imaging in biological samples that cannot withstand 200kV accelerating

voltage in standard transmission electron microscope (TEM).
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SEM provides optimum resolution and high beam current for fast and accurate analytical X-
ray mapping and quantitative analysis. It gives the elemental composition of sample and a

lateral resolution depends on beam energy and the sample properties.

The Hitachi S-4800 is equipped with both a lower and upper secondary electron detector
system. The lower detector is utilised for enhanced surface topography imaging while the

“through the lens” upper detector is utilized for high resolution imaging.

3.6.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) detects the quantity of elements on a sample
surface. It operates on the photoelectric effect, by exciting core electrons on a sample surface
and recording both the number and energy of the resulting ejected electrons. Since the energy of
the ejected electrons is specific to an element, the identity of the element can therefore be

determined. This technique detects all elements except hydrogen and helium.

When a sample is irradiated with an energetic electromagnetic wave with a certain
frequency, v, some core electrons capture the energy and escape from the material. The kinetic

energy of these ejected electrons, K.E., is given by:

K.E.=hv-B.E.—® (3.29)

where 4 is the Planck’s constant, B.E. the binding energy of the electrons, and ¢ the work
function of the spectrometer. The binding energy of core electrons in a specific element is
known and it is usually in the range of 0 to 1100eV depending on the electronic structure of the
atom. Each element has a unique set of core electrons and their energy states are characteristic
of that element [21]. As a result, the number of ejected electrons is recorded as a function of
their binding energy in order to identify the element and its abundance. This technique is
sensitive to the outermost few nanometers of the sample surface, since only the electrons near

the surface can overcome inelastic collisions with neighboring atoms to reach the detector.

XPS can also be used for detecting elements at different depths in a sample (Figure 3.9).
This is particularly relevant to this study since the samples were surface-modified and did not
have uniform chemical compositions at all depths. This function is achieved by varying the
take-off angle between the sample surface and the detector. When the take-off angle is

increased, a larger number of electrons are able to escape from the bulk by traveling a shortener
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distance within the sample, and thus the sample is examined to a greater depth [22]. The number

of detected electrons, N, is related to the depth via

N ~£
— = 2Asin 6 (3.30)

No

where NOis the number of electrons produced at depth, t the time, X is the mean free path of

the electron, and 0 is the take-off angle.

endiptdepth .
Samplingdepth’

m.i-.nIM FP

Figure 3.9 - X-ray photoelectron spectroscopy at different depths in a sample.

The value of X for electrons in a solid is greatly dependent on the kinetic energy of the

electron and the relationship between the two is shown in Figure 3.10 [21].

100
1
0.1
1 10 100 1000
Energy (eV)

Figure 3.10 - The dependence of the mean free path Xon the emitted electron energy [21].
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3.6.3 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) investigates surface features at micro to nanoscopic

resolution.

AFM images are acquired by measuring the deflections of the cantilever due to the
interactions between the tip and the surface. The tip-surface interaction encompasses a variety
of forces that can be van der Waal’s, electrostatic, magnetic, etc.. As a result, this technique can

be applied to both conducting and insulating materials.

The deflection of the cantilever is governed by Hooke’s law,

F=—-Kx 3.31)

where F is the restoring force exerted by the cantilever that corresponds to the tip-surface
force, K is the spring constant, that depends on the elasticity of the cantilever material, and x is
the displacement of the cantilever from its position of equilibrium. In theory, there are two
major modes of operation: contact mode and tapping mode. In the contact mode, the tip is
maintained at a fixed height above the surface and the tip-surface forces are measured
continuously as the tip scans across the surface. The output signals are converted to height
information of the surface and plotted against their spatial positions on the sample. This
operation mode may cause undesired damage to the sample when the tip touches the surface. In
the tapping mode, the height of the tip is varied to maintain a constant force between the tip and
the surface. Again, the output signals are converted to height information of the surface and

plotted against their positions. This mode helps to preserve the surface features of a sample.

Attractive, as well as repulsive forces, exist between tip and sample atoms. The variation of

the force as a function of distance is shown in Figure 3.11.
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Figure 3.11 - Plot ofthe forces between tip and sample.

In practice, the constant-height mode is realized using contact mode AFM. The tip
maintains contact with the surface usually through an adsorbed fluid layer on the sample
surface. The tip-surface interaction is usually dominated by short-range interatomic forces,

which are measured by measuring static cantilever deflections [23].

Tapping mode AFM operates by scanning a tip across a sample surface (Figure 3.12).

Feedback loop

AFM
Controller
Laser
Photodiode
Scanner
Piezo
m | r*Cantilever
Sample

Figure 3.12 - Atomic force microscope components and operation schematic [24],
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3.6.4 Contact angle (CA)

The contact angle can be defined in several ways. Qualitatively, a contact angle is the
macroscopic representation of microscopic phenomena. Microscopic characteristics such as
surface roughness, surface energies and surface chemistry of the materials involved, and surface
coatings play a role in the wettability of a material for a given fluid, usually water.
Quantitatively, a contact angle is the interior angle formed by the substrate being studied and
the tangent to the drop interface at the apparent intersection of all two interfaces. This
intersection is called the contact line. Figure 3.13 illustrates the tangent line and contact angle of
a liquid drop on a surface. Historically a static contact angle on a flat surface is defined by the
Young Equation (Equation 3.29) [25] using interfacial surface tensions between solid and
liquid. Young's equation is essentially a force balance in the horizontal direction. The contact
angle may also be directly measured to calculate the ratio of interfacial surface tensions if the

interfacial surface tensions are unknown.

Young’s Equation provides the basis for a quantitative description of wetting phenomena. If

a drop of liquid is placed on a solid surface, two possibilities exist:
1) Liquid spreads on the surface completely (contact angle ® = 0)

2) Liquid establishes a finite contact angle

YSV = YSZ + YIV cos @ (3.32)

where 6 is the contact angle, Y¥ is the solid/liquid interfacial free energy, Y is the solid
surface free energy and Y'" is the liquid surface free energy.
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Hydrophobic Hydrophilic
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Figure 3.13 - Conditions for hydrophobic and hydrophilic surface in contact angle.

Young's equation is used to describe the interactions between the forces of cohesion and

adhesion between sample and fluid and measure what is referred to as surface energy.

A drop with a contact angle over 90° indicates a hydrophobic surface. This condition is
exemplified by poor wetting, poor adhesiveness and the solid surface free energy is low. A drop
with a small contact angle indicates a hydrophilic surface. This condition reflects better wetting,

better adhesiveness, and higher surface energy.

Contact angle measurements are used to study the hydrophobicity/hidrophilicity of samples

surfaces before and after surface modification.

3.6.5 Raman Spectroscopy

Raman spectroscopy is a technique employed for studying vibrational, rotational, and other
low-energy modes in a material. It is based on inelastic scattering of monochromatic light (e.g.,
laser light). When, the light beam is directed towards the sample, the energy of the light photons
changes after interacting with the atoms of the sample. Light photons are absorbed by the
sample and then reemitted. The energy of the reemitted photons is higher or lower relative to the

incident energy, a phenomenon known as the Raman Effect. This change in energy yields
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information about vibrational, rotational and other low frequency modes of the material under
analysis. Raman spectroscopy is an extremely important spectroscopic technique for analyzing
graphene, as graphene’s vibrational and electronic structure is distinctively captured in its
Raman spectrum. Raman fingerprints for single layer, bilayer, and multi-layer graphene allow
for a reliable nondestructive characterization of graphene. Vibrational modes of graphene are

important to comprehend the Raman spectra [26].

The most prominent features in the Raman spectra of graphene are the G band (~1582c¢m-
1), the 2D band (~2700cm-1) and the disorder-induced D band (~1350cm-1), at about half of the
frequency of the 2D band, under 2.41 eV laser excitation [26]. The G band is related with the in-
plane TO (transverse optical) and LO (longitudinal optical) vibrations. The G band is the only
band in graphene originator from a standard first order Raman scattering process. The 2D and D
bands come from a second-order process, involving two TO phonons near the K point for the
2D band and one TO phonon and one defect in the case of the D band [27,28].

In contrast to infrared spectroscopy, where the transition from the ground vibrational state
to the first excited vibrational state is monitored, access to vibrational transitions is achieved
quite differently for Raman measurements. In Raman spectroscopy the sample is excited with a
laser. The Raman effect is a scattering phenomenon, such that the laser light is ‘scattered’ by the
molecules. Most of the scattered radiation will have the same energy as the original light and
this type of scattering is called Rayleigh scattering. This elastically scattered light is eliminated
using an efficient blocking filter. A very small part of the laser light (around 1 photon out of
1,000,000 or less) undergoes a slight energy change, i.e., the light is shifted from its original

frequency, and this is called the Raman shift.

Raman can yield information about: crystallite size; clustering of the sp® phase (the presence
of multiple layers of graphene); the presence of sp>-sp’® hybridization and the introduction of
chemical impurities; substrate influence on graphene; the influence of functionalisation of
graphene on the Fermi level in graphene; the magnitude of the mass density; the optical energy
gap; elastic constants; doping; defects and other crystal disorder; edge structure; strain, number

of graphene layers which make graphene unique [29].
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3.7 Graphene device fabrication process

3.7.1 Diagram

Graphene that has been grown epitaxially or transferred onto an appropriate substrate can be

processed using standard semiconductor techniques.

The objective was to fabricate a device whose channel can be used as a graphene sensor
resistance. This graphene channel can be chemically or biologically functionalized, and the
change in electrical properties of the device used to detect the presence of certain analytes.
Specifically, changes in the resistivity of graphene channel devices have been used to detect the
hCG biomarker. The fabrication process for the sensor device, prior to any functionalization, is

illustrated in Figure 3.14.

First generation devices consisted of a channel between two metal contact pads. However,
the contact resistance of the pads seemed to vary greatly and to have a significant contribution
relative to the channel resistance. Therefore, in order to measure accurately the channel changes

in resistance, 4-point measurement devices were also fabricated.
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Electron beam lithography (EBL) was used to fabricate the devices. It is a more flexible
technique than standard UV lithography, since the patterns can be adjusted easily where in UV
lithography as a new photomask would have to be made each time the device design was
modified. Also, patterned graphene proved very difficult to observe optically and therefore
difficult to overlay 2nd mask layers on, whereas the contrast between graphene and SiC was
much greater if observed with electron microscopy due to the very different conduction
properties between both materials. Thus, alignment of devices features was easier to achieve

using EBL.

3.7.2 Materials

Silicon carbide (SiC) was purchased from Cree Research Inc. N-type 4H-SiC carbon face
(000-1) and silicon face (0001), on axis, semi insulating with a Chemical Mechanical Polishing

(CMP) polished silicon face was used.

3.7.3 Graphene growth

Graphene was grown epitaxially on 4H-SiC by annealing at temperatures above 1500°C. At
these temperatures, Si atoms sublime from the SiC surface, leaving carbon atoms to reconstruct
into graphene. The number of graphene layers produced can be controlled by optimization of

the growth conditions such as the growth temperature and the pressure.

Details of specific growth conditions can be found in each subsequent device chapter.

3.7.4 The fabrication process

The fabrication process involves a three-layer electron beam lithography process.

Firstly the graphene layer is patterned, then the metal layer, and lastly the channels, so that
the graphene modification reactions can be performed without interference with the metal
contacts. This third layer is referred to as the “Fenton window”, which is required as the Fenton
reaction seemed to react with the metal contact, thus requiring this extra layer to prevent any
reaction. The device design is presented in Figure 3.15. The active areas exposed through the

Fenton window are 25um and 50 pm in width, and Imm long,
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Figure 3.15 - Three layer pattern used to create the graphene device. In red is the metal layer, in blue
the graphene and in green the Fenton window. The grid lines represent the 100 pm write field used for
this pattern.

The first part of the fabrication involves the creation of a graphene channel. The design
pattern for the channel consists of both the active area of the device and the contact areas, along
with alignment marks for the next layer, as illustrated in Figure 3.16. The graphene sample used
for device fabrication was grown using the epitaxial growth method. The sample was firstly
coated with PMMA (950K, 2% in chlorobenzene). The PMMA was spun on the surface at
4000RPM for 40s, and then baked at 180°C for 3 min. The sample was then loaded into the

electron beam lithography tool, and the first layer was exposed (Figure 3.16 and 3.17).

Graphene
PMMA rtenneitinn E-Beam Lithography

SiCsubstrate SiCsubstrate SiCsubstrate

Figure 3.16 - PMMA deposition and E-Beam lithography.
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1

ot

Figure 3.17 - Graphene layer pattern. The outline areas are all graphene. The rest of the areas expose
the SiC substrate.

The exposure settings were as follows:

S an aperture of 60pm, yielding a beam current 0of 0.957641 nA
S an acceleration voltage of 10kV

S a write field size of 100pm?2

S an area dose of 160pC/cm?2

S

a step size of 0.05pm, yielding a dwell time of4.177ps, and a beam speed of 15mm/s

The sample was developed using Methyl isobutyl ketone (MIBK) in isopropanol (1:3) for 1
min and stopped using isopropanol (IPA) for 30 sec. A 50nm layer of aluminium was then
sputtered onto the patterned graphene sample (Figure 3.18). Metal sputtering was performed in

a Lesker 75 PVD system, using the following conditions:

S aresidual system pressure under 10"5Torr

S an argon flow of 30sccm, providing a pressure of 1.5mTorr

S a power setpoint of 100W

S a rotation speed of the sample holder of Irpm - in order to obtain a uniform deposition

Those conditions yielded a deposition rate of 0.09nm/s
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Metal

SiC substrate SiC substrate

Figure 3.18 - Developing and metal deposition on the sample.

The sample was immersed in acetone, lifting off the areas of resist that were not exposed
during the electron beam lithography process, and also the metal on top of them. At this stage in
the fabrication process, the result is patterned aluminium on a complete sheet of graphene,
corresponding to the pattern written by EBL. The purpose of the aluminium is to act as a mask

for the patterning of the graphene layer using an oxygen plasma etching (Figure 3.19).

To selectively remove graphene and pattern the graphene channel, the sample was etched by
Reactive Ion Etching (RIE) in an Oxford Instruments Plasmalab 80 Plus. The etch conditions
were as follow:

S a flow of 50sccm of oxygen

S a pressure of 75mTorr

~ a RF power setpoint of 50W
S an etch duration of 60seconds
The aluminium layer was removed using hydrofluoric acid (HF), prior to 0 2 plasma etching

of graphene.

0 2Plasma Etching
SiC substrate « SiC substrate

Figure 3.19 - Lift-off and 0 2 plasma etching.

The second part of the fabrication of the graphene channel device is the fabrication of metal
contacts on the graphene surface, at either end of the graphene channel, in order to be able to
apply a bias to the active channel area. An applied bias is required for the electrochemical
(characterization of the device) functionalization process and also in order to perform electrical
measurements on the device. The sample was firstly coated with PMMA (950K, 2% in
chlorobenzene). The PMMA was spun on the surface at 4000RPM for 40s, and then baked at

180°C for 3 min (Figure 3.20).
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PMMA deposition E-Beam Exposure

SiC substrate SiC substrate SiC substrate

Figure 3. 20 - PMMA deposition and E-Beam exposure.

The sample was then loaded into the electron beam lithography tool, and the second layer
was exposed (Figure 3.21). The first set of alignment marks (made out of graphene) permitted
this overlay with the first graphene layer, and a second set of alignment marks was added in

order to subsequently align with the 3rd mask layer.

Figure 3.21 - Metal mask layer pattern (2nd layer).

The exposure settings were as follows:
S an aperture of 60pm
S e-beam current measured on the faraday cup was 0.969148nA
S an acceleration voltage of 10kV
a write field size of 100pm2

S an area dose of 160pAs/cm2
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The sample was then developed using Methyl isobutyl ketone (MIBK) in isopropanol (1:3)
for 1 min and IPA for 30 sec. A 100nm layer of titanium (interface layer between graphene and
gold, to enhance adhesion) and 50nm of gold was then sputtered onto the graphene sample. The
chamber pressure is identical to the aluminium deposition, and the deposition rate was 0.06nm/s
for the titanium deposition at 100W, and 0.13nm at 45W for the gold deposition. The layers
were deposited subsequently without venting the chamber, therefore limiting the oxidation of
the Ti layer.

The sample was immersed in acetone, lifting off the areas of resist that were not exposed
during the electron beam lithography process, and the metal on top of them. At this stage in the
fabrication process, the result is gold/titanium contacts on a graphene channel, corresponding to

the pattern written by EBL (Figure 3.22).

Metal Deposition Lift-off

SiC substrate SICsubstrate SiC substrate

Figure 3.22 - Metal deposition and Lift-off.

The third part of the fabrication of the graphene channel device is the fabrication of a
Fenton window on the graphene channel in order to be able to OH-terminate the surface of the
active channel area, but avoid the Fenton reagents reacting with the metal contact pads. Again,
the sample was firstly coated with PMMA (950K, 2% in chlorobenzene). The PMMA was spun
on the surface at 4000RPM for 40s, then baked at 180°C for 3 minutes.

The sample was then loaded into the electron beam lithography tool, and the third layer was
exposed (Figure 3.23), using the second set of alignment marks (made of Ti/Au), and developed

using Methyl isobutyl ketone (MIBK) in isopropanol (1:3) for 1 min and IPA for 30 sec.
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Figure 3.23 - Fenton window layer pattern.

The final device structure is 4 metal contacts pads with a channel between (Figure 3.15).

This device structure was used for subsequent development of graphene biosensors.
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CHAPTER 4

"Where there is love there is no question."
Albert Einstein (1879-1955), German Theoretical Physicist

Epitaxial graphene immunosensor for human chorionic

gonadotropin

In this work, standard lithographic techniques have been used to pattern epitaxial graphene
devices, whose dimensions are scalable and suitable for wafer scale production. Epitaxial
graphene devices have been functionalized using APTES, the first reported use of APTES on
epitaxial graphene devices, to achieve an amine-terminated graphene surface. Antibodies
targeted against hCG have been bound to the amine-terminated graphene in the first reported
amperometric immunosensor based on epitaxial graphene. Device fabrication and surface
functionalisation methods are readily adaptable to other antibody/antigen systems, and are thus

suitable as a generic immunosensor platform.

4.1 Introduction

Electrochemical immunosensors offer a number of significant advantages, including high
sensitivity, fast response, simplicity, and relatively low cost [1,2] when compared with other
types of immunosensor. These advantages make them attractive for high performance analytical
detection of biomolecules [3]. Immunosensors capable of detecting nucleic acids [4], viruses
[5], antigens [6], and hormone [7] biomarkers, based on silicon nanowire [5], carbon nanotube
(CNT) [8] and graphite [9] have been widely reported. Since the pioneering work on SiNW
sensors by Lieber et al [10], SINW sensors have been developed that are capable of detection
limits down to fg/ml concentrations — such as reported for prostate specific antigen (PSA)

detection by Kim ef al [11]. CNT sensors have also been used to achieve detection of antigens

2 Sofia Teixeira, et al, Epitaxial graphene immunosensor for human chorionic gonadotropin, Sensors and
Actuators B, 2014, 190, 723-729.
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e.g. PSA at ng/ml [8, 12]. More recently, graphene has been utilized in a number of forms for
sensor and biosensor applications [13-17].

Graphene’s electronic structure and high surface to volume ratio contribute to the high
sensitivity of graphene sensor devices [18]. Various forms of graphene and related materials
(such as exfoliated graphene [19], graphene oxide and epitaxial graphene [20]), have been
reported for use in graphene-modified electrodes and graphene-composite electrodes. An
electrochemical sensor, using chemically modified exfoliated graphene to detect dopamine
(DA), was reported to have a detection limit of 0.01uM. [21]. Li et al. reported a novel
electrochemical immunosensor for the breast cancer marker protein CA 15-3 using a highly
conductive graphene-modified electrode. This sensor was capable of sensitive and label-free
detection with a detection limit of 0.012IU/mL [19]. Yasuhide et al. reported a label-free
immunosensor based on an aptamer-modified graphene field-effect transistor (G-FET). The
aptamer-modified G-FET showed selective electrical detection of IgE protein with a
dissociation constant of 47nM, indicating good affinity and the potential for G-FETs to be used
in biological sensors [15]. Srivastave ef al. reported an easy method for producing
functionalized multilayer graphene from multiwalled carbon nanotubes (MWCNTSs) an a mass
scale using only concentrated H,SO,/HNO;, the biosensor showed linearity between 10-100
mg/dL, sensitivity of 5.43pA mg" dL cm?, and a lower detection limit of 3.9mg/dL, [22]. Lu e
al. reported an hydrogen peroxide biosensor formed from single-layer graphene with a detection
limit of 1.05x107M [23]. Schedin et al. reported a sensor for detection of individual gas
molecules adsorbed on graphene with a detection limit of 1 ppb [24].

Epitaxial growth on silicon carbide (SiC) is a widely used method of producing high quality
graphene. Using insulating or semi-insulating SiC substrates enables the lithographic fabrication
of graphene devices for electronic applications, without the need for transfer to other substrates
[25, 26]. Graphene can be grown on both the silicon and carbon faces of 4H-SiC, but growth is
substantially different on each face, in terms of the morphology and electronic structure of the
resulting graphene layers (Figure 4.1) [27]. Silicon face growth yields an interfacial layer
between the SiC substrate and graphene, and typically grows layer-by-layer [28]. In contrast,
carbon face growth yields layers which are decoupled from the SiC substrate, without a
noticeable interface effect [29]. Larger growth domains are produced on the carbon face, which

contributes to higher carrier mobilities in a microchannel device [30].
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Silicon # Carbon Dangling bond|

Figure 4.1 - Structure of graphene on SiC(0001) (Si face). The first carbon layer formed during high
temperature annealing ofthe Si face is not a graphene layer, but an interface layer with 1/3 ofthe C atoms
bonded to the SiC substrate. The interface layer between graphene and SiC influences its electronic
properties.

Graphene biosensors can be fabricated by covalent immobilization, of proteins to graphene
surfaces [31, 32], Covalent immobilization of antibody molecules onto graphene requires a
chemical reaction of the COOH functional groups of the antibody, with amine groups bound to
the graphene surface, producing a peptide bond. Methods for amine functionalization of
graphene include diazotization [33], and surface silanization using (3-
Aminopropyl)triethoxysilane (APTES). APTES attachment can be performed on various
substrates provided they contain surface hydroxyl groups, which can react with alkoxysilanes to
form covalent Si-O-C bonds to the underlying substrate.

An epitaxial graphene immunosensor, capable of selectively detecting hCG, has been

developed for human chorionic gonadotropin (hCG)

4.1.1 Fenton Oxidation Reaction

Advanced oxidation processes (AOPs) employ reactive oxidizing agents such as hydrogen
peroxide or ozone, with or without the addition of catalysts or photolysis [34]. Many AOP
technologies generate hydroxyl radicals [a strong oxidant, E°= -2.8 V], addition of which to
aromatic rings initiates ring opening and ultimate mineralization to C02 and H20. In
homogenous photolysis, Ultra violet (290-200nm) radiation breaks down H20 2or 0 2, producing

OH radicals. In heterogeneous photolysis, OH radicals are generated at the surface of a
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semiconductor (usually TiO,) in the presence of UVA light (400-320nm). Homogenous dark
oxidation employs an oxidant and includes methods such as Fenton’s reagent (H,O,+Fe*"),
‘‘peroxone’’ (H,O,+ O3), and hydrothermal (high temperature) water oxidation.

Li et al. (1998) [35] used Fenton’s reagent (H,0,+Fe®"), alone or in combination with UV
light (254nm), for remediating aqueous wastes that contained nitro aromatic explosives.

The Fenton oxidation reaction, using a ferrous salt and hydrogen peroxide mixture is
recognized as one of the most powerful advanced oxidation technologies available and can be
used to degrade various organic compounds because of existence of hydroxyl radicals (HO»),
which is known as one of the most active oxidants and has the highest oxidation potential than
other oxidants among all known oxidants [36-38]. Generally, it is believed that HO- is
generated by reaction of hydrogen peroxide (H,0,) and ferrous ion (Fe’*), which acts as a

catalyst. Its mechanism is as follows [39,40]:

Fé** + H0, — Fe*' + HO' + OH 4.1)
Fe'' + H,0, — Fe*' + HOO + H' 4.2)
Fe** + HO'— Fe*" + OH 4.3)
HOO- + F&** - Fe®" + O, + H' (4.4)
HO' + H,0, - HOO' + H,0 4.5)
Fe*" + HOO" — Fe'* + O,H " (4.6)

In addition, HO" can attack high electron density sites as an electrophilic reagent and easily
carry out electrophilic addition reactions with the unsaturated bonds abundant in zw-bonded
molecules, such as alkenes, alkynes, aromatic compounds and fullerenes as well as graphene
[41]. The chemical reactivity of these species is mainly due to their C=C double bonds.
MWNTs are assemblies of concentric sp’ bonded carbon tubes made of rolled-up graphite
sheets, with n-bonding electrons in a carbon framework of nanotubes. MWNTSs have been
previously functionalized with the Fenton reaction and consequently, Fenton reagents for

modified epitaxial graphene were employed successfully.
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There are several operating parameters such as pH, dosage of H,0O, and Fe", temperature
and time, which can affect production of HO" and Fenton oxidation treatment of graphene.
When dosage of H,O, and Fe?* are low, the amount of HO- is low, too. Also, an excess of H,O,
or Fe** may be unfavorable to Fenton oxidation treatment for reduction of highly active HO".
The detrimental effect of excess H,O, can be explained with reaction (4.5), which shows that
H,0; can react with HO" like a scavenging agent, thus reducing the quantity of HO" present in
the system. In other words, HO, competes with graphene for the hydroxyl radical, reducing the

efficiency of HO" in modifying graphene [42].

Similarly, when Fe*" is in excess, large quantities of HO" are produced quickly in the initial
phase and bring about accumulation of HO'. Subsequently, their interactions produce water and
HOO», resulting in large loss of HO". Therefore, the ratio of H,O, and Fe** is an important

factor for Fenton oxidation treatment of graphene.

4.2 [Experimental Section

4.2.1 Materials and Reagents

Semi-insulating 4H-SiC substrates (nominally on-axis) were purchased from CREE.
Synthetic urine was prepared with urea, sodium chloride, potassium chloride and sodium
phosphate purchased from Sigma-Aldrich. N-Hydroxysuccinimide (NHS) and N-(3-
Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDAC), Di-tert-butyl dicarbonate
(t-BOC), sodium bicarbonate, bovine serum albumin (BSA), phosphate buffered saline (PBS),
Potassium hexacyanoferrate III (K;[Fe(CN)¢]), potassium hexacyanoferrate II (Ks[Fe(CN)])
trihydrate, and trifluoroacetic acid were all purchased from Sigma-Aldrich. Electrochemical
measurements of the surface modification were performed using an aqueous reference electrode
(Ag/AgCl) purchased from 1J Cambria Scientific Ltd and platinum (Pt) auxiliary electrode from
BASi. hCG protein was purchased from Abcam (UK). Anti-hCG antibody was supplied by Ig

Innovations.

4.2.2 Apparatus

Graphene growth was performed in a Jipelec Rapid Thermal Processing SiC furnace fitted
with a turbo molecular pump. The unit is designed for dopant annealing of silicon carbide

wafers, and can reach temperatures of up to 2000°C with a rapid ramp rate. Samples were
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loaded on a purified graphite susceptor. The furnace was fitted with a turbo molecular pump to
reach pressures down to 2 x 10 mbar, as measured with an ion gauge. An e-Line (Raith
GmBH) electron beam lithography system was used to define the graphene channels and
contacts of the sensor device. Plasma etching of the graphene device was performed in an
Oxford Instruments Plasmalab 80 Plus. Cyclic voltammetry measurements were performed
using an EmStat’ Palm Sens potentiostat with the graphene channel device as the working
electrode, a Pt auxillary electrode and Ag/AgCl reference electrode. Electrical measurements
were performed using a Semi Probe LA-150 probe station with a Keithley 2602A Source Meter.
Micro-Raman measurements were performed using a Renishaw InVia system with a 100mW
532nm excitation laser with approximately 10mW of power on the sample. X-ray photoelectron
spectroscopy (XPS) measurements were performed in a VG ESCAlab MKII with an Al X-ray

excitation source (Ka of 1486eV).

4.2.3 Graphene growth and device fabrication

4H-SiC wafers were cut into 10x10mm samples and cleaned using a standard RCA
procedure. Samples were etched in HF immediately prior to furnace growth to remove the
native oxide. Multilayer graphene (MLG) was grown on the C-face of 4H-SiC at 1650°C and a
vacuum of 10™mbar.

Electron beam lithography (EBL) followed by oxygen plasma etching (50sccm O, 7SmTorr
and 50W RF power, 60 seconds) was used to pattern graphene channel devices. A second EBL
exposure was used to define the sputtered Ti/Au metal contacts to the graphene device. A third
EBL exposure was used to define a window in PMMA, thus exposing only the graphene
channel and protecting the metal contacts and the SiC surface from any chemical exposure

during surface modification steps (see Chapter 3 section 3.7.4).

4.2.4 Hydroxylation of surface

The surface of the graphene channel devices was modified using the Fenton reaction,
yielding an —OH terminated graphene layer. Epitaxial graphene samples were immersed in a
solution of hydrogen peroxide and iron (II) sulfate, maintained at pH 3 for 30 minutes. Since the
reaction is strongly exothermic, iron sulfate powder was added to the solution incrementally and

allowed to settle before introducing the graphene sample (Figure 4.2).
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Figure 4.2 - Schematic of Fenton reaction.

Contact angle measurements taken before and after the -OH termination reaction showed
that the graphene surface changed from hydrophobic (90°) to hydrophilic (26°) following -OH

termination (Figure 4.3).

(A) (B)

1=11 543 B=2 56 H=1 30V=4 62A=91 5 ID=wat210(M1 063 B=4 37 H=0.61 V=4 91 A=31 7ID=wat2108

Figure 4.3 - Contact angle measurements before (A) and after (B) -OH termination.
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4.2.5 Electrochemical assays

Cyclic Voltammetry (CV) measurements were conducted in 5.0mmol/L of [Fe(CN)6]4' and
5.0mmol/L of [Fe(CN)6]4", prepared in PBS buffer, pH 7.4. For CV assays, the potential was

scanned from -0.7 V to +0.7 V, at 50mV/s. All assays were conducted in triplicate.

4.2.6 Antibody immobilization with APTES

The -OH terminated graphene surfaces were reacted in a solution 0of 40% (3-Aminopropyl)
triethoxysilane (APTES) in ethanol for 1.5 hours, to obtain an amine-terminated surface (Figure
4.4). Amine groups of the anti-hCG antibody were protected using Di-tert-butyl dicarbonate (t-
BOC) to prevent cross-linking and aggregation of antibodies. This also ensures that only the
amine-terminated surface of the graphene channel binds to the carboxylic group of the antibody

(Figure 4.5 and 4.6).

Hydroxylation Silanization

Graphene

-2EtOH

Figure 4.4 - Schematic ofcovalent attachment of 3-aminopropyltriethoxysilane (APTES) to the
hydroxyl-terminated graphene surface.
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R'NI> >U&SVK X+-0

1 equiv 1 equlv
by-products:
A Jc C02(g) HO-
H: carbon dioxide -t
V y 1 equiv tert-butanol
1 equiv
liquid/solid (mp: 25 °C)
bp: 82 °C
water soluble
Figure 4.5 - BOC protection in chemical synthesis of peptides.
Steps:

> The amine attacks a carbonyl site on di-tert-butyl dicarbonate (Boc20) resulting in
tert-butyl carbonate leaving as a leaving group.
> Tert-butyl carbonate picks up the proton from the protonated amine.

> Tert-butyl bicarbonate breaks down into C 02(gas) and tert-butanol.

(0]
H-O'ACF3
‘iexcess
JNHj OACF3
Y r

1 equiv
by-products: o< CO0Xg)
1 carbon dioxide
t-butyl cation 1 equiv
1 equiv
Figure 4.6 - BOC de-protection in chemical synthesis of peptides.
Steps:

> The tert-butyl carbamate becomes protonated.

> Loss of the tert-butyl cation results in a carbamic acid.
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» Decarboxylation of the carbamic acid results in the free amine.

The carboxylic groups of the antibody were activated using 50mmol/L. of N-(3-
Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDAC), and 25mmol/L. of N-
hydrosucchimide (NHS) (see Chapter 2 section 2.4.1.1). The EDAC generates an ester
derivative of the antibody, which is subsequently stabilized by NHS in order to prevent it from
undergoing hydrolysis and reverting back to the carboxylic acid. The ester derivative of anti-
hCG subsequently reacts with the amine-terminated graphene surface, forming a peptide bond.
The amine terminated graphene surface was exposed to a solution containing the activated

antibodies for 2 hours at room temperature.

Removal of the t-BOC protecting groups, restoring the NH, groups on the antibody was
achieved via cleavage of the amide bond between the t-BOC and the antibody using
trifluoroacetic acid (TFA) for 1 hour. This also hydrolyses the ester, generated by the activation
of the carboxylic groups by EDAC and NHS, back into carboxylic groups. Bovine serum
albumin (5% BSA in PBS) solution was subsequently applied for 10 minutes to the surface to

block non-specific binding of the target hCG molecule to any free surface-amine groups.

4.2.7 hCG binding

hCG suspended in synthetic urine was applied at increasing concentrations, ranging from
3.1mIU/mL to 28mIU/mL (0.62ng/mL to 5.62ng/mL) to the graphene channel. Each
concentration was applied to the surface for 15 minutes, followed by washing in PBS and

drying in nitrogen.

4.3 Results and discussion

4.3.1 Characterization of graphene devices

The thickness of the graphene overlayer was estimated by curve fitting the C,; core level
peak from the XPS spectra of graphene grown on SiC, and differentiating the components of
this peak related to the SiC substrate and the graphene layer respectively (Figure 4.7 C).
Assuming the graphene growth follows a Franck van der Merwe growth or layer-by-layer mode
[45], the intensity of the SiC buried layer would decay exponentially with the increase in

thickness of the graphene overlayer. This follows the propagation probability of the electrons
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through the solid [46], with the mean free path calculated as being 1.39nm [47]; thus the

graphene overlayer was estimated as being 3 layers thick.

0.90 0.90
s sIC

0.70 0.70 APTES
L 030

0.30 0.30

0.10 0.10
z

-0.10 -0.10
96 98 100 102 104 98 100 102

Binding energy (eV) Binding energy (ex')

0.90 0.90
0.70 0.70 — Graphene
APTES
0.50 0.50
0JO
0.10 0.10
AT 0.10
280 282 284 278 280 282 284 286 288
Binding energy (eV) Binding energy (eX)

Figure 4.7 - (A) XPS core level spectrum ofthe Si2p peak of an epitaxial graphene sample (grown on
SiC) before functionalization, in black measured data and in red fitted peak attributed to SiC (B) XPS
core level spectrum ofthe Si2p peak of an epitaxial graphene sample after functionalization, in black

measured data, in red fitted peak attributed to SiC and in blue fitted peak attributed to the silicon atom of
the APTES molecule (C) XPS core level spectrum ofthe Cu peak ofa graphene sample before
functionalization, in black measured data, in red fitted SiC peak and in blue fitted epitaxial graphene peak

(D) XPS core level spectrum ofthe CJs peak ofa graphene sample after functionalization, in black
measured data, in blue fitted graphene peak, in red fitted SiC peak and in green fitted APTES peak.

Raman measurements on graphene channels, performed after lithographic fabrication steps,
did not demonstrate any shifts due to contamination or damage to the graphene substrate. The
position of the G peak in the Raman spectrum (1583cm'l), as well as the attenuation of the SiC
substrate, as outlined in [48] were both used to determine the number of graphene layers, which
was found to be in agreement with XPS results. The SiC background was subtracted from all

Raman spectra to provide a clear comparison ofthe graphene peaks (Figure 4.9).
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4.3.2 Characterization of surface modification

XPS was used to confirm the attachment of the aminosilane on the surface via the analysis
of Siy,, Cis and Ny, peaks. Scans were performed with a pass energy of 10eV. Curve fitting of
the C,; and Si,, peaks was performed with a G/L ratio of 30%. The energy separation between
the C,, peak attributed to the SiC and the C,, peak attributed to the graphene was kept constant
between the two experiments (before and after exposure to APTES), along with the FWHM of
each peak.

Following APTES functionalization, the appearance of a nitrogen peak at 398.9¢V,
consistent with an amine group, and a secondary Si,, peak at 101.4eV (Figure 4.7A and B), not
present before functionalization, were observed. Taking into account the sensitivity factor of the
different core levels, the contribution of both the nitrogen peak and the secondary silicon peak
was found to be similar (Table 4.1), which is consistent with the 1:1 stoichiometric composition
of the aminosilane. In addition, all the peaks shift by -0.1eV, illustrating a Fermi shift, ergo a
modification of the surface properties.

Curve fitting of the C, peak after exposure to APTES showed the appearance of a third C
peak (in addition to the bulk SiC and graphene C;; peaks) which was attributed to the aliphatic
carbon atoms of the APTES molecule (Figure 4.7D). The contribution of these aliphatic carbon
atoms to the XPS spectrum is just over 7 times that from the nitrogen or the silicon atoms of the
APTES molecule. This is consistent with the stoichiometry expected when the APTES molecule
(which should contain 9 carbon atoms) is bound to the graphene surface, after having lost an
ethanol group, during the reaction with the hydroxyl-terminated surface. It was also observed
that the intensity of the graphene peak decreased slightly, suggesting a modification of some of
the sp® carbon atoms in the top most graphene layer to sp® hybridized carbon, due to the

functionalization with hydroxyl groups.
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Table 4.1 - Description of bonds and atomic abundances calculated from the fitted components of the
Cis, Si2pand N,score peaks from XPS measurement before and after functionalization with APTES.

GRAPHENE APTES
Peak Sensitivity Measured Actual Measured Actual
factor area contribution % area contribution %

Cls SiC 0.25 2884 28.9 1235 23.8
Cis graphene 0.25 3231 32.4 1202 23.1
Cls APTES 0.25 0 0 892 17.2
Si2p SiC 0.27 4172 38.7 1725 30.7
Si2p APTES 0.27 0 0 156 2.8
N APTES 0.43 0 0 212 2.4

Chemical modification of graphene channels (the working electrode) can be measured by
monitoring the changes in the electron transfer properties of the redox system [Fe(CN)6] 3 4
using cyclic voltammetry (CV). These studies are based on the assumption that the [Fe(CN)6]3
4 redox reaction is a simple, reversible electron transfer reaction. The ferri/ferrocyanide couple
provides an ideal electrochemical probe for the study of chemically modified surfaces, since its

reduction and oxidation both proceed via simple one electron transfer redox processes [49].

Fe,(CN),.5 Fe2(CN)E (4.9)

The obtained CV results from the hydroxyl-terminated graphene electrode before (control)
and after modification with APTES are presented in Figure 4.8. The redox peak current of the
control sample, corresponding to the oxidation potential of Fe(ll), was at 464mA. The peak
current reduced to 110mA for the APTES modified sample. This 354mA shift of the redox peak
indicates successful chemical modification of the surface with APTES as the formation of the
C-0O-Si bond, between the graphene electrode and the APTES molecule, impedes the transfer of

electrons between the electrode surface and the [Fe(CN)6]3 4 electrolyte.
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Figure 4.8 - Cyclic Voltammograms measurements before (m=— ) and after (— ) APTES

attachment.

Raman measurements were performed to monitor the effect of hydroxylation and APTES
functionalization on the Raman spectrum of graphene (Figure 4.9). A notable increase in the D
band intensity at ~1350cm'lwas measured after APTES attachment, with the ratio of the D (sp'
bonded C) to G (sp2 bonded C) Raman peaks, 1(D)/I(G), increasing from -0.08 to -0.8 after -
OH and APTES modification. This can be understood as an increase in sp3 hybridized carbon in
the graphene layer, resulting from the functionalization reaction. This has been previously
reported by Lee at al. [50], for the modification of exfoliated graphene with diazonium salts.

Raman mapping measurements were performed to assess any inhomogeneities in the
APTES attachment. These mapping measurements of 1(D)/I(G) indicated that APTES attached
preferentially at the edges of the graphene channel, which may be caused by preferential

hydroxylation of edge and defect sites during the Fenton reaction (Figure 4.10).
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Figure 4.9 - Raman spectrum of graphene before ( ) and after (— ) APTES functionalization.

Figure 4.10 - Raman map of APTES modified epitaxial graphene channel. The intensity ofthe D
band (-1350 cm'l) is shown in red. After modification, the variation in D peak intensity increased, with

the average D peak intensity also increasing. Presence ofthe APTES peaks correlated strongly with

regions with higher D band intensity. It follows that APTES attachment occurs preferentially in areas
with a higher concentration of-OH groups.
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SEM and AFM were used to image the graphene surface before and after modification.
Morphology of the graphene surface before modification is consistent with reports in the
literature [51] for graphite capped C-face EG growth. The number of graphene layers on the
surface varies considerably, with bare SiC visible in some regions between long terraces with
graphene coverage in the centre of the sample. At the extremes of the sample, growth is
considerably thicker, with some regions graphitic in nature. Representative areas from the centre

of the sample before modification are shown in Figure 4.11 (AFM) and Figure 4.12 (SEM).

APTES is clearly visible after surface modification of MEG. Representative areas from the
centre of the sample are shown in Figure 4.13 (AFM) and Figure 4.14 (SEM). Farger
accumulations of APTES are visible; their location does not appear to be completely random,
but instead preferential towards the edges of the graphene ribbons and other features on the

surface.
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Figure 4.11 - AFM scan before modification.
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Figure 4.12 - SEM scan before modification.

Figure 4.13 - AFM scan after APTES modification.
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Figure 4.14 - SEM scan after APTES modification.

4.3.3 Analytical performance o fthe sensor

Current-voltage characterisation of the graphene channel device was performed after each
step of the surface modification process; from pristine graphene to anti-hCG attachment, to
application of hCG. The initial APTES attachment showed an increase by a factor of 4 in the
channel resistivity, which is to be expected considering that covalent attachment to the surface
induces a large amount of lattice defects (sp3sites) into the graphene lattice, as evidenced by the
Raman spectra in (Figure 4.9). These defect sites enhance the scattering of charge carriers, thus
reducing carrier mobility [52].

Epitaxial graphene samples have been characterized as both n-type or p-type (doped by the
contact metal, depending on the work function of the metal) by different groups - depending on
the growth conditions used [53]. In addition, the chemical functionalization of graphene may
also influence the carrier type in graphene. The attachment ofthe negatively charged antibody is
equivalent to a negative potential gating of the graphene channel, which if the graphene is n-
type, would reduce the carrier density and thus the conductivity in the device.

Analogous sensing mechanisms have been outlined in [54] for the detection of negatively
charged bacterial attachment to a p-type graphene-amine surface, whereby the hole current was
increased by the negative gating potential. This mechanism is therefore similar to that of a
graphene chemFET. Defective graphene and graphene influenced by extrinsic defects from the
substrate, is reported to be particularly sensitive to this potential gating effect [55], whereas
pristine (defect-free) graphene is not strongly sensitive to this sensing mechanism. The presence

of defects in graphene causes the current modulation from chemical gating to be enhanced.
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translating into superior sensitivity in chemFETS. Graphene grown on the C face of SiC is not a
flat, uniform layer, but instead commonly grows into step-bunched terraces [56]. It is likely that
structural defects from the epitaxial graphene growth, and chemical defects from the
hydroxylation (Fenton) step, both contribute to the sensitivity of the current modulation from
binding of the antibody.

Exposure of the antibody functionalized graphene sensor to the hCG antigen acts to increase
the resistance across the channel. Indeed, increasing the concentration of hCG results in further
increases in the graphene channel resistance, indicating that hCG was bound to the sensor. After
exposure to concentrations above 5.62ng/mL, the sensor response saturated, indicating that the

active receptor sites had been occupied by the bound antigens (Figure 4.15).

4.3.4 Sensitivity, selectivity and linearity of the sensor

Analysis of the biosensor response to hCG was carried out using varying concentrations of
hCG in synthetic urine at pH 6.8. The sensor device showed detectable changes in channel
resistance (increasing resistance) (Figure 4.15), upon exposure to hCG. The sensor had a linear
response of 142Q/ng/mL over the concentration range (0.62 to 5.62ng/mL) with a limit of
detection (LOD) of 0.62ng/mL (3.1mIU/mL). This range was chosen because the normal
urinary concentration range of hCG in pregnant women is SmIU/mL to 117000mIU/mL in
clinical samples [57]). The graphene biosensor is thus more than sufficiently sensitive to detect
the lower limit of hCG in clinical samples. For comparison, Manlan Tao ef al. reported an hCG
immunosensor with a LOD of 12mIU/mL, which is linear in the range 25 to 400mIU/mL [58].

Optimization of the sensor or use of multiple sensors would be required in order to span the
relevant clinical concentration range. Synthetic urine with no hCG analyte induced a small
amperometric change in the device, probably due to the electrolytic gating effect.

The unmodified graphene device had a two-terminal resistance of 62€Q. This has no
measurable response to hCG. After antibody attachment, the channel resistance increased by
16% on exposure to synthetic urine media (Figure 4.15, inset bottom right). Exposure to the first
concentration of hCG (3.1mIU/mL) further increased the channel resistance by 43%. The final
concentration of hCG (5.62mIU/mL) increased the channel resistance by 68% relative to the
value in media. After antibody attachment, urea and cortisol were exposed to the antibody-
modified graphene channels to measure the sensor selectivity to hCG. A negligible response
was measured (Figure 4.15, inset top left) to both urea and cortisol. The sensor response
(measured resistance) to urea and cortisol both vary by less than 20 Ohms, which is within the
experimental error margin of the sensor. This is well below the response measured for hCG,
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where the measured resistance increases by 620 Ohms over the same concentration range. This
indicates that there is little if any non-specific binding from urea or cortisol and that hCG
produces a clearly detectable and specific response in the sensor.

Figure 4.15 illustrates that the sensor response to hCG is linear and is repeatable in identical

graphene sensors.
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Figure 4.15 - hCG concentration as a function ofthe resistance across a 100(.tmx4mm graphene
channel. Urea and cortisol concentration as a function ofthe resistance across the channel (inset, top left).
The I-V characteristics are plotted (inset, bottom right) for the unmodified device ( — ), amine
terminated graphene surface (—— ), and AB attachment (“—).

4.3.5 Comparison with ELISA

ELISA tests are a standard technique for detecting the presence of an antigen within a
sample (see Chapter 2 section 2.2.1). The sandwich ELISA provides high specificity by
capturing an antigen with a specific antibody immobilized on a solid surface. The antigen
becomes immobilized and it can be detected by a second antigen specific antibody termed the
detection antibody. Detection is accomplished by assessing the activity of a conjugated enzyme

antibody, specific to the detection antibody, via incubation with a substrate to produce data
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detectable change, usually through a color change. The most crucial element of the detection
strategy is a highly specific antibody-antigen interaction.

A sandwich ELISA was developed using the sheep anti-hCG antibody as detection
antibody to compare the sensitivity of an ELISA to that of the amperometric biosensor. The
ELISA test was performed under the same conditions (temperature, primary antibody
concentration) as used for the amperometric sensor. A detection limit of 78mIU/mL
(15.6ng/mL) was obtained using the ELISA method — this is 30 times less sensitive than the

amperometric graphene sensor.

4.4 Conclusions

APTES functionalization, for amine termination of epitaxial graphene in order to attach
antibody bioreceptors, has been used in the fabrication of an amperometric immunosensor. The
sensor is capable of selectively detecting the hormone hCG. This epitaxial graphene biosensor
device has been demonstrated to be capable of detecting hCG concentrations as low as
0.62ng/mL, 30 times more sensitive than an ELISA test performed under the same conditions.
Since the attachment mechanism uses non-specific sites of the antibody (i.e. carboxylic groups)
to bond to the NH, terminated surface, this method could potentially be adapted to attach other
antibodies for the detection of other biomarkers. Thus, the APTES-modified graphene channel
devices offer an easily adaptable, generic sensing platform for detection of a range of target

biomarkers.
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CHAPTER S

“I walk slowly, but I never walk backward”
Abraham Lincoln (1809-1865), 16" President of the USA

Nanocomposites of chitosan and gold nanoparticles cast on graphene
and bound to antibodies for label-free human chorionic gonadotropin

detection

The next three chapters describe a variety of techniques used to develop SPE graphene and
CNT’s sensors. The techniques use an intermediate layer to which antibody bioreceptor were

attached.

5.1 Introduction

Immunosensors are analytical techniques that can detect a wide range of analytes, including
pathogens [1], drugs [2], bacteria [3], toxins [4], biomarkers [S] using antigen - antibody
interactions. Immunoassays and immunosensors based on antibodies have been used over thirty
years and are still among the most important diagnostic tools, which are widely used in medical
diagnostics, environmental analysis, forensic medicine [6, 7]. Antibodies are used as probes in
immunosensors [8, 9]. The major type of immunosensor relies on the ability of an immobilized
antibody to recognize and to bind its associated target, which is known as an antigen. Recently,
electrochemical impedance spectroscopy (EIS) [10] has been used for the direct monitoring of
antigen-antibody interactions. The efficient immobilization of an antibody on the solid surface of
assay chips is an essential step in the preparation of these biosensors [11]. Physical adsorption
proves to be the easiest immobilization method, but often suffers from random orientation and
denaturation of immobilized antibodies, yielding poor reproducibility. More-stable
immobilization of antibodies is obtained by covalent attachment. Furthermore, this
immobilization method yields better sensor reproducibility. To develop an immunosensor with

high performance, oriented immobilization of antibodies is preferable [12]. The advantages of
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oriented immobilization are 2-8 times higher antigen-binding capacity, which results in higher

sensitivity of immunosensors and in many cases increased stability [13].

One of the best ways to achieve oriented immobilization of antibody molecules is their
immobilization on a sublayer consisting of Fc-binding receptors, which specifically bind the F.-
part of antibody molecules [14, 15]. The current standard method of immobilizing antibodies to
surfaces involves noncovalent physical adsorption to a detection surface through nonspecific
hydrophobic interactions (physical adsorption method) [16-18]. This method, however, results in
randomly oriented antibody molecules on the detection surface and yields ~90% antibody that
has an inactive orientation due to steric blocking of the antigen binding sites [10, 19]. A common
alternate method involves nonspecific chemical immobilization to amine reactive surfaces by
utilizing the lysine side chain amino groups present on the surface of antibodies (s-NH’* method)
[20, 21]. An essential task for the development of amperometric immunosensors is the efficient

and effective immobilization of biomolecules [22].

Chitosan (CS) (Figure 5.1), a natural polymer product, is derived from chitin via deacetylation
with alkali. Its excellent film forming and adhesion ability, together with non-toxicity and
biocompatibility makes it a promising matrix for biomaterial immobilization [23]. The
electrodeposition method is simple, controllable and reproducible for film Chitosan preparation
[25]. Moreover, other substances such as gold nanoparticles (AuNPs), MWNTs and even
enzymes can be effectively entrapped within CS to form biocomposites during the deposition
process [24, 26]. At a constant electrodeposition potential, protons are consumed at the cathode,
resulting in a pH gradient established in the vicinity of the surface. Another advantage of this new
hybrid material is the widely present amino groups in chitosan molecules, thus, providing a

hydrophilic environment which is compatible with biomolecules [25].

OH OH OH

HO fo}

NH, NH, NH,

— —n

Figure 5.1 - Chemical structure of chitosan.

142



Nanocomposites of chitosan and gold nanoparticles cast on graphene and bound to antibodies
for label-free human chorionic gonadotropin detection

Electrochemical immunosensors using advances in nanomaterials are increasingly being used
for biosensing applications [27]. In this context, carbon-based nanomaterials are gaining interest
as an alternative to gold electrodes. Different carbon nanostructures, with different inherent
electrical properties have been used in electrochemical immunosensors including CNTs [28, 29]
and more recently (since 2005) graphene [30]. Graphene displays a combination of interesting
properties, such as large surface area, high electrical conductivity and biocompatibility [31-38].
Heterogeneous electron transfer (the transfer of electrons between graphene and molecules in
solution, necessary for the oxidation/reduction of said molecule) occurs at the edges of the
graphene or at defects in the basal plane [39]. Additional defects are also introduced by
functionalization, required to immobilize biomolecules, including antibodies, on to graphene. The

antibodies act as biological receptors in immunosensors.

5.2  Experimental Section

5.2.1 Materials and Reagents

All chemicals used were of analytical grade and water was de-ionized. Potassium
hexacyanoferrate I1I (K3[Fe(CN)6]) and potassium hexacyanoferrate 11 (K4[Fe(CN)6]) trihydrate
and magnesium chloride were obtained from Riedel Haen; Chitosan and AuNPs were obtained
from Sigma. Acetic acid was obtained from Carlo Erba. N-Hydroxysuccinimide (NHS) and
creatinine was obtained from Fluka; N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDAC) and Bovine serum albumin (BSA) were obtained from Sigma; Phosphate
Buffered Saline (PBS) Tablets were obtained from Amresco. hCG protein was purchased from
Abcam (UK). Anti-hCG antibody was supplied by Ig Innovations. Ammonium chloride and
calcium chloride were obtained from Merck. Sodium dihydrogen phosphate was obtained from

Scharlau. Potassium sulphate and sodium chloride were obtained from Panreac.

Firstly, a 1% (v/v) acetic acid solution was prepared in D. 1. Water. Chitosan was then added
to obtain 0.1% (w/w) solution. Finally, AuNPs were also added to obtain a 1% (v/v) solution.
PBS solution was prepared by dissolution of 1 tablet of PBS in 100mL of D.I. Water. EDAC,
NHS and antibody solutions were prepared in this buffer. Synthetic urine was prepared with
creatinine (5.3x10°M), magnesium chloride (9.8x10M), calcium chloride (6.80x107"M), sodium
dihydrogen phosphate (3.2x10°M), ammonium chloride (3.3x10°M), potassium sulphate
(3.94x10°M) and sodium chloride (6.52x10°M).
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522 Apparatus

Electrochemical measurements were conducted with a potentiostat/galvanostat from Metrohm
Autolab PGSTAT302N (Figure 5.2), with Frequency Response Analysis (FRA) module,
controlled by Nova software. Graphene-SPEs were purchased from DropSens (DRP-110GPH),
having a counter electrode of Platinum (Pt), a reference electrode of Ag/AgCl, and a working
electrode of printed graphene of 4 mm diameter. The Graphene-SPEs were interfaced with the
potentiostat/galvanostat via a switch box (Figure 5.3), also from DropSens (DRP-DSC). Fourier
transform infrared spectroscopy (FTIR) measurements were performed using a Thermo Scientific
Smart iTR Nicolet iSIO, coupled to the Attenuated Total Reflectance (ATR) smart accessory,

from Thermo Scientific.

Figure 5.2 - Autolab PGSTAT302N.
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Figure 5.3 - Switch box.

5.2.3 Proceduresfor immunosensor assembly

The chitosan (CS) film was obtained by electrodeposition of chitosan on the graphene-SPE
surface using chrono amperometry (CA). The three-electrodes of the SPE were covered by a

solution 0fO.1% of chitosan and 1% of AuNPs. A potential of -2.5V was applied for 120 sec.

In parallel, an antibody solution of 200pg/mL was mixed with 25mmol/L EDAC, and
S50mmol/L of NHS, for 2 hours at room temperature. A drop of this resulting solution was then
placed on the CS-AuNPs/graphene-SPE surface. After 2 hours at room temperature, the electrode
was rinsed and a drop of BSA solution (0.5mg/mL in PBS buffer) was added for 30 minutes. The

immunosensor was then washed with PBS buffer.

5.2.4 hCG Binding

hCG binding to the antibody on the immunosensor was achieved by placing a drop of the hCG
solution on the sensor surface. Different concentration of hCG solutions, ranging from 0.01 to
100ng/mL, were prepared by dilution ofthe 250ng/mL standard hCG solution in PBS or synthetic
urine. hCG was also detected in real urine samples from pregnant woman. A period of 20 minutes
was allowed for antigen/antibody binding. This was followed by PBS washing prior to redox

probe E1S measurements.
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5.2.5  Electrochemical assays

CV measurements were conducted in 5.0mmol/L of [Fe(CN)6]*"™*"

, prepared in PBS buffer, pH
7.4. In CV assays the potential was scanned from -0.7V to +0.7V, at 50mV/s. All assays were
conducted in triplicate.

3-/4- ata

EIS assays were also conducted in triplicate with the same redox couple [Fe(CN)6]
standard potential of +0.10 V, using a sinusoidal potential perturbation with amplitude of 100mV
and a frequency equal to 50Hz, logarithmically distributed over a frequency range of 100000Hz-
0.1Hz. The impedance data were fitted to a R(RC) circuit equivalent to a Randles circuit using the
Nova Software. The Randles equivalent circuit, R(RC), is one of the simplest and most commom
equivalent circuit models. It includes a solution resistance (Rp), a double layer capacitor (Cy) or a
constant phase element (CPE), and a charge transfer (Rcy) or a polarization resistance (R,). This
model assumes that the double layer capacitance is in parallel with the charge transfer resistance.
In addition to being a useful model in its own right, the simplified Randles equivalent circuit is
often the starting point for other more complex models. The Nyquist plot for a simplified Randles
equivalent circuit is always a semicircle. The solution resistance (Rg) can be found by reading the
real axis value at the high frequency intercept. This is the intercept near the origin of the plot. The
real axis value at the other intercept is the sum of the solution resistance and the charge transfer
resistance (Rg + Rcr). The diameter of the semicircle is therefore equal to the charge transfer

resistance [40].

The immunosensor response to varying hCG concentrations was assessed by EIS
measurements. The hCG solutions ranged from 0.01 to 100ng/mL in concentration, and were
prepared either in PBS buffer pH 7.4 or in synthetic urine. The limit of detection (LOD) was

calculated using the interception of the linear range slope with the non-linear range.

5.3 Results and discussion

5.3.1  Immunosensor assembly

Surface modification was achieved by an electrochemical oxidation followed by an
electrodeposition of chitosan with AuNPs on a graphene electrode (Figure 5.4 and 5.5A and B),
thus yielding surface amine groups on the CS/AuNPs-graphene electrode. These amine groups are
used to bind the anti-hCG to the modified graphene SPE.
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The next stage was antibody binding to the amine-terminated surface. An antibody is a protein
that has many functional groups capable of adsorbing to an amine-terminated surface, meaning
that the antibody solution could simply be placed above this layer. However, this procedure
would lead to a random position of the antibodies over the surface, which in turn would implicate
that many antibodies had been deactivated or partially deactivated through stereochemical
constrains for antigen binding. Antibodies were first activated by EDAC and NHS chemistry. The
reaction of -COOH with EDAC formed a highly reactive O-acylisourea unstable intermediate
that reacted later with NHS to produce a more stable active ester [41]. This ester underwent
nucleophilic substitution reaction with any amine group on the protein, resulting in the formation
of an amide bond between antibody and amine-terminated surface. This layer was washed with

PBS pH 7.4 in order to remove unbound protein from the surface (Figure 5.5C).

Ab Ab Ab

HO

Figure 5.4 - Illustration of Graphene coated with an antibody-modified chitosan layer.
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(A) Ocxidation (B) Electrodeposition
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(E) hGG Binding (D) BSA Blocking

Figure 5.5 - Schematic illustration ofthe immunosensor assembly.

The final stage of the assembly was devoted to blocking any free amine sites which could
otherwise allow non-specific binding to biomolecules other than hCG. Amino groups were
blocked by adding BSA (Figure 5.5D), a simple and low-cost protein, to the sensor surface. BSA
adsorbed to regions of non-specific protein binding, preventing subsequent binding of the
compounds different than HCG. At the same time, this reaction deactivated the carboxylic
functions that remained active after antibody binding, also contributing to eliminate side-

responses from the immunosensor.

5.3.2  Electrochemicalfollow-up ofthe immunosensor

The chemical modifications taking place at graphene surface were monitored using CV and
EIS (Figure 5.6), characterising changes in electron transfer properties against the redox probe
[42]. The EIS data were analyzed by Nyquist plots. Nyquist plots showed the frequency response
of the electrode/electrolyte system and area plot of the imaginary component (Z") of the
impedance against the real component (Z'). The charge-transfer resistance (Ret) at the electrode
surface is given by the semicircle diameter obtained in EIS and can be used to define the interface
properties of the electrode. The graphene surface showed a small semicircle at the Nyquist plot,

which indicated the presence of a very fast electron-transfer process.
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Figure 5.6 - CV data taken at each stage ofthe assembly of the immunosensor (A) and EIS spectra of
each stage (B). (A) CV record after modification of Chitosan/AuNPs/Graphene-SPE with antibody and
BSA: (B) Nyquist plots of BSA/anti-hCG/CS/Graphene-SPE sensor, obtained in 5.0 mM [Fe(CN)6]3 4 PBS
buffer pH 7.4.

CV analysis of the formation of a CS/AuNPs layer on graphene, via electrodeposition, yielded
an increase in current (Figure 5.6A). Electrochemical data, obtained by using an iron redox probe
with the newly formed CS/AuNPs layer, showed Nyquist plots where the Rct increased compared

to unmodified graphene. This is in agreement with the EIS data (Figure 5.6B).

Subsequent Antibody and BSA binding (both proteins) promoted substantial increases in the
barrier to the redox probe accessing the CS/AuNPs/graphene-SPE surface, thus leading to
additional increases in Ru. CV assays supported the results of EIS studies (Figure 5.6B), with
decreased current peaks after protein binding and an increase in the peak-to-peak potential

separation.

The CS/AuNPs composition gives superior sensitivity to the CS graphene sensor without
AuNPs. The reasons for the superior sensitivity are currently not certain but the following
suggestions are presented as possible explanations: 1) increased conductivity of the composite
layer compared with CS layer (however this seems to be unlikely since a conductive film would
intrinsically have a lower impedance. 2) Due to the charge transfer between graphene and
adsorbed molecules from the AuNPs to the graphene layer, the surface enhancement typically
comes from a chemical mechanism based on a charge transfer between the molecule and the

substrate. It is a short-range effect which usually requires the molecule to be close enough to the
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substrate. This contributes to the overall enhancement. Further work it is required for fully

understands this mechanism.

5.3.3 Analytical performance o fthe sensor

Figure 5.7A shows the Nyquist plots of the immunosensor Ab/CS/AuNPs/graphene-SPE
against increasing hCG concentrations. The concentration range of hCG used for calibration was
0.1 and 25ng/mL and these solutions were prepared in PBS. The corresponding calibration curve
was plotted as Ra (extracted from the Nyquist plots) against the logarithm of the hCG
concentration (inset of Figure 5.7A). Figure 5.7A (inset) shows, R", increases logarithmically over
the 0.1 to 25ng/mL concentration range. The average slope of the Ra versus logfhCG] was
0.129kH/decade hCG with an R2correlation coefficient 0f 0.95. The limit of detection (LOD) was

determined as 0.1 ng/mL.
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Figure 5.7 - Calibration curve of the immunosensor. (A): Nyquist plots of BSA/anti
hCG/Chitosan/Graphene-SPE sensor, in 5.0 mM [Fe(CN)6]' 4 PBS buffer pH 7.4, previously incubated in
increasing concentrations of hCG. (B): Nyquist plots of BSA/anti-hCG/Chitosan/Graphene-SPE sensor, in
5.0 mM [Fe(CN)6]3 4'synthetic urine buffer pH 6.5, previously incubated in increasing concentrations of
hCG.

5.3.4 Selectivity o fthe sensor

Typically, selectivity is assessed by evaluating the effect of compounds present in the test
solution, other than the target analyte (hCG), on the analytical response of a sensor device. To
simulate the effect of real biological conditions, and ascertain the effect of urine on the
performance of the sensor, the immunosensor was exposed to solutions of synthetic urine spiked
with hCG. The selectivity of the sensor was thus investigated by monitoring its response to the
synthetic urine. The synthetic urine was prepared according to recipes from [43] and contained
creatinine, magnesium chloride, calcium chloride, sodium dihydrogen phosphate, ammonium

chloride, potassium sulphate and sodium chloride.

Figure 5.7B shows the Nyquist plots obtained by calibrating the immunosensor in increasing
concentrations of hCG prepared in synthetic urine. Linear responses were observed from log
[0.01 to 5 (ng/mL)], with a slope of 0.353kO/[hCG, ng/mL]. Comparing the calibration in PBS,
the sensitivity was slightly decreased and the LOD was superior, but the upper concentration limit

was higher. Overall, the analytical response of the immunosensor was slightly changed, although
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the overall performance was unexpectedly enhanced. No interference in the sensor was observed,

suggesting its successful application in real urine samples.

5.3.5 Application to urine samples

The values of hCG in real urine samples were determined by EIS measurements after
calibration of the Ab/CS/AuNPs/graphene-SPE device. The Nyquist plots obtained are shown in
Figure 5.8, along with the corresponding calibration curve. The sensor exhibited linear behaviour
from log [0.01 to 5 (ng/mL)], when the standard hCG solutions were prepared in urine of non-
pregnant women. When another sensor Ab/CS/AuNPs/graphene-SPE was tested using urine of
pregnant woman, the obtained concentration was 3.5ng/mL (17.4mIU/mL), which corresponded
to a pregnancy period lying within 3 weeks to 5 weeks, which is also in agreement with the
patients term of pregnancy status. The shape of the Rd curve was similar to that of the standards
(Figure 5.8), suggesting that the system was operating well when applied to real sample

conditions.
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Figure S. 8 - Calibration curve ofthe immunosensor in real urine. Rct values extracted from the
Nyquist plots against log hCG concentration.
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5.4 Conclusions

In summary, a new impedimetric biosensor for hCG was fabricated based on antibody—antigen
binding to a CS-modified screen-printed graphene electrode. In this work, it was shown that CS
was successfully deposited on graphene-SPE. The simple approach for antibody binding, enabled
attachment of the antibody to the sensing layer, and provided excellent reproducibility and
stability. The electrode impedance increased linearly with increasing log hCG protein
concentration and was not significantly affected by interference from chemical components

present in synthetic urine.

The sensor has been used to successfully detect hCG concentrations in the urine of pregnant
women, which concurs with the pregnancy status. The presented results and the accuracy and
precision of the analytical data from the Antibody/CS modified graphene sensors proposed in this

work, suggest that these sensors may be used in POC diagnostics in a near future.
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CHAPTER 60

“Experiments are the only means of knowledge

at our disposal. The rest is poetry, imagination”

Max Planck (1858-1947), German Theoretical Physicist

Label-free human chorionic gonadotropin detection at picogram
levels using oriented antibodies bound to graphene screen printed

electrodes

The immunosensor development reported in this chapter is simpler than the others sensors
devices developed in this thesis, produced via modification of a disposable graphene-SPE surface
with an amine layer polyaniline (PANI1), which preserves the chemical structure of graphene and
allows subsequent binding of the bioreceptor antibody, anti-hCG to this layer. The amine layer is
obtained by in situ electropolymerization of aniline on the graphene - SPE electrode. The amine
groups of the PAN I can react with the -COOEI groups at the Feregion of the antibody, activated
by carbodiimide chemistry, to ensure successful antibody binding. The antibody is bound to the
PANI1 through its Fc terminal (thus allowing the paratope regions free to bind to the antigen
epitopes) (see Chapter 2, section 2.4.1). The resulting biosensor has been evaluated using EIS,

and utilised in the detection of hCG in biological samples.

3 S Teixeira. S Conlan. O Guy. MGF Sales. Label-free human chorionic gonadotropin detection at picogram levels using

oriented antibodies bound to graphene screen printed electrodes. Journal of Materials Chemistry B. 2014. 2.1852-1865.
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6.1 Introduction

Immunoassay techniques using a specific molecular interaction between antibody and antigen
have become the dominant clinical test methods for antigen detection. Alternative immunoassay
detection methods include radioimmunoassay, enzyme-linked immunosorbent assay (ELISA),
fluoroimmunoassay, chemiluminescent  immunoassay, and electrochemiluminescent
immunoassay [1]. Despite their sensitivity, precision and selectivity, these techniques suffer from
several drawbacks that include radiation hazards, long test times, high costs, the need for
qualified personnel and sophisticated instrumentation to perform the assays. Furthermore,
existing diagnostic tests (e.g., microtiter-plate ELISAs) may not be sensitive enough for screening
a wide range of proteins at low concentrations, with optical detection suffering from interference
from other luminescence molecules. Also, single-analyte immunoassays are not fast enough for
high-volume throughput [1]. New immunoassay systems for sensitive, selective, low-cost, multi-
analyte and high-throughput immunoassay have therefore attracted considerable interest, leading
to the integration of immune-reactions into electrochemical biosensors.

In electrochemical immunosensing, direct detection of antibody-antigen recognition is usually
not possible and electrochemically redox couples are often employed [2]. Colloidal gold/silver,
semiconductor nanoparticles, and marker loaded nanocarriers (carbon nanotubes, apoferritin,
silica nanoparticles, and liposome beads) have all been used as labels [3]. However, this is a
complex and quite expensive procedure.

In contrast, electrochemical impedance spectroscopy (EIS) can be used to directly measure
the effect of the antigen binding on the resistance to charge-transfer across the electrode surface.

Electrochemical immunosensors using advances in nanomaterials are increasingly being used
for biosensing applications [4]. In this context, carbon-based nanomaterials are gaining interest as
an alternative to gold electrodes. Different carbon nanostructures, with different inherent
electrical properties, have been used in electrochemical immunosensors including CNTs [5] and
more recently (since 2005) graphene [6].

Graphene displays a combination of interesting properties, such as large surface area, high
electrical conductivity and biocompatibility [7-14]. Heterogeneous electron transfer (the transfers
of electrons between graphene and molecule in solution (necessary for the oxidation/reduction of
said molecule) occurs at the edges of the graphene or at defects in the basal plane [2]. Additional
defects are also introduced by functionalization, required to immobilize biomolecules, including
antibodies, on to graphene. The antibodies act as biological receptors in immunosensors. Direct

functionalization can affect the performance of the graphene electrode — by significantly reducing
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the carrier mobility in the graphene. Overall, graphene is employed within a quite complex
chemistry to produce specific composite nanomaterials. These nanomaterials are in turn involved
in the assembly of immunosensors including several consecutive layers, increasing the risk of
device failure in routine testing. Furthermore, chemically modified positions in graphene may
hinder the excellent electronic transfer ability of this carbon matrix for changing the carbon
hybridization from sp” to sp’, thereby interrupting the path of conjugated & electrons.

An alternative way of attaching the bioreceptor antibodies to the sensor electrode is through
grafting to an intermediate layer such as pyrene [15] or polyaniline which is deposited on top of
the graphene electrode [16]. This avoids the introduction of defects into the graphene substrate
and preserves graphene’s electrical characteristics [17]. Intermediary pyrene or polyaniline layers
allow efficient electron transfer to the graphene electrode. Correct orientation of the antibody on
the PANI-graphene support is crucial, to ensure that the two binding sites in each antibody are
free for antigen binding and that antibody activity is preserved after grafting.

Thus, this work proposes a new immunosensor set-up, where the antibody is directly attached
to a PANI-modified screen-printed graphene electrode, and used to detect human chorionic
gonadotrophin (hCG) using label-free EIS measurements.

At present, conventional methods for determining hCG are immunoradiometric assays
(IRMA) and enzyme-linked immunosorbent assays (ELISA) [18]. IRMA is extremely sensitive,
but involves radiation hazards, complicated washing procedures and is expensive, while the
ELISA is less sensitive but time-consuming. Various electrochemical immunosensors for hCG
measurements have also been reported recently, but only few of these use graphene [19-22]. The
detailed process involved in the assembly of these immunosensors and the relevant chemical
course/data for hCG determination have been resumed in table 1 in Chapter 2. Finally, the overall
processes for hCG detection is especially complex when labeled nanomaterials are employed,

requiring as well longer times for reaching a response.

6.2  Experimental Section

6.2.1 Materials and Reagents

All chemicals used were analytical grade and water was de-ionized. Potassium
hexacyanoferrate III (K3[Fe(CN)¢]) and potassium hexacyanoferrate II (K [Fe(CN)¢]) trihydrate
were obtained from Riedel Haen; N-Hydroxysuccinimide (NHS) was obtained from Fluka; N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDAC), bovine serum albumin
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(BSA), and aniline were obtained from Sigma; phosphate buffered saline (PBS) tablets were
obtained from Amresco. The hCG protein was purchased from Abcam (UK). The anti-hCG
antibody was supplied by Ig Innovations.

A 0.IM aniline solution was prepared in 2.5M H,SO,. PBS solution was prepared by
dissolution of 1 tablet (1814.5 - 2005.5mg/tab) of PBS in 200mL of D.I. Water. EDAC, NHS and
antibody solutions were prepared in this buffer. Synthetic urine was prepared with creatinine
(5.3x10°M), magnesium chloride (9.8x10"M), calcium chloride (6.80x10"M), sodium
dihydrogen phosphate (3.2x10°M), ammonium chloride (3.3x10°M), potassium sulphate
(3.94x10°M) and sodium chloride (6.52x10°M).

6.2.2  Apparatus

Electrochemical measurements were conducted with a potentiostat/galvanostat from Metrohm
Autolab PGSTAT302N, with Frequency Response Analysis (FRA) module, controlled by Nova
software. Graphene-SPEs were purchased from DropSens (DRP-110GPH), having a counter
electrode of Platinum (Pt), a reference electrode of Ag/AgCl, and a working electrode of printed
graphene of 4mm diameter. The Graphene-SPEs were interfaced with the potentiostat/galvanostat
via a switch box, also from DropSens (DRP-DSC). Raman measurements were performed using a
Thermo Scientific DXR Raman microscope system with a 100 mW 532 nm excitation laser, and
spectra were recorded using 5 mW power and 50um pinhole aperture. Fourier transform infrared
spectroscopy (FTIR) measurements were performed using a Thermo Scientific Smart iTR Nicolet
iS10, coupled to the Attenuated Total Reflectance (ATR) smart accessory, also from Thermo

Scientific.

6.2.3 Procedures for immunosensor assembly

The polyaniline (PANI) film was obtained by electropolymerization of aniline on the
graphene-SPE surface using cyclic voltammetry (CV). The three-electrodes of the SPE were
covered by a solution of 0.1M aniline and a potential sweep applied from —0.1V to 1.2V, at a
sweep rate of S0mV/s, for 20 cycles.

An antibody solution of 200ug/mL was mixed with 25mmol/L EDAC, and 50mmol/L of
NHS, to activate the antibody, and a drop of this resulting solution was then placed on the

PANI/graphene-SPE surface for 2 hours. After 2 hours at room temperature, the electrode was
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rinsed and a drop of BSA solution (0.5mg/mL in PBS buffer) was added for 30 minutes. The

immunosensor was then washed with PBS buffer.

6.2.4  hCG binding

hCG binding to the antibody on the immunosensor was achieved by placing a drop of the hCG
solution on the sensor surface. Different concentration hCG solutions, ranging from 0.01 to
Sng/mL, were prepared by dilution of the 25ng/mL standard hCG solution in PBS or synthetic
urine. hCG was also detected in real urine samples from pregnant woman. A period of 15 minutes
was allowed for antigen/antibody binding. This was followed by PBS washing prior to redox

probe EIS measurments.

6.2.5 Electrochemical assays

CV measurements were conducted in 5.0mmol/L of [Fe(CN)61>/*, prepared in PBS buffer,
pH 7.4. In CV assays the potential was scanned from -0.7V to +0.7V, at 50mV/s. All assays were
conducted in triplicate.

EIS assays were also conducted in triplicate with the same redox couple [Fe(CN)6]*"* at a
standard potential of +0.10V, using a sinusoidal potential perturbation with amplitude of 100mV
and a frequency equal to 100Hz, logarithmically distributed over a frequency range of
10Hz-0.001Hz. The impedance data were fitted to a Randles equivalent circuit using the Nova
Software.

The immunosensor response to varying hCG concentrations was assessed by EIS
measurements. The hCG solutions ranged from 0.01 to 5ng/mL, and were prepared either in PBS
buffer pH 7.4 or in synthetic urine pH 6.5. The limit of detection (LOD) was calculated using

306/S, where S was the slope of the linear calibration plot and ¢ the standard deviation.

6.3. Results and discussion

6.3.1 Immunosensor assembly

A schematic of the functionalization process for the immunosensor assembly can be seen in
Figure 6.1. The first stage in the sensor fabrication was modification of the screen-printed

graphene electrode with a thin film of polyaniline, thus yielding surface amine groups on the
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PANI-graphene electrode (Figure 6.11i). These amine groups are used to bind the anti-hCG to the
modified graphene SPE. A PAN! film was formed on the graphene SPE via coating the electrode
in a solution of aniline and subsequent electropolymerization of aniline to form a conductive
polymer layer over the nanostructured graphene support [23-25]. This PANI layer is electrically
conductive and is able to transfer electrical carriers to the graphene SPE [26]. Of the several
conductive polymers that have been employed in electrochemical applications, PAN1 was
selected because of its simple synthesis and good stability [27]. The requirement for graphene
oxidation prior to electropolymerization of aniline was investigated [28] and no significant

differences were observed between standard and oxidised PANE graphene-SPE.

i Graphene iv- BSA Blocking

ii. Anyline Electropolymerization

v. hCG Binding

iii. Immobilization of activated Anti hCG

EDAC

Figure 6.1 - Schematic illustration of the immunosensor assembly.

The next stage of the sensor fabrication was antibody binding to the PANI layer. Antibodies
have several functional groups that facilitate adsorption to PANI1, meaning that the antibody
solution could simply be deposited on this layer. However, this procedure would lead to a random
positioning of the antibodies on the surface. Consequently, many antibodies could be deactivated

or partially deactivated with respect to antigen binding through stereochemical constraints.

163



Label-free human chorionic gonadotropin detection at picogram levels using oriented
antibodies bound to graphene screen printed electrodes

Thus, covalent binding of the antibody to the PANI-graphene SPE was performed in order to
achieve a more stable and homogenous orientation of the antibodies. This covalent binding can be
accomplished through the -COOH terminated F_ site of the antibody. Attachment via the F. site
ensures that both F; sites are free for subsequent antigen binding. Antibodies were first activated
by EDAC/NHS chemistry, forming a highly reactive O-Acylisourea intermediate that reacted
rapidly with NHS to produce a stable succinimydyl ester [29]. This ester then undergoes a
nucleophilic substitution reaction with the amine groups on the PANI, leading to the formation of
an antibody grafted PANI layer (Figure 6.1iii).

The final stage of the assembly was devoted to blocking any free amine sites on surface
which could otherwise allow non-specific binding of biomolecules other than hCG. Amino
groups were blocked by adding BSA, a simple and low-cost protein, to the sensor surface. BSA
adsorbed to regions of non-specific protein binding, preventing subsequent binding of the
compounds other than hCG. At the same time, this reaction deactivated the carboxylic functions
that remained active after antibody binding, this eliminating any potential side-responses from

non-specific binding in the immunosensor.

6.3.2 Electrochemical follow-up of the immunosensor

The chemical modifications taking place at graphene surface were monitored using CV and
EIS (Figure 6.2), characterising changes in electron transfer properties against the redox probe
[30]. The EIS data were analyzed by Nyquist plots. Nyquist plots showed the frequency response
of the electrode/electrolyte system and area plot of the imaginary component (Z'*) of the
impedance against the real component (Z'). The charge-transfer resistance (R,) at the electrode
surface is given by the semicircle diameter obtained in EIS and can be used to define the interface
properties of the electrode. The graphene surface showed a small semicircle at the Nyquist plot,
which indicated the presence of a very fast electron-transfer process. This process had no

diffusion limited step, which suggests a Faradaic process.
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Figure 6.2 - CV data taken during the assembly ofthe immunosensor (A and C) and EIS spectra of
calibration (B) along with its calibration plot (D). (A) Synthesis of polyaniline on Graphene-SPE electrode
(10 cycles performed with a scan rate of 50mV/s; (B) Nyquist plots of BSA/anti-hCG/PANI/Graphene-SPE

sensor, incubated in increasing concentrations of hCG, obtained in 5.0 mM [Fe(CN)6]3 4 PBS buffer pH
7.4; (C) CV records after modification of PANI/Graphene-SPE with antibody and BSA; (D) The Rmvalues

of the previous calibration plotted against log hCG concentration.

CV analysis of the formation of a PANI layer on graphene, via electropolymerization, yielded

a decrease in current with an increasing number of cycles (Figure 6.2A). After 10 cycles, the

current density of the oxidation peak was greatly reduced, thus confirming the formation of a

PANI film. Electrochemical data, obtained by using an iron redox probe with the newly formed

PANI layer, showed Nyquist plots where the Rd increased relative to the unmodified graphene

which was in agreement with the CV data obtained at the electropolymerization stage.

Subsequent Antibody and BSA binding (both proteins) promoted substantial increases in the

barrier to the redox probe accessing the PANI/graphene-SPE surface, thus leading to additional

increases in Rct. CV assays supported the results of EIS studies (Figure 6.2B), with decreased

current peaks after protein binding and an increase in the peak-to-peak potential separation.
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6.3.3 Qualitative analysis ofthe immunosensor surface

Figure 6.3 shows the FTIR spectra of the Graphene-SPE before any modification (A) and
after coating the electrode through electropolymerisation to form the PANI/Graphene-SPE (B).
The Graphene-SPE spectrum acted here as control reference spectrum, from which changes
related to the PANI layer in the FTIR spectrum of the PANI-Graphene-SPE can clearly be

distinguished.

Wavenumberfcm )

Figure 6.3 - FTIR spectra of modified Graphene-SPE before (A) and after electrodeposition of aniline
to yielded polyaniline (B).

Overall, the introduction of the PANI film on graphene gave rise to a wide range of
absorption bands/peaks not present in the control sample spectrum, thus confirming the presence
of the PANI layer. The presence of two bands in the vicinity of 1500cm"1and 1600cm"1 were
assigned to the 6 carbon stretching modes of the bezenoid (B) and quinoid (Q) rings, respectively
[31,32]. The peaks in the vicinity of 1250 and 750cm"1 were assigned to vibrations associated
with the C-N stretching vibration of aromatic amine and C-H vibrations [33]. The absorption peak
near 1150cm'lcould be assigned to B-NH-B and 8(C-H) vibrations [34].

Raman spectroscopic measurements (Figure 6.4) were also performed after each stage of the
immunosensor functionalization process. The spectra of the control graphene-SPE showed three
Raman bands at 1350, 1600 and 2700 cm'lthat were assigned to the well-documented D, G and

2D bands in standard chemically graphene. The G peaks represent the in-plane bond-stretching
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vibrations of sp2-hybridized carbon atoms, while D peak is related to the vibrations of the carbon
atoms of dangling bonds or sp'-hybridised carbon atoms of disordered and / or defected graphite
[35]. The intensity ratio of IGID bands is typically used for quantifying the defect density in
graphene, and the small ratio extracted from Figure 6.4 indicates significant disorder, arising from
structural defects, despite recent evidence that the IG intensity increases with increasing laser
excitation energy [36,37]. Since the intensity of the G band increases almost linearly as the
graphene thickness increases, the ratio of 1G12D could be used to determine the number of layers
in the graphene [38,39], The ratio of IG12Dobtained was ~0.4, this showing the graphene isjust a
few layers thick (less than 5).

After electrochemical polymerization of aniline, all of the Raman spectra showed distinct
bands attributable to PANI [37], which overlap the characteristic bands of standard graphene (at
1300 and 1600 cm'l). The sp' peak of graphene becomes more intense and broad after PANI

deposition, [28].

w (A

2D
500
(B)
20
©
o (D)
3000 2500 2000 1500 1000 500

Raman Shift (cm'])
Figure 6.4 - Raman spectra of (A) Graphene-SPE, (B) PANI/Graphene-SPE, (C) anti

hCG/PANI1/Graphene and (D) BSA/anti-hCG/PANI/Graphene-SPE.

Compared with Graphene, the sp' peak of PANI showed a slight shift to higher frequencies,

probably due to the electrostatic interaction between aniline monomers and Graphene-SPE, both
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displaying aromatic features. Overall, the obtained Raman spectra indicated the successful
modification of the Graphene-SPE, which implied the formation of a PANI film.

Subsequent antibody and BSA binding introduced an additional increase in the Raman
intensity, related to fluorescence generation produced by the residues in the protein structure. This
implied the need for specific fluorescence correction, which is detrimental to the quality of the

resulting spectra.

6.3.4 Polyaniline and Antibody coverage

The antibody coverage of the electrode surface was assessed by mapping a 610x500 um area
of the PANI/graphene-SPE and Anti-hCG/PANl/graphene-SPE device with the Raman
Spectrometer coupled to Confocal Microscopy and automated XY stage.

Figure 6.5 shows a typical colour coverage distribution map after graphene PANI
electropolymerization (A). This is a spatial map of the intensity of the PANI-related Raman peak
at 1663cm™'and indicates that 83% of the analysed area was covered with PANI, considering that
each spectrum entering this calculation displayed Raman shift at 1663 cm™ of PANI spectra with
Raman intensity higher than 90 (a.u.). This region was completely different from that of
unmodified Graphene-SPEs.
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Figure 6.5 - Raman spectra mapping ofthe (A) PANI/Graphene-SPE and (B) anti-
hCG/PANI/Graphene-SPE, along with the corresponding surface spatial distribution (bottom 3D graphics).

The colour coverage distribution map of Anti-hCG/PANI/graphene-SPE (B) was obtained in
a similar way, considering this time the intensities of Raman peaks at 1484cm'l, because this was
not present in graphene. The anti-hCG coverage of the surface was 97%, extracted by spectral

mapping of the Raman peaks at 1484cm'lwith intensities greater than 27%.

6.3.5 Analytical performance

Figure 6.2B shows the Nyquist plots of the immunosensor Ab/PANI/graphene-SPE against
increasing hCG concentrations, while Figure 6.2D shows the corresponding EIS calibration
curve, plotting Rct Ab/PANI/graphene-SPE against logarithm hCG concentration. The
concentration range of hCG used for calibration was 0.01 and 5ng/mL. No diffusion-controlled
effect was observed in EIS spectrum, and the diameter of the semicircle increased with increasing
hCG concentrations.

The Rd in the Nyquist plot, increased linearly with the increase of the logarithm of hCG
concentration. This is as expected because protein structures bound to the surface of an electrode,
typically act as barrier to electrical transfer. The average slope of the RQversus log[hCG] was

3.6k£>/[hCG, ng/mL] with an R2correlation coefficient of 0.98. The limit of detection (LOD) was
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determined as 0.286pg/mL. This represents a significantly lower detection limit than previously

reported for graphene and anti-hCG sensors.

6.3.6  Selectivity of the sensor

Typically, selectivity is assessed by evaluating the effect of compounds present in the test
solution, other than the target analyte (hCG), on the analytical response of a sensor device. To
simulate the effect of real biological conditions, and ascertain the effect of urine on the
performance of the sensor, the immunosensor was exposed to solutions of synthetic urine spiked
with hCG. The selectivity of the sensor was thus investigated by monitoring its response to the
synthetic urine. The synthetic urine was prepared according to recipes from [38] and contained
creatinine, magnesium chloride, calcium chloride, sodium dihydrogen phosphate, ammonium
chloride, potassium sulphate and sodium chloride.

The EIS calibration curve of the immunosensor in response to increasing concentrations of
hCG in synthetic urine (Figure 6.6), was very similar to that of the sensor in PBS (Figure 6.2).
Thus, no interference to the sensor, related to synthetic urine, was observed. This suggests that the
sensor would be capable of selective and specific detection of hCG in real urine samples. The
calibration curve was made for hCG concentrations ranging from 0.001 to 100ng/mL, showing a
linear dependence with log[hCG] from 0.001 to 50ng/mL, with a slope of 14.8kQ2/[hCG, ng/mL].
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Figure 6.6 - Calibration curve ofthe immunosensor in real urine. (A): Nyquist plots of BSA/anti-
hCG/PANI/Graphene-SPE sensor, in 5.0 mM [Fe(CN)6]V4 synthetic urine pH 6.5, previously incubated in
increasing concentrations of hCG. (B): R values extracted from the Nyquist plots, against log hCG
concentration.

6.3.7 Application to urine samples

The values of hCG in real urine samples were determined by EIS measurements after
calibration of the Ab/PANI/graphene-SPE device. The Nyquist plots obtained are shown in Figure
6.6 A, along with the corresponding calibration curve (Figure 6.6B). The sensor exhibited linear
behaviour from log [0.001 to 100 (ng/mL)], when the standard hCG solutions were prepared in
urine of non-pregnant women. When identical sensor Ab/PANI/graphene-SPE was tested using
urine of pregnant woman, the obtained concentration was 63ng/mL (315mIU/mL), which
corresponded to a pregnancy period lying within 4 weeks to 5 weeks, which is also in agreement
with the patients term of pregnancy status. The format of the Rat curve was close to that of the
standards (Figure 6.6A), suggesting that the system was operating well when applied to real

sample conditions.
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6.4. Conclusions

In summary, a new impedimetric biosensor for hCG has been fabricated based on antibody-
antigen binding to a PANI-modified screen-printed graphene electrode. In this work, it has been
shown that polyaniline was successfully deposited on graphene-SPE. The simple approach for
antibody binding, enabled attachment of the antibody to the PANI sensing layer, and provided
excellent reproducibility and stability. The electrode impedance increased linearly with increasing
log hCG protein concentration and was not significantly affected by interference from chemical
components present in synthetic urine.

Overall, PANI modified graphene may also be a promising sensing platform for assembling
other immunosensing devices for detection of other biomarkers. The sensor has been used to
successfully detect hCG concentrations in the urine of pregnant women, the results of which
concur with the pregnancy status. The presented results the accuracy and precision of the
analytical data from the Antibody/PANI modified graphene sensors proposed in this work, suggest

that these sensors may be used in POC diagnostics in the near future.
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CHAPTER 79

“What distinguishes us from others is not what we

are given, is what we can do with what we have”
Nelson Mandela (1918-2013), South African Politician

SWCNT Screen-printed electrode as immunosensor for human

chorionic gonadotropin

This work reports electrochemical oxidation procedures for CNTs, yielding hydroxyl
functional groups and the subsequent attachment of APTES followed by oriented Ab
attachment. This is applied herein to hCG detection, by using an anti-hCG antibody as a
biological receptor. Several immunosensing devices for hCG have been reported in the literature
so far [1-5] but simple and low cost procedures are still needed for the routine POC
determination of this biomarker. Considering that an immunosensor is not reusable and that the
antibodies are expensive and need special storage conditions, it is very important to establish

simple, low cost and rapid detection procedures, both at the stage of biosensor development.

The electrochemical analytical approach selected was EIS, because it enabled label-free,
low cost and quick analytical measurements. EIS detection method was used to plot the
calibration curve for CNT sensor. These curves were than used for determination of the
detection limit range and selectivity of the sensor. The sensor device has been used to

successfully detect hCG in the urine of pregnant women.

4 Sofia Teixeira, Robert Steven Conlan, O. J. Guy, M. Goreti F. Sales, SWCNT Screen-printed electrode as an
immunosensor for human chorionic gonadotropin, Electrochimica Acta, under review.
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7.1 Introduction

Immunosensors are widely used in clinical applications and consist of an Ab, immobilized
on a suitable support, which is capable of selective detection of a specific antigen. In general, a
gold support coupled with an electrochemical transduction detection method is the most
common format for electrochemical immunosensors reported in the literature [6]. Carbon
nanostructured materials are also employed over the gold layer, mostly in the form of carbon
nanotubes [7-15]. This may consist of single-wall (SWCNTs) or multiwall (MWCNTSs)
compositions [7-10]. CNTs are biocompatible with natural biomolecules [16], have lower cost
than gold and display excellent electronic properties [10, 11]. The use of CNTs as electrode
support is not however a common choice - with relatively few reports of CNT based biosensor
[6, 7, 17, 18], due to the highest complexity of the process. Despite this, advantages in terms of
electrical response would be expected for CNT electrodes compared with gold — related to the

increased surface area of such electrodes.

In addition to the sensor electrode, the Ab is also a critical component of an immunosensor.
It is a naturally produced protein, composed of four chains: two identical “heavy” and two
identical “light” polypeptide chains, which together form a “Y-shaped” conformation. The arms
of the Y-shaped molecule are the antigen binding fragments (F,,), and the vertical portion is
called the fragment-crystallisable (F.) region. When an Ab is randomly attached to a conductive
support, it may adopt four possible orientations: F, attached to the support, F,, attached to the
support, one F, and one F,, attached to the support, or all three fragments attached to the support
[19] (see Chapter 2 section 2.4.1). The actual orientation of the antibodies on the surface may
indeed comprise of a combination of these four positions. As the active sites of the antibody are
on the F,, segment, the ideal orientation of the immobilized antibody is when the F. fragment
binds to the adsorbent substrate surface and the F, is oriented so that it is exposed to the analyte
solution [19]. Thus, this oriented Ab immobilization is expected to yield an analytical

improvement of the final immunosensor over sensors using randomly oriented Abs.

There are few reported strategies related to the oriented immobilization of antibodies to
solid supports. Feng et al. reported an affinity ligand fused to the N/C-terminus of chimeric
antigen for site-oriented immobilization, which resulted in significant enhancement of the
analytic signal [20]. Rosales-Rivera et al. reported the oriented immobilization of antibodies on
surfaces of gold, achieved using a carboxylic-terminated bipodal alkanethiol that is covalently

linked with amino groups of the antibody’s F,, fragments [21].

Here binding an activated Ab to a carbon support requires that the support is modified to

yield an amine terminated surface. The use of amine terminated organosilanes as amine-surface
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modifiers is among the most common approaches to amination [22-24]. Here, the silane group
binds to silicon or glass substrates [25] where vicinal hydroxyl groups may be found. In
practice, CNTs are not normally hydroxyled, but these hydroxyl groups may exist as defects in

the carbon matrix or may be intentionally added by chemical or electrochemical modification.

3-triethoxysilylpropylamine (APTES) is the most commonly used organosilane for
producing amine terminated surfaces and immobilizing different entities of biological interest
on various substrates [30-37], APTES has a terminal primary amine and three ethoxy groups per
molecule bonded to the Si atom. These ethoxy groups can polymerize in the presence of water,
which can give rise to different surface coverages: covalent attachment, two-dimensional self-
assembly (horizontal polymerization), and multilayers (vertical polymerization). The resulting
structure and coverage of the layers are highly dependent on several experimental parameters,
including temperature [38] and humidity [36, 39], The simplest route yields a single

aminopropylsilane layer having amine-terminal groups on the modified surface (Figure 7.1).

APTES
+H
OH OH OH
CNT CNT

Figure 7.1 - APTES functionalization reaction.

7.2 Experimental Section

7.2.1 Materials and Reagents

All chemicals used were of analytical grade and water was de-ionized. Potassium
hexacyanoferrate 111 (K3[Fe(CN)6]) and potassium hexacyanoferrate II (K4[Fe(CN)6]) trihydrate
and magnesium chloride were obtained from Riedel Haen; 3-Triethoxysilylpropylamine
(APTES) was obtained from VWR; N-Hydroxysuccinimide (NHS) and creatinine was obtained
from Fluka; A”-(3-Dimethylaminopropyl)-7V-ethylcarbodiimide hydrochloride (EDAC) and
Bovine serum albumin (BSA) were obtained from Sigma; Phosphate Buffered Saline (PBS)
Tablets were obtained from Amresco. hCG protein was purchased from Abeam (UK). Anti-hCG

antibody was supplied by Ig Innovations. Ammonium chloride and calcium chloride were
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obtained from Merck. Sodium dihydrogen phosphate was obtained from Scharlau. Potassium

sulphate and sodium chloride were obtained from Panreac.

A solution of 0.5% (v/v) APTES (0.021M) prepared in D. 1. water was employed. PBS
solution was prepared by dilution of 1 tablet (1814.5-2005.5mg/tab) of PBS in 200mL of D. 1.
water, EDAC, NHS and antibody solutions were prepared in this buffer. Synthetic urine was
prepared with creatinine (5.3x10°M), magnesium chloride (9.8x10"M), calcium chloride
(6.80x10"M), sodium dihydrogen phosphate (3.2x10°M), ammonium chloride (3.3x10°M),
potassium sulphate (3.94x10°M) and sodium chloride (6.52x10°M).

7.2.2 Apparatus

Electrochemical measurements were conducted using a potentiostat/galvanostat from
Metrohm (Autolab PGSTAT302N), with Frequency Response Analysis (FRA) module,
controlled by Nova software. CNT-SPEs were purchased from DropSens (DRP-110SWCNT),
having a counter electrode of Platinum (Pt), a reference electrode of Ag/AgCl, and a 4 mm
diameter CNT working electrode. The CNT-SPEs were interfaced with the
potentiostat/galvanostat equipment by a switch box, also from DropSens (DRP-DSC). Raman
measurements were performed using a Thermo Scientific DXR Raman microscope system with
a 100 mW 532 nm excitation laser. Spectra were recorded using a SmW power and 50pum

pinhole aperture.

7.2.3 Surface modification

The surface of the CNT-SPE was modified first by electrochemical oxidation. The three-
electrodes of the SPE were immersed in 0.5M of H,SO, and cyclic voltammetry (CV) was
performed by sweeping the potential from —0.2V to 1.5V, at a sweep rate of S0mV/s, for 20

cycles.

The CNT working electrode at the SPE was subsequently amine terminated, by reaction with
0.021mol/L of APTES in water. This reaction was performed at different temperatures (ambient
and 120°C). In parallel, an antibody solution of 200pg/mL was mixed with 25mmol/L EDAC,
and 50mmol/L NHS, for 2 hours. A drop of this solution was then placed on the amine-
terminated SPE surface. After 2 hours at room temperature, the SPE was washed and exposed to
Bovine Serum Albumin (BSA) solution (0.5mg/mL in PBS buffer), for 30 minutes. The

immunosensor was subsequently washed with PBS buffer to remove any unbound BSA. The
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resulting CNT surface is covered with the Ab and any amine sites unoccupied by the Ab are
blocked with BSA.

7.2.4 hCG Binding

hCG binding to the antibody functionalised immunosensor was performed by placing a drop
of hCG solution on to the Ab functionalized SPE sensor surface. Solutions of different
concentrations of hCG were prepared by dilution of a standard hCG solution (25ng/mL) in PBS
or synthetic urine, to yield solutions with concentrations ranging from 0.01 to 100ng/mL. In
addition, a sample of real urine from a pregnant volunteer was tested for its hCG content. A
period of 15 minutes was allowed for antigen/antibody binding. This was followed by PBS

washing prior to redox probe EIS measurements.

7.2.5 Electrochemical assays

CV measurements were conducted in 5.0mmol/L of [Fe(CN)6]>"™*

, prepared in PBS buffer
(pH 7.4). In CV assays a potential sweep from -0.7V to +0.7V, at SOmV/s was used. All assays
were conducted in triplicate.

3-/4- at a

EIS assays were also conducted in triplicate with the same redox couple [Fe(CN)6]
standard potential of +0.10V, using a sinusoidal potential perturbation with an amplitude of
100mV and a frequency equal to 50Hz, logarithmically distributed over a frequency range of
100000Hz-0.1Hz. The impedance data were fitted to a Randles equivalent circuit using the

Nova Software.

The immunosensor response to varying hCG concentrations was assessed by EIS
measurements after incubating the biosensor in hCG solutions for 15 minutes, with hCG
concentrations ranging from 0.01 to 100ng/mL, prepared either in PBS buffer pH 7.4 or in
synthetic urine pH 6.8. The limit of detection (LOD) was calculated using the interception of the

linear range slope with the non-linear range.
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7.3 Results and discussion

7.3.1 Principle of the immunosensor

The CNT surface of the working electrode was first modified by an electrochemical
oxidation. This procedure is intended to generate hydroxyl groups (Figure 7.2A), although it
may also produce carbonyl and carboxylic functions. Hydroxyl groups are produced in the
initial stages of carbon oxidation and only these are relevant for this work as they are involved

in the covalent binding to silane groups.

The next stage of the CNT functionalisation was the silanization with APTES (Figure 7.2B),
where the ethoxy groups of APTES was expected to react with the hydroxyl groups within the
oxidized CNT matrix. This reaction yielded a covalent bond (C — Si) between APTES and the
CNTs.

The next stage in the immunosensor fabrication was Ab binding to the amine-terminated
surface (Figure 7.2C). The Ab was bound to the CNT support, only after activating the
carboxylic functions located at the F, terminal via EDAC and NHS chemistry (see Chapter 2,
section 2.4.1.1). The initial step of this transformation was the reaction of the F. carboxylic
group with the carbodiimide function of EDAC, thereby forming an O-acylisourea intermediate.
This intermediate is formed rapidly and subsequently reacts with the surface amine to form an
amide bond [40]. Unbound Ab was later removed from the SPE working area by thorough
washing with PBS pH 7.4.

The above chemical activation of the Ab contributed to its ordered orientation on the CNT
sensing surface. Thus, the Ab was attached to the CNT material through its F, region, leading to
free F,, sites projected towards the aqueous solution. However, because all -COOH groups on
the Ab were exposed to the reagents EDAC/NHS, all -COOH groups at the external surface of
the Ab protein may have been activated. Consequently, it is not possible to ensure that all Ab
proteins were bound through the F. terminal, but the probability of achieving the desired F,
attached orientation using this approach, is significantly higher than with random Ab adsorption.
In addition, covalent binding is also more stable than adsorption, especially considering that the
final surface will be incubated in complex solutions for a significant amount of time (more than

10 minutes).
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(A) Oxidation OX :x 0 * silanization (APTES)
CNT
Antibody
Immobilization
©)
(E) hGG Binding (D) BSA Blocking

Figure 7.2 - Fabrication of the immunosensor assembly.

The final stage of the assembly consisted in blocking non-specific binding sites, such
as free surface amine groups and carboxylic functions that remained activated. This was done
by adding a simple and low-cost protein (BSA) to the sensor surface (Figure 7.2D). Overall, this
procedure contributed to enhance the selectivity/specificity of the biosensor, eliminating its non-

specific responses.

7.3.2 Control ofthe surface modification by voltummetry and impedance measurements

The chemical modification of the CNT-SPE was controlled by measuring the changes in the
electron transfer properties of the SPE relative to a [Fe(CN)6]34 redox probe. This was

characterised using CV and EIS experiments (Figure 7.3).

The typical CV data obtained at every stage of chemical modification process is shown in
Figure 7.3A. In general, each step of CNT-SPE modification increased the potential separation
of the Fe3 2 redox probe. This increase in peak-to-peak potential separation was correlated to a
decrease in the reversibility of the iron oxidation/reduction, which accounted for an increased
resistance to the charge-transfer process across the CNT-SPE. This behaviour was expected, as
each new layer binding to the conductive electrode surface limits electron transfer accross the
non-modified CNT. The more layers or the thicker the layer, the more limited the electron

transfer will be.

The EIS spectra corresponding to each stage of chemical modification are shown in Figure
7.3B. All EIS plots contain a semicirclar portion lying on the real axis at higher frequencies that

tends to become almost a constant value at lower frequencies. This is the typical behaviour of a
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Randle’s equivalent circuit, composed of the resistance of the solution phase (Rs), the
capacitance of the double layer (Cdi), the charge-transfer resistance (Rct) and the Warburg
diffusion element (W) from the bulk solution to the electrode interface. The diameter of the
semicircle equals Rct. and this resistance controls the electron transfer kinetics of the redox
probe at the electrode interface [41]. In general, the resistance to charge transfer increased after

each chemical modification, which was fully consistent with the CV data.

CNT Oxidation APTES — Ah BSA
020 T 2000 T
(A) (B)
1600
0.10
1200
s 0.00
800
0.10
400 -
-0.20
-0.5 0.5 0 1000 2000 3000 4000 5000 6000
\oltage (V) A (12)

Figure 7.3 - (A) CV records after modification of APTES/CNT-SPE with antibody and BSA; (B)
Nyquist plots of BSA/anti-hCG/APTES/CNT-SPE sensor obtained in 5.0 mM [Fe(CN)6]’75.0 mM
[Fe(CN)6]4/PBS buffer pH 7.4;

7.3.3 Raman analysis

Raman spectroscopic assays were performed after each stage of the immunosensor assembly.
The Raman spectra of clean SPE-CNT, SPE-CNT/APTES and SPE-CNT/APTES/Ab are

presented in Figure 7.4.

The spectra of the CNT area showed three Raman bands at 1350, 1590 and 2670 cm'l that
were assigned to D, G and G' bands, commonly present in the Raman spectra of CNTs. The D
band indicates disorder, corresponding to sp'-hybidized carbon atoms, while the G band reflects
the structural integrity of the sp2-hybridized carbon atoms of the nanotubes, corresponding to
the stretching mode in the graphite plane [42]. The ratio between the Raman intensity of D and
G bands is thus a good indicator of the extent of carbon-containing defects among the CNTs

[42].
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Comparing the SPE-CNT and SPE-CNT/APTES spectra, a slight increase was observed in
the intensity of the D peak compared to that of the G peak of the APTES modified CNT,
accounting for the introduction of structural defects to the carbon electrode. The corresponding
ratios IG/ID were 0.62 and 0.67, respectively. The observed ratio change was not very
significant, but the surface of the CNT electrode was modified, while the Confocal Raman
analysed all the CNT material present at the electrode. Comparing the SPE-CNT/APTES and
SPE-CNT/APTES/AD spectra, a similar observation was found because the IG/ID ratio was 0.67

and 0.5 respectively.

300 CNT-SPE

200

100

300 APTES/CNT-SPE

100

Ab/APTES/CNT-SPE

100

3000 2500 2000 1500 1000 500
Raman shift (cm-1)

Figure 7.4 - Raman spectra of CNT-SPE, APTES/CNT-SPE, and anti-hCG/APTES/CNT-SPE.

Overall, the intensity changes within the Raman spectra of clean CNT and modified CNT
were small, but confirmed the increased chemical disorder of the carbon sp2 matrix, due to

chemical modification of the carbon layer with APTES and anti-hCG.

7.3.4 Analyticalperformance ofthe sensor

Figure 7.5A shows the Nyquist plots of the immunosensor SPE-CNT/APTES/Ab incubated
in increasing concentrations of hCG. The solutions of hCG wused for calibrating the
immunosensor ranged from 0.01 to 100ng/mL and these solutions were prepared in PBS. The

corresponding calibration curve was plotted as Ra (extracted from the Nyquist plots) against the
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logarithm of the hCG concentration (inset of Figure 7.5A). From Figure 7.5A (inset), Rect
increases linearly with the logarithm of concentration, over the 0.01 to 100ng/mL range. The
average slope was 0.96kf2/decade of hCG concentration and the square of the correlation
coefficient was 0.9826, with a limit detection of O.Olng/mL. For concentrations higher than

25ng/mL, the impedance became constant, indicating saturation.
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Figure 7.5 - Calibration curve ofthe immunosensor in PBS (A) and in synthetic urine (B). Nyquist

plots correspond to BSA/anti-hCG/APTES/CNT-SPE sensor, in 5.0 mM [Fe(CN)6]3 4 PBS buffer pH

6.5, previously incubated in increasing concentrations of hCG. Inset is the Rct values extracted from the
Nyquist plots against log hCG concentration.

7.3.5 Selectivity ofthe sensor

The selectivity of the immunosensor was investigated by assessing its response to hCG in a
synthetic urine background. This approach of using a complex mixture of potentially interfering
compounds was performed in order to determine the taken sensor’s selectivity to hCG and study
non-specific binding in a realistic biological environment. The synthetic urine used in this study
was prepared as indicated in [43] and contained creatinine, magnesium chloride, calcium
chloride, sodium dihydrogen phosphate, ammonium chloride, potassium sulphate and sodium

chloride. Concentrations of each component used were similar to those found in real urine.

Figure 7.5B shows the Nyquist plots obtained by calibrating the immunosensor in increasing
concentrations of hCG prepared in synthetic urine. Linear responses were observed from log
[0.005 to 100 (ng/mL)], with a slope of 0.497kH/decade hCG concentration. Compared to the
calibration in PBS, the sensitivity in synthetic urine was slightly decreased, but the Limit of
Detection and the upper concentration limit improved. No interference in the sensor was

observed, suggesting its successful application in real urine samples.
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7.3.6 Application to urine samples

Values of hCG in real urine samples were determined by EIS measurements after
calibration of a new SPE-CNT/APTES/Ab device with solutions of hCG prepared in real urine
without hCG (nonpregnant women). This provided a calibration procedure very close to the real
conditions in which a commercial sensor would be used. The resulting Nyquist plots showed a
linear behaviour from log [0.01 to 1.0 (ng/mL)], as indicated in Figure 7.6, with a slope of

0.129kn/decade hCG concentration.

The analysis of real urine samples from the pregnant volunteer used a new biosensor
prepared under identical conditions to the calibration sensor. The calibration sensor itself cannot
be used as the electrical response to the calibration procedure was a result of irreversible
antigen/Ab binding - thus consuming this particular sensor. The analysis of urine from pregnant
woman generated Nyquist plots with similar profiles to those generated with standard solutions
prepared in PBS or synthetic urine. The hCG concentration extracted from the measurement on
the real urine of the pregnant volunteer was 1[.Ong/mL (5mlU/mL), which is indicative of

pregnancy of between 3 to 4 weeks. This was in agreement with pregnancy status of the patient.
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Figure 7.6 - Calibration curve ofthe immunosensor in real urine. Rct values extracted from the
Nyquist plots against log hCG concentration.
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7.4 Conclusions

A new immunosensor for hCG has been fabricated, based on Ab/antigen binding to an
APTES modified SPE electrode of CNT layer. It uses a simple approach for oriented antibody

binding, yielding a sensor with a limit of detection of 0.01ng/mL.

The sensitivity of the biosensor decreased marginally in the presence of a complex
background solution in the order (PBS > synthetic urine > real urine). However, non-specific
binding effects were negligible and the background solution had little impact on the sensor’s
feasibility as an hCG diagnostic. The biosensor was used to successfully detect hCG
concentrations in the urine of a pregnant volunteer, with similar performance to hCG detection
in standard solutions of PBS or in synthetic urine. Overall, the analytical performance of the

biosensor suggests its successful application as a point-of-care diagnostic.
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CHAPTER 8

“After climbing a great hill, one only finds that there are many more hills to climb. I have taken a
moment here to rest, to steal a view of the glorious vista that surrounds me, to look back on the
distance I have come. But 1can rest only for a moment, for with freedom comes responsibilities,
and I dare not linger, for my long walk is not yet ended. “

Nelson Mandela (1918-2013), South African Politician

8.1 Conclusions and future perspectives

In this chapter general conclusions about this research and future perspectives for further

development of this research area, are presented.

8.1.1 Conclusions

This thesis has presented new biosensing materials and platforms that may open new
horizons for medical diagnostics, for non-invasive or minimally-invasive early screening of

chronic diseases and rapid-screening in POC applications.

Electrochemical techniques used in this thesis are easily adaptable for diagnostic screening
purposes, enabling simple and inexpensive detection of biomolecules, providing specific
readings at low concentrations and using low sample volumes. Furthermore, the sensors

developed offer portable detection, enabling tests at POC.

The work presented in this thesis was an investigation of the fabrication of a graphene
device able to detect the presence of hCG. This fabrication involved a study of the epitaxial
growth of graphene on 4H-SiC, a study of the surface functionalization, and electrical

characterisation of the device. Note that these results are from a DC-I(V) measurements.
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Table 8.1 — Epitaxial graphene results.

Sensor Sensitivity Range R? LOD
kQ/[hCG, ng/mL)] [hCG, ng/mL)] [hCG, ng/mL]
Epitaxial graphene 0.142 0.62-5.62 0.9754 0.62

Epitaxial-graphene devices show clinical relevant detection capability and high specificity.
These sensors could be optimized even further by using different attachment chemistry and

improved device design (channel dimensions) and FET design, rather than a simple resistor.
To complement the study, other sensors using SPE were tested for hCG detection.

Electrochemical functionalized amine-terminated surfaces were subsequently used to attach
anti-hCG. Using CV, EIS, I-V, Raman, FTIR, SEM, AFM and XPS, it was confirmed, that the

anti-hCG antibody was covalently attached to the amine functional group.

An electrochemical sensor for hCG, an indicator of pregnancy — also linked to an increased
risk factor for cancer — was fabricated using these functionalised graphene SPEs. Several
approaches were used to functionalize and biofunctionalize graphene. The main results for each

type of sensor are presented in the table below.

These results are provided by EIS, as opposed to the 1(V) measurements performed on the

epitaxial-graphene sensors. Therefore a direct comparison is not possible between the

sensitivity/LOD.

Table 8.2 — Main experimental results of all the SPEs sensors.

Sensor Sensitivity Range R? LOD
kQ/log[hCG,ng/mL] [hCG, ng/mL] [hCG, ng/mL]
Graphene-
0.129 0.1-25 0.9547 0.1
SPE/CS/AuNPs
Graphene-SPE/PANI 3.58 0.001-5 0.9757 0.0003
CNTs 0.955 0.01-100 0.9826 0.01

All the developed sensors showed a good capacity to detect hCG and were revealed to be at

least 30 times more sensitive than an ELISA test performed under the same conditions. Overall,
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the analytical performance of the biosensors suggests its successful application as a point-of-

care diagnostic for hCG.

Graphene-SPE/PANI showed the highest sensitivity and also the lowest LOD. This is
suggested to be related to more efficient electron/charge transfer between the PANI and the
graphene electrode — related to the n-n coupling of the aromatic rings of the PANI coupling with

those of the graphene.

Graphene-SPE/CS/AuNPs is the least sensitive of the SPEs. This could be related to the fact
that the preparation of this electrode involves an oxidation step — partially converting graphene
to graphene oxide. This step is used to provide better adhesion of the chitosan to the
graphene/graphene oxide. However, oxidation of graphene to graphene oxide would degrade the
electrical performance of the SPE sensor and it is suggested that this may be the origin of the
inferior sensitivity of the graphene-SPE/CS/AuNPs sensor relative to the PANI and CNT

S€nsors.

CNTs also performed well with low LOD and a good range of detection. It is suggested
that the CNT SPEs operate in a similar way to the graphene SPEs — with enhanced performance

over carbon electrodes — due to the increased surface area.

The functionalization process for Graphene-SPE/PANI proved to be the simplest of the
three SPE sensors.

This work introduced new technical innovations in the development of biosensors, both in
terms of chemical (functionalization techniques) system configuration and assembly of the
recognition element (attachment of antibodies to the graphene electrodes) for biomarker
detection at POC. Further developments may be achieved for instance by modifying the

detection antibody — in order to detect several other biomarkers.

8.1.2 Future perspectives

As with any kind of research work, a large number of questions and paths remain
unanswered and unexplored. Based on the results presented herein and in recent literature

regarding immunosensors, some recommendations for future work are suggested in this section.

One potentially existing development is the replacement of the Ab receptor with Molecular
imprinted polymers (MIPs) that are polymeric structures designed to resemble natural
antibodies. Enhancement of the selectivity of standard antibodies may be assessed by imprinting

biomarkers using polymer chemistries and imprinting “plastic” antibodies compatible with
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physiological conditions in order to preserve the appropriate protein conformation. They
combine the high specificity and affinity of the antibodies with the robustness, low cost, long
term stability, and reusability of the synthetic materials. For a successful MIP design, several
variable parameters need to be optimized, such as the selection of the monomers, solvents,
temperature and reaction time. The selection of suitable monomers is a critical step for the good
performance of the imprint approach in terms of selectivity and specificity. The specificity
depends of the exposed surface area of the MIP, its functionality and charge. This concept could

be successfully applied to detection of a biomarker of clinical significance.

Furthermore, the developed biosensing devices, offering good analytical response, could be
used to develop multi-analyte tests (multiplexing experiments to identify two or more different

target biomarkers at the same time on the same sample).

Multiplex sensors and integrated detection of different biomarkers with micro-fluidics —in a

point-of-care device performance is another area for development.

Response time and life time’ of the sensors should also be studied in order to completely

characterise the devices.

* Response time is defined as the time for a sensor to respond from zero concentration to a step
change in concentration. Life time is defined as the length of time over which the sensor will operate.
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