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ABSTRACT

INVESTIGATION OF THE EFFECTS OF DIFFERENT
MACROSTRUCTURES ON CONJUGATED POLYMER BASED
AMPEROMETRIC BIOSENSOR PERFORMANCE

Buber, Ece
MSc, Department of Chemistry
Supervisor : Prof. Dr. Levent Toppare

July 2018, 72 pages

In this thesis, the use of different macrostructures in the surface design of conjugated
polymer based amperometric biosensors was investigated since surface properties play
a crucial role in the performance of biosensors. Conjugated polymers (CPs) provide
biosensors superior features since they exhibit conductivity, high mechanical strength
and processability. Moreover, phthalocyanines (Pcs) are promising molecules for
biosensor applications due to their electronic properties, rich redox chemistry and high
electrochemical stability. In addition to phthalocyanines, dendrimers are suitable host
molecules for accommodation of guest molecules due to their three-dimensional
structure having an internal void space. Especially, poly(amidoamine) (PAMAM), can
be used in biosensor applications since it contains a number of terminal amino groups
which enhances the attachment of biomolecules. Multi-walled carbon nanotubes
(MWCNTS) have also extensively used in biosensor applications since they are
compatible with biomolecules in addition to their mechanical strength, stability and
conductivity properties. By taking the advantages of these materials, two novel
glucose biosensors; CPs/IMWCNTs/ZnPc and CPS/IMWCNTS/PAMAM were
fabricated. Their operational and kinetic parameters and surface features were

characterized and the biosensors were successfully tested for real time analyses.



Keywords: Electrochemical biosensors, phthalocyanines, dendrimers, carbon
nanotubes, glucose oxidase
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FARKLI MAKRO YAPILARIN KONJUGE POLIMER BAZLI
AMPEROMETRIK BiYOSENSOR PERFORMANSI UZERINE
ETKILERININ ARASTIRILMASI

Buber, Ece
Yiksek Lisans, Kimya
Tez Yoneticisi : Prof. Dr. Levent Toppare

Temmuz 2018, 72 sayfa

Biyosensorlerin yiizey 6zellikleri performanslari iizerinde ¢ok 6nemli bir rol oynar.
Bu nedenle, bu tezde, konjuge polimer esasli amperometrik biyosensorlerin yiizey
tasarrminda farkli makroyapilarin kullanimi arastirilmustir. iletken polimerler (CPs)
iletkenlik, yiiksek mekanik dayaniklilik ve islenilebilirlik 6zelliklerinden dolay1
biyosensorlere iistiin nitelikler saglarlar. Ayrica, ftalosiyaninler (Pcs) de zengin redoks
kimyasi ve elekrokimyasal kararlilik gibi elektronik 6zelliklerinden dolay1 biyosensor
uygulamalar1 i¢in uygun molekiillerdir. Ek olarak, dendrimerler ii¢ boyutlu
yapilarindaki dahili bosluk oranindan dolayr konuk molekiillerin yerlesmesi icin
uygun konak molekiillerdir. Ozellikle, poli(amidoamin) (PAMAM) yapisi
biyomolekiillerin baglanmasini giiclendiren terminal amino gruplar1 icermesi
sebebiyle biyosensdr uygulamalarinda etkili bir malzemedir. Ayrica, ¢ok duvarl
karbon nanotiipler (MWCNTSs) mekanik mukavemet, stabilite ve ylksek iletkenlik
ozelliklerine ek olarak biyouyumluluk gosterdikleri i¢in biyosensor uygulamalarinda
yaygin olarak kullanilmaktadir. Biitlin bu yapilarin avantajlarindan yararlanarak,
CPs/MWCNTs/ZnPc ve CPs/MWCNTs/PAMAM kombinasyonlarinda iki yeni
glikoz biyosensorii olusturulmus, operasyonel ve kinetik parametreleri ile ylizey
Ozellikleri karakterize edilmis ve biyosensorler ger¢ek zamanli analizler i¢in bagarili

bir sekilde test edilmistir.
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CHAPTER 1

INTRODUCTION

1.1. Biosensors

For biosensors, two commonly cited definitions by S.P.J. Higson [1] and D.M. Frazer
[2] are; “a biosensor is a chemical sensing device in which a biologically derived
recognition entity is coupled to a transducer, to allow the quantitative development of
some complex biochemical parameter,” and “a biosensor is an analytical device
incorporating a deliberate and intimate combination of a specific biological element
(that creates a recognition event) and a physical element (that transduces the
recognition event).” Briefly, a biosensor is a sensing device containing a biological
recognition element that is integrated within or connected to a transducer which
converts the biochemical signal into an easily measurable format [3].

In 1962, Leland C. Clark developed the first glucose enzyme electrode based on the
entrapped enzyme to an oxygen electrode with a semipermeable dialysis membrane.
The entire field of biosensors can be originated from this enzyme electrode. Clark’s
original patent [4] includes the utilization of enzymes for the conversion of electro-
inactive reactants into electroactive products. Since then, researchers from various
fields of science have gathered together to build more accurate, mature and reliable
biosensing devices.

Although there are a number of different tests and methods to detect different
biomarkers, which can be used in the diagnosis of various health conditions, these
methods have time constraints and require trained staff, costly equipment and hospital
attendance. Therefore, much practical methods can provide cost effective diagnosis
without requiring any specific place or condition [5]. For this purpose, biosensor
technology has been developing as a multidisciplinary and expanding field since

biosensors are simple to operate, selective and rapid systems and offer ease of
1



fabrication with minimal sample pretreatment [6]. In today’s technological world,
biosensors have applications in clinical analysis, environmental monitoring, food

industry, genetic engineering and bioprocess monitoring [7].

Most of the biosensors consist of two main components; a biomolecule and a
transducer. The biomolecule selectively recognizes the analyte that is being
monitored. This part can be enzymes, tissues, antibodies, receptors or nucleic acids.
The transducer converts the biological signal into a detectable format. The transducing
can be in a form of generation of an electroactive species, a change in conductivity or
a change in optical properties [5]. Figure 1.1 shows the general schematic

representation of a biosensor.

- ®
*® o
»*
Analytes

Supporting Material

Read Out System

Figure 1.1. Schematic representation of a biosensor



1.1.1. Types of Biosensors
Specific interactions between the biomolecule and the analyte cause changes in
physical and chemical properties which can be detected by the transducer. Biosensors

can be categorized according to the types of biomolecules and transducers as given in

Figure 1.2.
Biomolecule . . Transducer .
Bioaffinity ptical
antibody, recepior, __
nucleic acid ) Thermal
Bioactivity Piezoelectric
enzvine, whole cell
Electrochemical

Potentiometric,
conductometric,
amperometric

Figure 1.2. Biosensors according to the types of biomolecules and transducers

Optical biosensors operate on the principle of measurement of the output transduced
light signal as a result of a biochemical reaction. These devices include a material on
a cable that can produce an optical signal related to the analyte concentration in the
sample. Optical biosensor can be utilized for the measurement of

electrochemiluminescence or optical diffraction [8].

Thermal biosensors make use of temperature changes in the reaction medium as a
result of absorption or generation of heat, which is one of the fundamental
characteristics of biological reactions. These biosensors combine the immobilized
biomolecules with temperature sensors. As a result of the interaction of the analyte

with the biomolecule, the total absorbed or produced heat, which is proportional to the



total number of molecules and the molar enthalpy, is monitored according to the
concentration of the analyte [9].

Piezoelectric biosensors are sensitive mass to-frequency transducers. In other words,
they sense the changes in the density, viscosity or mass of analytes in contact with the
active surface. These devices detect the analyte on the basis of generation of electric

dipoles on subject to an anisotropic natural crystal to mechanical stress [10].

All of these types of biosensors have certain drawbacks. Although optical biosensors
are very sensitive, they cannot be used in turbid media. Thermal biosensor cannot give
results in the case of very little heat change and they are not easy to handle. Therefore,
electrochemical biosensors have appeared as the mostly preferred biosensor type since
they have the potential to overcome most of the drawbacks that the other types face
with. Electrochemical biosensors are easy to handle and offer selective, sensitive,

rapid and cost effective analysis [11].

1.1.1.1. Electrochemical Biosensors

Electrochemical biosensors are based on the generation or consumption of
electrochemical species during a biochemical process. As a result of the combination
of the sensitivity of electrochemical transducers with the high specificity of biological
molecular recognition, electrochemical biosensors provide accurate and sensitive
detection platforms. The sensing device couples a biomolecule to an electrode
transducer which converts the biological molecular recognition into a useful electrical
signal [12]. Although biosensing devices employ a variety of biomolecules,
electrochemical detection utilizes mainly enzymes because of their biocatalytic

activity and specific binding capabilities [13].

Electrochemical biosensors can have different electron transport mechanisms; the so-
called generations (Figure 1.3). The first generation biosensors are mainly oxygen
based sensors. In the presence of an enzyme, enzyme and oxygen undergo a reaction
to form the products which diffuse to the transducer and causes an electrical response.

However, this system has a main drawback that is the dependence on the oxygen
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concentration level which is difficult to be kept constant [14]. In order to overcome
the problems with the first generation setup, the idea of using artificial electron
acceptors is developed in the second generation biosensors [15]. In the second
generation system, all substances with lower conversion potential than the electrode
potentials can affect the overall signal causing interference effect. Therefore, it is
crucial to apply electrode potentials as low as possible. Because of this constraint, the
concept of using electroactive electron acceptors has evolved in order to provide
enzymes to donate electrons. For this purpose, some artificial electron acceptors with
low oxidation potentials, i.e. mediators, were discovered which provided a reduction
of interference effects. The working principle of second-generation biosensors
involves two steps: the first step is the redox reaction between enzyme and substrate
which is re-oxidized by the mediator, and the second step is the oxidation of the
mediator by the electrode [7]. In the third generation biosensors, denaturation of the
enzymes is considered. In order to prevent inactivation and unfolding, enzymes were
directly coupled to the electrode without requiring any mediators. This system has the
principle of direct electron transfer in which the redox enzyme acts as an
electrocatalyst. The immobilized enzyme catalyzes the production of a specific
substrate and the electrons are transferred from the substrate to the electrode or vice
versa. In recent years, direct electron transfer has been obtained by different
immobilization methods and the surface modification of electrode with various

conductive materials [16].
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Figure 1.3. Working principles of different generations of biosensors
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Typically in bio-electrochemistry, the biochemical reaction can either generate a
measurable current (amperometric), a measurable potential or charge accumulation
(potentiometric) or measurable changes in the conductivity of the reaction medium
(conductometric). Therefore, electrochemical detection techniques are generally
divided into three main categories of measurement; amperometric, potentiometric and

conductometric.

In potentiometric detection, the system measures the potential of an electrochemical
cell at the working electrode with respect to the reference electrode when there is zero
or negligible current flow between electrodes. The sensor includes an electrochemical
cell and measures the potential across a membrane which reacts with the charged ion
of interest, selectively. This system can be turned into a biosensor system by coating
with a biomolecule catalyzing a reaction which results in the formation of the ion that
the electrode is designed to sense. Common potentiometric sensing examples are ion

selective electrodes and the glass pH electrode [14].

Conductometric detection is based on the measurement of the changes in conductance
between two electrode pairs resulting from a biological element. The working
principle is the consumption or generation of charged species as a result of a
biochemical process and based on the concentration change of the charged species in

the medium which results in a different ionic composition [17].

Amperometric biosensors are based on the measurement of the current produced as a
result of electrochemical reduction or oxidation of the electroactive species in the
medium upon the application of a constant potential at a working electrode with
respect to a reference electrode. The produced current is directly related to the
concentration of the electroactive species in the medium. Amperometric biosensors
have additional selectivity since the oxidation or reduction potential used for detection
is specific for the analyte of interest. Amperometric detection is commonly preferred
due to its simplicity and accuracy. Since the fixed potential results in a negligible
charging current, that is the current required for the application of the potential to the
system, the system minimizes the background signal that adversely affects the limit of
detection [18].



Electrochemical biosensors utilize an electrochemical cell with either two or three
electrodes. A typical three electrode system consists of a working electrode; a
reference electrode, which is usually the silver-silver chloride (Ag/AgCl) electrode,

and a counter electrode (Figure 1.4).
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Figure 1.4. A typical three electrode electrochemical cell configuration

The counter and working electrodes should be chemically stable, solid and conductive
such as, platinum, gold and carbon depending on the analyte. The reference electrode
maintains a stable and known potential. The counter electrode provides a connection
to the electrolyte solution and it passes all the current needed to balance the current
observed at the working electrode. The working electrode serves as the transduction
part in the biochemical process. The most important advantage of the three electrode
system is that the charge from electrochemical process passes through the counter
electrode instead of the reference electrode, which provides the reference electrode to
maintain its half-cell potential [18]. A two electrode system includes only the reference
and working electrodes. If the current density is low enough, the reference electrode
can carry the charge without any adverse effect [19]. Therefore, the two electrode
system is generally preferred for disposable sensors because long-term stability of the

reference electrode is not essential in these cases.



1.1.2. Immobilization Techniques

The biological component must be attached to the electrode surfaces properly and it
should preserve its activity for a long time in order to make a convenient and
applicable biosensor. The term immobilization accounts for the physical restriction of
biomolecules on a specific area while protecting and maintaining the catalytic
activities. The immobilization of biomolecules allows the recovery of the costly
biomolecules which in turn provides a simplification of the analytical devices [20].
Therefore, effective enzyme immobilization while maintaining free diffusion of
substrates and products is the most critical step in enzymatic biosensor preparation.
For an effective immobilization, enzyme must maintain its activity, it should be
compatible and inert towards host structures and be easily accessible after
immobilization. Different immobilization methods have been developed for various
systems. Figure 1.5 shows the basic four immobilization strategies; physical
adsorption, covalent binding, entrapment and cross-linking.

Enzyme Immobilization Techniques
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Figure 1.5. Enzyme immobilization techniques



1.1.2.1. Physical Adsorption

Physical adsorption is the simplest and fastest way of immobilization which is mainly
provided by creation of physical interactions [21]. For the immobilization, enzyme is
dissolved in a solution and it is placed onto the solid support surface for a fixed period
of time. Any non-adsorbed enzyme molecules are then removed via washing with
either a buffer or distilled water. The adsorption principle is based on weak physical
bonds such as Van der Waal's interactions, electrostatic forces, hydrogen bonding and
hydrophobic interactions. In general, physical adsorption does not possess any
destructive effects to enzyme activity and does not require any functionalization of the

surface.

A major advantage of adsorption is that there is no need for reagents or activation
steps. In addition, adsorption is less destructive due to the weak physical forces.
Although this method does not give rise to enzyme inactivation, it presents some
drawbacks. Firstly, since enzymes are loosely bound to the support, the binding forces
are affected strongly by pH, temperature and ionic strength changes resulting in
desorption of enzymes. Thus, biosensors may suffer from poor storage and operational
stability. Moreover, non-specific adsorption of other proteins or substances can occur
via this method [22]. Another drawback is the limitation of adsorption to the
monolayer of the surface causing immobilization of only a small amount of the
enzyme to the surface and since it lies on the outer surface of the support material, it

may leach into the sample solution during the measurements [7].

1.1.2.2. Covalent Binding

Covalent binding involves the formation of covalent bonds between a functional group
in the biomolecule and the immobilization matrix. This technique mainly occurs via
bond formation between the amino acid side chains and the functionalized support
surface. Covalent binding is achieved by a two-step process; surface coating with a
functionalized support material followed by the coupling of the enzyme having
activated functional groups to this active support [23]. Surface functionalization can
be achieved via either using a functionalized support material such as polymers,
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nanomaterials and macrostructures or activating the surface for covalent coupling. At
this stage, activation agents, i.e. linkers, provide enzyme to form covalent bonds to the
activated surface via free to attach amino and carboxylic acid groups present in the

enzyme structure.

Covalent binding is advantageous since there is a strong and efficient binding between
the enzyme and the support surface which can overcome the drawbacks of other weak
adsorption techniques. With this method, diffusion limitations and enzyme leaching
problems can be reduced. Also, covalent binding facilitates high enzyme stability
during biosensor fabrication resulting in increased lifetime stability [24]. However,
the main disadvantage of this technique is the possibility of denaturation as a result of
excess attachment of enzymes which may result in the loss of bioactivity and instable

biosensor construction.

1.1.2.3. Entrapment

Entrapment is the trapping of enzymes by covalent or noncovalent bonds within three-
dimensional support matrices such as electropolymerized films, carbon pastes, silica
gels or dialysis membranes [25]. In this technique, enzyme, surface material and other
additives are deposited onto the sensing layer simultaneously [26].

Since there is no need for biomolecule modification, biosensors fabricated via enzyme
entrapment are characterized by high storage and operational stability. However, the
major limitation of this method is the performance restriction due to possible diffusion
barriers caused by entrapped materials. Moreover, sufficient network pore size should
be provided since only appropriately sized substrates and products can diffuse across
to provide transformation in a continuous way [22]. Otherwise, leaching of small sized
molecules causes inaccurate biosensor responses. Therefore, this method can be
applied only to selective enzyme systems. The diffusional barriers also result in long

response times since the entrapped enzyme is no longer easily accessible [27].
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1.1.2.4. Cross linking

Cross linking is the joining of the enzyme molecules either to each other to form a
large, three-dimensional complex structure or to the surface matrix. The technique
allows formation of multiple covalent bonds between enzyme molecules via bi- or
multi-functional reagents which results in a compact three-dimensional protein
network providing limited leaching of the enzyme from the surface as well as fast
response times [22]. Multifunctional reagents can be used not only to link enzyme

molecules to each other but also to link them to the support matrices.

However, intramolecular cross linking of enzymes does not provide an effective
immobilization to the support matrices unless it is used in conjunction with other
immobilization procedures described [28]. The major drawback of this method is the
difficulty in controlling the reaction which may cause activity losses due to the
distortion of the active enzyme conformation because excess cross linking may result
in the chemical alterations of the active site of enzymes [22]. Therefore, it is essential
to determine the optimum cross linker amount in order to fabricate a biosensor with a

good operational and storage stability.

Among many available cross linkers, glutaraldehyde (GA) has found the widest
application in numerous fields. The success of GA as a crosslinker has evolved from
its multicomponent nature, where several forms are present in equilibrium at a given
pH. Around neutral pH values, it reacts rapidly with amine groups and provides more
stable cross links when compared to other aldehydes. In addition to its high reactivity,
due to its commercial availability and low cost, GA has had a major role among cross
linkers. With the use of GA, immobilization can be achieved for many enzymes under
a wide range of conditions [29]. In brief, high cross linking activity of GA results in
enhanced immobilization due to improved compact structure of enzymes provided by

proper enzyme conformation [30].
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1.1.3. Glucose Biosensors

Despite the tremendous advances in biosensor technology and their development for
the detection of numerous products, glucose biosensors still account for approximately
85% of the current world biosensor market [31]. This can be attributed to the fact that
glucose is one of the most essential compounds for life among the biological
compounds of nature. Glucose is a sugar derived from the carbohydrate digestion. It
passes into the bloodstream and is circulated along the body. Glucose is essential for
the energy production required for reproduction and growth processes since it is the
primary fuel for glycolysis and anaerobic and aerobic respiration pathways [32]. The
regulatory hormone, insulin, which is produced by the pancreas is responsible for
maintaining blood glucose levels. When the body fails in insulin production, Diabetes
mellitus, a metabolic disorder due to insulin deficiency and hyperglycemia, emerges.
This disorder is reflected by blood glucose concentrations higher or lower than the
normal range. It requires a tight monitoring of blood glucose levels for diagnosis and
treatment and millions of diabetics test their blood glucose levels daily [33]. Moreover,
in plants, photosynthesis leads to glucose production. The produced glucose is then
condensed into starch which is stored as an energy source, or used for the synthesis of
numerous saccharides such as cellulose and sucrose. Especially in plant-derived foods,
these carbohydrate derivatives assist to flavor and texture as well as serves as a

secondary energy consumption source [34].

All of these factors make glucose detection is of great importance in a variety of fields
ranging from biomedical applications to ecological approaches. Therefore, concerns
related to glucose detection, especially for the diagnostics of diabetes, have led to the
development of innovative detection technologies. Among them, amperometric
glucose biosensors have had a leading role since they can provide the opportunity of
easy-to-use blood glucose testing. Amperometric biosensor technology with a lot of
advantages is expected to protect its leading role in continuous glucose monitoring
[35].
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1.1.3.1. Glucose oxidase enzyme (GOx)

For glucose biosensors, GOx is the standard enzyme having a high glucose selectivity.
It is easy to obtain, cheap and can work under a wide range of different pH, ionic
strength and temperature conditions. The most commonly used from Aspergillus Niger
has a pH range of 4-7. It is a homodimeric enzyme that catalyzes the conversion of 3-
p-glucose to p-glucono-1, 5-lactone which subsequently hydrolyzes to gluconic acid
spontaneously. Each subunit of GOx needs a redox cofactor, flavin adenine

dinucleotide (FAD), and contains one iron atom for catalytic activity [34].

FAD is the initial electron acceptor in the catalytic reaction and is reduced to FADH>
which reacts with oxygen and results in regeneration of the cofactor and hydrogen
peroxide formation [36]. The reaction mechanism of GOXx is shown in Figure 1.6.
Because of the production of electroactive H202, GOx reactions can be utilized in lots
of the glucose detection systems. Oxidation of H.O> allows the electrode to recognize
the number of transferred electrons which is proportional to the glucose concentration.
For the electrochemical glucose monitoring, three general methodologies; oxygen
consumption monitoring, detection of the produced hydrogen peroxide amount and
use of a mediator for the electron transfer from the GOx to the electrode can be utilized
[37].
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Figure 1.6. Glucose oxidase reaction mechanism
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1.2. Conjugated Polymers (CPs)

At the end of 1970s, the investigation of highly conductive poly(acetylene) in its doped
state has started a new era in the field of polymer technology. In 1967, when Shirakawa
and coworkers performed the synthesis of polyacetylene using tremendous amount of
Ziegler-Natta catalyst accidentally, they produced a thin silvery semiconductor film
with a drastic change in the conductivity of the polymer upon halogen addition [38]—
[43]. Among scientist, this investigation evoked the awareness that an insulator

polymer can be converted to a semiconductor and a metallic form.

The discovery of conducting polymers brought Alan MacDiarmid, Alan Heeger and
Hideki Shirakawa the Nobel Prize in Chemistry in 2000 which opens up the field of
“plastic electronics”. This innovative discovery brought about new application areas

combining known characteristics of polymers with high electrical conductivity.

Conducting polymers, i.e. conjugated polymers (CPs), are organic polymers with the
ability to conduct electricity. They contain extended m-conjugated system having
alternating single and double bonds along the polymer chain. In other words, the
backbone of CPs contains continuous sp? hybridized carbon centers and the orbitals
of these successive carbon atoms overlap providing delocalization of electrons along

the polymer backbone which results in charge mobility [44].

The m-conjugated system is the major factor that is responsible for the promising
electronic properties of CPs such as conductivity, high electron affinity, low ionization
potential and low energy optical transitions making them as an important class of
materials for electronic, optoelectronic and biotechnological applications. One of the
major advantages of CPs is their processability allowing simple modifications on their

chemical structure in order to obtain the required electrochemical properties [45].

1.2.1. Theory of Conjugated Polymers
The electronic structure and conduction mechanism of materials can be explained by
the band theory which is based on the overlap of orbitals to form delocalized energy

bands. The conductivity of a material is related to the relative population of each band
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and the energy difference between them [46]. According to their conductivity
properties explained by the energy diagrams, materials can be defined as insulators,
semiconductors and metals (Figure 1.7). The theory names the highest occupied
molecular orbital (HOMO) as the valence band and the lowest unoccupied molecular
orbital (LUMO) as the conduction band and the energy difference between these bands
is known as the band gap (Eg) which determines the motion of electrons. While the
band gap of an insulator is too large for electron transfer, the absence of any energy
gap aids the electron flow, thus high conductivity in a metal. On the other hand, a

semiconductor has a filled valence band and an empty conduction band with a narrow

band gap.
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Figure 1.7. Band structures of insulator materials, semiconductors and metals

It is possible, however, to increase the conductivity of semiconductor materials upon
doping process with charge carriers. It can be performed either by taking electrons
from the valence band and creating holes via p-type doping or adding electrons to the

conduction band via n-type doping [47].

Electron flow, which is the main concept of conductivity, can be possible in CPs since

the electrons are loosely bound in a conjugated system. -bonds are included in each
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double bond and they are not strongly localized resulting in a weaker bond which is
the main reason of electron delocalization in a conjugated system resulting in the
movement of electrons. However, only the presence of conjugation is not enough for
conductivity of a polymeric material. The polymer also needs to be doped to provide
electron flow. Doping process that is used for the conductivity enhancement of a
polymer is a redox process involving electron reduction or oxidation on the polymer
backbone. It can be performed via either chemical or electrochemical procedures.
When the polymer is doped, the electrons in the m-bonds become able to jump around
the polymer backbone bringing about electric current [48]. The conductivity of CPs
can be manipulated by the nature of the dopant, by chemical modifications on the
polymer backbone to change the band gap of the material, by blending with other
polymers and by the degree of doping [49].

1.2.2. Conjugated Polymers in Biosensor Applications

Since the discovery of CPs, plastic electronics have opened innovative research in a
lot of scientific and technological areas due to their tremendously attractive properties.
In addition to their excellent metal-like conductivity, they possess high mechanical
strength and processability like polymers. Moreover, the chemical nature of CPs and
the facile methods to synthesize and modify them make them compatible with many
of the chemistries found in nature [50]. Therefore, they have become as potential
material candidates for a wide range of applications such as sensors, electrochromic
and photovoltaic  devices, storage batteries, ion-specific membranes,

electroluminescence and drug delivery [51].

For biosensor applications, CPs have become an important class of materials for
surface design since they provide enhanced stability, sensitivity, versatility and fast
response. One of the biggest advantages of CPs for biosensors is that they provide a
suitable matrix for biomolecules immobilization and preserve their activity for a long
time. Furthermore, they can act as transducers since they have the ability to transfer
the electric charge generated by the biochemical reaction to the electric circuit. Their
flexible chemical structures provide easy modification according the desired
16



electronic and mechanical properties. Additionally, the polymer itself can be modified
to bind the biomolecule. Moreover, CPs exhibit exchange and size exclusion
properties since they are very sensitive and specific to the desired analytes [52]. As a
result, CP-modified electrodes have opened a new area in the design of biosensors that

allow reliable, simple, accurate and low-cost determination of numerous analytes.

1.3. Carbon Nanotubes (CNTYs)

The innovative discovery of fullerenes provided exciting perceptions into carbon
nanostructures with the most striking example of carbon nanotubes. Quasi-one-
dimensional carbon nanotubes are perfectly straight tubular structures having
nanometer size diameters and they possess characteristics of an almost ideal graphite
fiber. In 1991, their incidental discovery by Sumio lijima occurred when the scientist
was studying the graphite electrode surfaces used in an electric arc discharge, and the
observation of these tubular structure developed a new perspective in the carbon
research. The topology, structure and size of CNTSs are the properties making them
much more exciting compared to the other graphite related structures [53]. CNTs are
well-ordered, tubular graphitic nanostructures that are made of sp?-hybridized carbon
atom cylinders. They can be imagined as hollow tubes that take the shape of rolled
graphite sheets. According to the number of rolled graphite sheets, they can be divided
into single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon nanotubes
(MWCNTS) (Figure 1.8). SWCNTs are single molecular nanomaterials formed from
a single sheet of graphite, i.e. graphene; while MWCNTSs are composed of more than
two layers of graphite sheets. The diameter of SWCNTSs is in the range of 0.75-3 nm
and the length is about I1-50 um. For MWCNTS, the diameter is in the range of 2-30
nm, some can be more than 100 nm, and the distance between each layer is about 0.42
nm [54].

17



Figure 1.8. Carbon nanotubes: single-walled carbon nanotubes (SWCNTS) on the
left; and multi-walled carbon nanotubes (MWCNTS) on the right.

Since their discovery, CNTs have quickly emerged as a global research area which is
mainly because of their tremendously high specific surface area and superior

mechanical, electrical and electrochemical properties.

1.3.1. Carbon Nanotubes in Biosensor Applications

Outstanding electrochemical properties of CNTs have opened a field for their use as
surface platforms in the construction of biosensors. They combine exceptional
chemical, physical, optical and electronic characteristics making them well-suited

materials for the signal transduction related with analyte recognition [55].

Studies have proven that CNTs have the ability to enhance the electrochemical
reactivity of biomolecules, and can promote the charge transfer in biochemical
reactions. In this respect, CNTs are attractive especially for oxidase- and
dehydrogenase based enzyme electrodes. Many of these enzymes specifically catalyze
the reactions of analytes and generate the electrochemically detectable Nicotinamide
adenine dinucleotide (NADH) and hydrogen peroxide products whose electrochemical
reactivity are enhanced by CNTs making them very promising nanomaterials for

fabricating electrochemical biosensors providing easy detection of biomolecules [56].
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In addition to providing enhanced electrochemical reactivity, CNT-modified
electrodes are attractive structures for the accumulation of biomolecules since their
hollow core is a suitable host structure for supporting the guest biomolecules. Also,

CNTs have the largest elastic modulus of any known material [56].

The high surface-to-volume ratio of the CNTs contributes to biomolecular
conjugation. In this way, the immobilized enzyme on CNTs can protect its biological
activity and stability. Moreover, the easy modification of CNTs by attaching almost
any desired moieties allows very fast detection of biomolecules at low concentrations.
Therefore, CNT-based biosensors can be the key for ultra-sensitive biosensing
systems [57].

Although research has made amazing progress in the field of CNT-based biosensors,
there are still some challenges and further works in order to enhance their properties
and develop advanced systems. It is a real challenge to protect the thermal stability
and lifetime of CNT-based biosensors. Also, CNT-based biosensor systems generally
require joint platforms with other supporting materials. Therefore, the development of
CNT-based biosensors is a multi-faced challenging work requiring a cooperation

between different fields of science.

1.4. Macrostructures in Biosensor Design

In the performance of electrochemical biosensors, the modification of electrode
surfaces has a crucial role since reactions can be detected only in close proximity to
the surface. Therefore, the material and dimensions of the electrode, and its surface
modification significantly affect its detection ability [14]. In this regard, there are a
number of options as supporting materials. In this thesis, utilization of two different
macrostructures were studied in addition to conjugated polymer and MWCNTSs

modification which are well-studied in literature.
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1.4.1. Phthalocyanines (Pcs)

Since their incident discovery in 1928, Pcs, which are synthetic analogues of the
naturally occurring porphyrins, have been utilized in numerous research fields. They
are planar 18 n-electron aromatic macrocycles consisting of four isoindole units with
a considerable large m-delocalized surface that accounts for their unique optical

properties (Figure 1.9).
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Figure 1.9. General structure of phthalocyanines

For many years, due to their dark green-blue color, Pcs have played a significant role
in colorants for inks and textiles which is confirmed by their absorption spectra
presenting an intense Q-band in the visible region, centered at 620-700 nm [58]. In
recent years, they have been realized as attractive materials for molecular and
nanotechnological applications and have been successfully incorporated in
electrochromic and semiconductor devices, liquid crystal color displays and

information storage systems, etc. [59].

Pcs have become outstanding in materials science and nanotechnology because they

are thermochemically stable and robust to strong electromagnetic radiations in

addition to their electronic and absorption properties. More importantly, Pcs are

remarkably versatile since the two hydrogen atoms in the central cavity allow

incorporation of different substituents and can be replaced by more than 70 metals.
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That is, the structure allows tuning of physical properties. This modification is possible
both at the periphery of the structure and at the axial positions. The possible structural
modifications can allow the creation of the so-called Pc analogues. Generally, the
extension of the m-system, different number of isoindole units and exchange of the
isoindole units with other hetero-aromatic ring moieties result in the building of these
Pc analogues [60].

Although many Pc derivatives suffer from solubility problems limiting their potential
applications, the chemical flexibility of Pcs allows the introduction of suitable
substituents that increase their solubility as well as tune their electronic properties. As
a result of this versatility, incorporation of Pcs into electro and/or photo active systems
is possible via linking with suitable units which in turn enlarges the applicability of

this macrostructures.

1.4.1.1. Metal Phthalocyanines (MPcs)

Pc structures with one or two metal atoms are named as metal phthalocyanines (MPcs).
That is, they are cyclic, conjugated organic macrostructures having metal atoms at the
center (Figure 1.10). Due to the high versatility of the Pcs, metalation can tune the
properties of the structure completely. Together with their unique plane structures,
they have been utilized in variety of applications including molecular electronics,
optoelectronics, sensors, etc. [61]. Especially for the applications having MPcs as
electrocatalysts, MPcs with redox active metal centers is of importance. The emerging
functions of MPcs are mainly based on electron transfer reactions resulting from the
n-conjugated ring system, interaction of the m-electrons with center metal atoms and

the substituents in their structure [62].
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Figure 1.10. General structure of metal phthalocyanines

For biosensor applications, MPcs have emerged as promising materials due to their
electronic properties, rich redox chemistry and thermo-electrochemical stability. Their
electrocatalytic property, low raw material cost and bio-compatibility with a lot of
biomolecules provide Pcs to be widely employed as electrode modifiers in biosensor
construction [63]. In this regard, a novel water soluble zinc phthalocyanine molecule
for electrochemical glucose sensing was utilized in this thesis.

However, since pristine MPcs are adsorbed physically on the electrode surface, they
may leach out from the surface causing instability and low reproducibility. In addition,
their tendency for aggregation and low electrical conductivity limit their
electrochemical performance [64]. In this regard, they required to be supported by
suitable materials in order to construct stable electrodes having improved
electrochemical properties. Incorporation of Pcs with carbon nanostructures, such as
CNTs, appears as a possible way for this purpose [65]. In particular, MWCNTSs are
promising nanomaterials in this combination since they enhance electrochemical
conductivity and facilitate electron transfer of MPcs [66]. Due to their n-conjugated
aromatic surface, Pcs have the ability to bind to the side walls of MWCNTSs by means
of m-m interaction resulting in the formation of an improved hybrid system and the

protection of the chemical and electronic structure of MWCNTSs [67].
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In this context, a novel ZnPc molecule have been synthesized in order to investigate
the role of being a part of active layer in biosensor construction. Introduction of tetra
quaternized imidazolyl moieties at the peripheral positions of Pc structure resulted in
high solubility in water. Immobilization platform was constructed via incorporation of

ZnPc with MWCNTSs into the CP matrix on a graphite electrode surface.

1.4.2. Dendrimers

Dendrimers, originally referred to as cascade molecules and arborols, are highly
symmetrical and branched structures being the most recently identified members of
the polymer family. The first reports about dendrimers were published in the late
1970s and early 1980s by the research groups of Vogtle [68], Denkewalter [69],
Tomalia [70] and Newkome [71]. After these pioneering publications, the research in

this field attracted great interest and proceeded rapidly.

Ideally, dendrimers are perfectly monodispersed macrostructures having a regular and
highly branched three-dimensional pattern with a very high density of surface
functional groups. These structures are formed from a core, and expand with each
subsequent branching moiety. In the structure of dendrimers, dendron is the remaining
part when the core is removed and the number of dendrons is dependent on the
multiplicity of the core. A dendron can be divided into three regions; the core, the
branches (interior) and the end groups (periphery). The number of branch points from
the core to the periphery of a dendron defines its generation (G1, G2, G3, etc.) with
higher generation dendrimers being larger, more branched and having more end
groups (Figure 1.11) [72]. The internal space between the branches of a dendrimer
forms cavities which are named as dendrimeric crevices. The properties of dendrimers
are mainly directed by peripheral functional groups, yet the functionality of the cavity
and the core are also of great importance. They are generated in a repetitive reaction
sequences in which each additional repeat results in a higher generation structure [73].
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Figure 1.11. Anatomy of a dendrimer

Since dendrimers have a specific molecular weight, unique branched topologies and
definite size and shape, they emerged as promising materials for numerous
applications. Their high conformational flexibility brings about many initially
unexpected properties. The flexible nature of dendrimer branches can adopt different
conformations, causing the end groups to be folded back into the interior part of the
structure. In higher generations, the flexibility allows these molecules to adopt shapes
that are far from globular. In addition, multivalency of dendrimers may be their mostly
utilized property since it can significantly affect the solubility properties and many of

the proposed uses of dendrimers rely on the presence of large amount of end groups
[74].

Multiple conjugation sites of the dendrimers provide a densely functionalized and
stable structure. Also, the available interior void space of dendrimers helps to prevent
diffusional restriction for analytes and electron-transfer reagents which allow the
biochemical processes throughout whole range of multilayers [75]. Furthermore, the

exciting properties of dendrimers, especially their controllable size, globular
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geometry, hydrophilicity, high surface functionality and stability make them as ideal
matrices for biosensor applications since these properties provide better sensitivity,
target capturing ability, specificity, reusability and stability [76].

1.4.2.1. Poly(amidoamine) (PAMAM)

Within the family of dendrimers, globular-shaped PAMAM dendrimers are the first
and the mostly studied structures. In recent years, numerous studies demonstrated that
PAMAM dendrimers can be utilized as bio-conjugating reagents for construction of
biosensing devices. These highly-branched dendritic macromolecules can be used in
biosensor applications since they contain a number of terminal amino groups which
enhances the attachment of biomolecules (Figure 1.12). Moreover, their good
biocompatibility and functional groups for chemical attachment make PAMAM

dendrimers as promising electrode modifiers [77].

As the density of the terminal amino groups on the surface increases, the generation
of PAMAM dendrimer grows and affects the biomolecule attachment depending on
the electrode surface design. PAMAM G2 and G4 moieties possess 16 and 64 primary
amine groups on their surface, respectively. The presence of these multiple functional
groups allows multiple interactions and conjugations with biomolecules resulting in

enhanced stability [78]. Hence, the lifetime of the sensing device increases.

However, direct attachment of dendrimers onto the surface is not easy since they are
oily liquids. Moreover, dendrimers can decrease the conductivity of the modified
probe, resulting in a lower detection sensitivity which limits their applications in
biosensors [79], [80]. In order to overcome these problems, the present study aimed to
enhance the sensitivity of the dendrimer attached probe with the addition of MWCNTSs
and increase the stability with CP modification.
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Figure 1.12. Structure of PAMAM dendrimers

1.5. Aim of This Thesis

In this thesis, two different conjugated polymer based amperometric biosensors were
designed with the utilization of different macrostructures in order to investigate the
effects of these structures on biosensor performance. The fabricated sensing systems

were used in glucose detection.

For this purpose, in the first study, ZnPc molecule was utilized in combination with
MWCNTSs in the CP based sensor design. Following the surface modification of
graphite electrode with these structures, GOx immobilization was performed via
physical adsorption and using GA as the crosslinker. CP provided a stable
immobilization platform due to the strong m-interactions with the enzyme molecule.
MWCNTs enhanced the charge transfer rate and made the immobilization more
durable due to the high mechanical and chemical strength of the structure. By taking
the high stability, rich redox and electronic properties of ZnPc structure, biosensor

performance was enhanced.
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In the second study, the same CP was combined with PAMAM dendrimer and
MWCNTSs. After the modification of the graphite electrode surface with these
supporting materials, GOx was immobilized via physical adsorption and using GA as
the crosslinker. Here, the CP and MWCNTSs were used due to their above-mentioned
properties. PAMAM dendrimer was chosen as the additional modification material
since it is a suitable host structure for accommodation of the guest enzyme molecule
due to its three-dimensional structure with an internal void space as well as since it
contains a number of terminal amino groups which enhances the attachment of the

enzyme molecule.

Both of the fabricated biosensors were optimized, characterized and applied for real-
time analyses in order to make a contribution to the field of surface design for the

electrochemical biosensors via developing novel surface architectures.
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CHAPTER 2

PFLA/ZnPc/MWCNTSs/GOx BIOSENSOR

2.1. Experimental

2.1.1. Materials and Methods

Glucose oxidase (GOx, B-p-glucose: oxygen 1-oxidoreductase, EC1.1.3.4, 17300
units/g solid) from Aspergillus niger and p-glucose were purchased from Sigma (St.
Louis, USA). Glutaraldehyde (GA), multi walled carbon nanotubes (MWCNTS) and
chloroform were obtained from Sigma—-Aldrich Co., LCC. (St. Louis, USA).
Dimethylformamide (DMF) was purchased from Carlo Erba Reagents SAS (Reuil,
France). The polymer, poly[9,9-di-(2-ethylhexyl)-fluorenyl-2,7-diyl] end capped with
N,N-bis(4- methylphenyl)-4-aniline, (PFLA) was obtained from American Dye
Source, Inc. (Quebec, Canada). For enzyme immobilization, a 50 mM, pH 7.0
phosphate buffer solution (PBS) consisting of 0.025 M Na;HPO4 (Fisher Scientific
Company) and 0.025 M NaH2POs (Fisher Scientific Company) was used. As the
substrate, glucose solution (0.1 M) was prepared by dissolving 0.18 g of glucose in 10

mL pH 7.0 PBS solution. All chemicals were of analytical reagent grade.

All the amperometric measurements and cyclic voltammetry studies were conducted
using PalmSens potentiostat (PalmSens, Houten, The Netherlands). Three electrode
system consisting of a graphite rod working electrode (Ringsdorff Werke GmbH,
Bonn, Germany, typeRW001, 3.05 mm diameter and 13% porosity), Pt wire counter
electrode (Metrohm, Switzerland) and Ag wire reference electrode was used for all
electrochemical studies. Scanning electron microscope (SEM) (JEOL JSM-6400
model) was used for the surface modification characterization of the fabricated

biosensor. All measurements were conducted at ambient conditions.
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2.1.2. Preparation of the Biosensor

Before surface modification, spectroscopic grade graphite rods were polished on
emery paper and washed with distilled water. CP solution was prepared by dissolving
2.0 mg PFLA in 2.0 mL chloroform and a 10 pL aliquots from this solution were
deposited on a cleaned graphite electrode surface. Then, MWCNTS suspension was
prepared by dispersing 0.5 mg MWCNTs in 10 mL DMF followed by 15 min
ultrasonication to obtain a black suspension. After the CP modified electrode was dried
at ambient conditions, 10 uL aliquots of the prepared MWCNTS solution were cast on
the electrode surface and the electrode was left to dry at room temperature for 3 h.
Then, ZnPc solution was prepared as 1.0 mg of ZnPc in 1.0 mL distilled water. For
the co-immobilization of GOx and ZnPc, the certain amount of GOx was dissolved in
3.0 L of PBS (50 mM, pH 7.0) and 3.0 pL of the prepared ZnPc solution were mixed
with this solution. 6.0 pL of the mixture was co-immobilized on the modified electrode
surface followed by the addition of 3.0 pL of GA crosslinking solution (1% in 50 mM
PBS pH 7.0) to the electrode surface. After the prepared electrode was left to dry for
2 h at ambient conditions, the fabricated biosensor was rinsed with distilled water to
remove the unbound molecules and impurities. Figure 2.1 illustrates schematic

representation of the procedure for the construction of the proposed biosensor.
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Graphite/PFLA/MWCNTs/ZnPc/GOx

Figure 2.1. Schematic representation of PFLA/MWCNTs/ZnPc/GOx Biosensor
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2.1.3. Amperometric Measurements

All amperometric studies were performed in a reaction cell filled with 10 mL pH 7.0
PBS solution by applying -0.7 V constant potential at ambient conditions under mild
stirring. As a result of the enzymatic reaction between GOx and the substrate, the
decrease in the oxygen level associated with substrate concentration was monitored at
-0.7 V potential since the response of the biosensor for this reaction is most sensitive
at this potential [81]. During the amperometric measurements, when the baseline
current reached to an equilibrium, certain amount of glucose substrate was added into
the reaction medium. As a result of the enzymatic reaction between GOx and the
substrate, the current changed and a new equilibrium was established. The difference
between these two constant current values (LA) gave the biosensor response (Figure
2.2). The buffer solution was refreshed and the electrodes were washed with distilled
water, then kept in buffer solutions for a while after each measurement. In all
amperometric studies, each measurement was carried out three times repetitively and
the data were given as the average of these measurements and standard deviations

were recorded as £SD.
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Figure 2.2. Amperometric measurement procedure

2.1.4. Optimization of Biosensor Performance
It is aimed to achieve a long life and robust biosensor for the analyte detection in the
design of enzyme based biosensors. For this purpose, all the parameters affecting the

biosensor performance in the construction were optimized in order to obtain a stable
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and reproducible biosensor response. Therefore, in this study, the effects of different
amounts of CP, MWCNTSs and ZnPc as well as enzyme concentration and pH values
on the current signal were investigated. In order to perform the optimization studies,
different electrodes were prepared by changing only the amount of the parameter to
be optimized. In other words, the amounts of all the other parameters were kept
constant except for the one to be optimized and the performances of the different
electrodes were compared. The one with the highest signal was chosen as the optimum

value and used for the biosensor construction at further steps.

Moreover, in order to achieve the best combination for the highest biosensor
performance, different biosensors were prepared as different combinations of PFLA,
MWCNT and ZnPc with their optimized parameters. The corresponding responses of

these combinations were compared to determine the best surface design.

2.1.5. Characterizations

2.1.5.1. Analytical and Kinetic Characterizations

After all optimum conditions for the proposed biosensor were determined, a
calibration curve for glucose was plotted. The analytical parameters, limit of detection
(LOD) and sensitivity values, were calculated by setting the intercept of the linear
range of the calibration curve to zero using S/N (signal-to-noise ratio) = 3 criterion.
Moreover, in order to prove the repeatability of the proposed sensing system, 10
consecutive measurements were done for 0.5 mM glucose solution. The standard
deviation (SD) and the relative standard deviation (RSD) values were calculated for
these measurements. The shelf life of the biosensor was also measured by taking
amperometric measurements with regular time intervals for 30 days. Percent activity
loss value was calculated at the end of this time by comparing the average signal of

the measurements at the first day and the last day.

For the kinetic characterization of the biosensor, Michaelis-Menten enzyme kinetics
model was used. It is known that Vmax or Imax and Km are the parameters that

characterize the kinetics of biochemical reactions. Michaelis-Menten model utilizes
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an equation to describe the relation between the rates of an enzymatic reaction to the
substrate concentration, i.e. [S]. The reaction rate gradually increases as [S] increases,
but as [S] gets higher, enzyme becomes saturated with the substrate and reaction rate
reaches its maximum value, Vmax. Half of the maximum velocity is called K,

Michaelis constant, which is a measure of enzyme affinity to its substrate [82], [83].

Vmax [S]

Michaelis-Menten equation; v =
Km+[S]

Since the Michaelis-Menten plot, v vs [S] is not linear, its linear form Lineweaver-
Burk plot is used to obtain Imax and Km?P values.

KM)i_i_ 1

Vmax [S ] Vmax

Lineweaver-Burk equation; i = (

Since the studies were conducted as amperometric method which measures the current
change with respect to time, Imax and Kn®P values were calculated from Lineweaver-
Burk plot (1/1 vs 1/[S]).

2.1.5.2. Surface Characterizations

Cyclic voltammetry (CV) studies were carried out to characterize the effective
electroactive surface area for each modification. Experiments were performed in a
solution containing 5.0 mM Fe(CN)¢*"*, 0.1 M KCI and 50.0 mM PBS pH 7.0 by
applying the potential between 0 and 1.0 V with a scan rate of 100 mV s™.

Determination of electroactive surface areas for each surface modification was

performed using Randles-Sevcik equation: I, = 2.69x105AD 72n’/2v'/2C where n
is the number of electrons involved in the redox reaction, 4 is the electrode area (cm?),
D is the diffusion coefficient of the molecule in solution (cm?sY), C is the
concentration of the probe molecule in the bulk solution (mol cm™3) and Vis the scan
rate (Volt s1). The equation suggests that there is a direct relation between the peak
current and effective surface area. In other words, any increase in the peak current

means a proportional increase in the electroactive surface area.
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Moreover, SEM technique was used for surface morphology characterization for
different surface modifications. Images of pristine PFLA, PFLA/MWCNTs/ZnPc and
PFLA/MWCNTSs/ZnPc/GOx modified electrode surfaces were analyzed.

2.1.6. Sample Application

In order to validate the reliability of the sensing system, the biosensor was tested for
glucose detection on several commercially available beverage samples. For this
purpose, instead of glucose solution, 10 uL of beverage samples were directly injected
into the reaction cell filled with 10 mL buffer solution. By this way, automatic dilution
occurred and the detected concentrations were included in the linear range of the
system. The biosensor signals for the beverage samples were recorded and the glucose
contents were calculated from the equation of the calibration curve. The results were
compared with the glucose contents given on the product labels and relative error for

each sample was calculated.

2.2. Results and Discussion

2.2.1. Optimization Studies

2.2.1.1. Optimization of the Biosensor Parameters

Firstly, the effect of different CP concentration on biosensor performance was
investigated since unstable and low biosensor responses show up in the case of
improper CP amounts. In order to determine the optimum CP concentration; 1.0, 1.5,
2.0, 2.5 and 3.0 mg of PFLA were dissolved in 2.0 mL of chloroform and 10 pL
aliquots of these solutions were deposited on graphite electrodes. The biosensor
responses of corresponding electrodes were compared by keeping all the other
parameters constant. The highest biosensor performance was obtained with 2.0 mg
PFLA (Figure 2.3).
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Figure 2.3. The effect of polymer amount on biosensor response (in 50.0 mM PBS,
pH 7.0, 25°C). Error bars show the standard deviation (SD) of three measurements.

Then, the amount of MWCNTSs was optimized since higher amounts of MWCNTSs
cause lower biosensor responses due to diffusional constraints for the substrate. On
the other hand, lower amounts of MWCNTSs affect the biosensor performance due to
improper fixation problem of enzyme molecules onto electrode surface. In order to
find the optimum MWCNTSs amount; 0.25, 0.40, 0.50, 0.60, 1.00, 1.50 and 1.75 mg of
MWCNTSs were dispersed in 10.0 mL of DMF by ultrasonication and 10 pL aliquots
of these solutions were cast on the CP coated electrode surfaces. When the recording
signals were compared, biosensor with 0.50 mg MWCNT gave the highest response
(Figure 2.4).
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Figure 2.4. The effect of MWCNTSs amount on biosensor response (in 50.0 mM
PBS, pH 7.0, 25°C). Error bars show the standard deviation (SD) of three
measurements.

Furthermore, optimum ZnPc amount for the biosensor was also determined. MPc
complexes are strongly adsorbed onto carbon-based materials. In addition, since their
high stability and superior catalytic properties may enhance biosensor performances,
the biosensor signal increases with increasing MPc amount. However, further increase
in MPc amounts results in lower signal and sensitivity as a result of increased diffusion
constraints. Therefore, in order to determine the optimum ZnPc amount, different
solutions were prepared by dissolving 0.25, 0.50, 1.00, 1.50 and 1.75 mg of ZnPc in
1.0 mL of distilled water and 3.0 uL aliquots of these solutions were co-immobilized
with GOx solution. When the corresponding signals were examined, 1.00 mg ZnPc

resulted in the highest biosensor response (Figure 2.5).
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Figure 2.5. The effect of ZnPc amount on biosensor response (in 50.0 mM PBS, pH
7.0, 25°C). Error bars show the standard deviation (SD) of three measurements.

Enzyme amount was also optimized to obtain the highest biosensor performance since
the immobilization matrix has an enzyme loading capacity. That is, if there is an excess
enzyme loading on the electrode surface, the excess amount may leach out from the
surface. On the other hand, if the enzyme amount is far below the loading capacity of
the surface, the desired responses for better sensitivity cannot be recorded. To optimize
the enzyme amount, different electrodes with 0.5 mg (8.7 U), 1.0 mg (17.3 U), 1.3 mg
(22.5U), 1.5 mg (26.0 U) and 2.0 mg (34.6 U) GOx were prepared and the best signal
was recorded with 1.3 mg GOx (Figure 2.6).
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Figure 2.6. The effect of loaded enzyme amount on biosensor response (in 50.0 mM
PBS, pH 7.0, 25°C). Error bars show the standard deviation (SD) of three
measurements.

Finally, the optimum pH value for the system was investigated since enzyme
molecules are strongly affected by pH changes which is mainly because of the changes
in enzyme conformation at different pH values. Herein, the pH effect was investigated
using 50 mM buffer solutions in a pH range of 4.0-9.0 (sodium acetate buffer at pH
4.0-5.5, sodium phosphate buffer at pH 6.0-7.5, tris buffer at pH 8.0-9.0, 25°C). When
the responses of the biosensor in these pH values were compared, the highest signal
corresponding to the optimum enzyme activity was obtained with pH 7.0 (Figure 2.7).
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Figure 2.7. The effect of pH on biosensor response (in 50 mM sodium acetate buffer
at pH 4.0; 5.0; 5.5, 50 mM PBS at pH 6.0; 6.5;7.0;7.5 and 50 mM Tris buffer at pH
8.0 and 9.0, 25°C). Error bars show the standard deviation (SD) of three
measurements.

2.2.1.2. Determination of the Best Combination

In order to achieve the best combination for an outstanding biosensor performance,
the effects of PFLA, MWCNTSs, ZnPc and their different combinations were
investigated. Different combinations; pristine PFLA, pristine MWCNTSs, pristine
ZnPc, MWCNTs/ZnPc, PFLA/MWCNTSs and PFLA/MWCNTSs/ZnPc were prepared
as immobilization matrices using the optimized parameters for the materials and their
corresponding signals were compared (Figure 2.8). MWCNTSs, which are well known
suitable charge transfer reagents, enhance the charge transfer ability and increase the
electroactive surface area of the electrodes which results in improved biosensor
performance. ZnPc complex also enhances the biosensor performance due to its high
chemical stability, redox activity and semi-conducting properties. Moreover, since
CPs have the ability to mimic the natural environment for biomolecules, they are
improving materials in the biosensor construction. However, when these components
were considered separately, prepared electrode surfaces may not be sufficient enough
for the proper binding of biomolecules. Also, three-dimensional structure of the

enzyme molecules may not be protected causing a decrease in the signal and lifetime
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of the biosensor. Furthermore, due to the weak enzyme immobilization, lower stability
and sensitivity of the biosensor may show up. Hence, the combination of these three
electrode modifier materials resulted in enhanced biosensor performance when
compared to the individual use of MWCNT, ZnPc or PFLA species.

—a— PFLA/GOx

1 |——2zZnPc/GOx

5o |—— MWCNT/GOX

—— MWCNT/ZnPc¢/GOx

—4¢— PFLA/MWCNT/GOx
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Figure 2.8. The effect of different surface modifications on performance of glucose
biosensors (in 50.0 mM PBS, pH 7.0, 25°C). Error bars show the standard deviation
(SD) of three measurements.

2.2.2. Characterizations

2.2.2.1. Analytical and Kinetic Characterizations

After determining the optimum conditions for the fabricated biosensor, a calibration
curve for glucose was plotted having a linear response range between 0.025-1.0 mM
glucose in 50 mM PBS pH 7.0 as given with the equation; y = 5.312x + 0.311with R?
= 0.997 (Figure 2.9). At higher glucose concentrations than 1.0 mM, substrate
saturation was observed. The LOD and sensitivity values were calculated as 0.018 mM
and 82.18 pAMM*cm2, respectively.
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Figure 2.9. Calibration curve for glucose (in 50 mM PBS, pH 7.0, 25°C). Error bars
show standard deviation (SD) of three measurements.

Moreover, in order to investigate the repeatability of the proposed biosensor, 10
consecutive measurements were successfully recorded for 0.5 mM glucose solution.
The SD and RSD values for these measurements were calculated as +0.06 and 3.09%,
respectively. The lifetime of the biosensor was also tested by taking amperometric
measurements for 30 days with regular time intervals. Only 5% of activity loss was
observed at the end of this time proving the reusability of the proposed practical

sensing system.

The selectivity of the system was also confirmed since biosensors should detect only
the amounts of their target analytes within given samples. The main purpose of glucose
biosensors is to detect glucose amounts in blood samples and since there are various
biological molecules in the blood, the biosensor should give response to only glucose
in order to perform successful analysis with different samples. For this reason, 0.5 mM
urea and ascorbic acid solutions were prepared and the effect of these interfering
substances was investigated. Instead of glucose, these species were injected to the
reaction medium during amperometric measurements and the biosensor response for

these substances were recorded. The proposed biosensor did not give any significant
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response for these species proving that the system is specific only to its target analyte
without possessing any interference effect. (Figure 2.10)
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Figure 2.10. Biosensor responses to glucose and interfering substances (in 50 mM
PBS, pH 7.0, 25 °C).

Furthermore, the kinetic parameters of the proposed biosensor were determined using
Michaelis-Menten enzyme kinetics model via Lineweaver-Burk plot. From the
equation of this plot, Km*P and Imax values were calculated as 0.53 mM and 6.12 pA,
respectively. When these results were compared with the other glucose biosensors in
literature, Km?P value was found to be superior. Chen et al. proposed a biosensor
utilizing a pyrolytic graphite electrode modified with nanoscaled cobalt
phthalocyanine-glucose oxidase biocomposite. The Km®P of this biosensor was found
as 12.4 mM [84]. Nyokong and co-workers prepared CoPc-CoTPP complexes and
Nafion based glucose biosensor having the Kn*P value of 14.91 mM [85]. In another
study, a biosensor having an electrode modification of PdNPs-electrochemically
reduced graphene oxide possessed the Kv*P value of 5.44 mM [86]. Moreover,
Adronov et al. designed a biosensor by entrapping glucose oxidase within the poly[3-
(3-N,N-diethylaminopropoxy)thiophene] and single-walled carbon nanotubes films
and they obtained the Km*® value of 3.4 mM [87].
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In addition to these enhanced kinetic parameters, the constructed biosensor showed
better analytical characteristics with low LOD and high sensitivity values than some
other electrochemical glucose biosensor studies in the literature as can be seen in Table
2.1.

Table 2.1. Comparison of glucose biosensors in the literature.

Matrices on the electrodes LOD Sensitivity Km@P | Ref
(mM) (rAmM1cm?) | (mM)
Poly/MWCNT/Zn(11)Pc/GOx 0.018 82.18 0.53 This
work
GOD/Nafion/(LbL)3s5/ABS 0.05 175 NR [88]
PDDA/PSS/{PDDA.- 0.058 5.6 NR [89]
MWCNTs/GOx}s
graphene-AuNPs-GOD 35 NR 4.73 [90]
Poly(adamantanepyrrole)/SWCNT/f | NR 31.02 5 [91]
-cyclodextrin/GOXx
AU/MPTS-solgel/Au 0.023 8.3 NR [92]
NPs/cysteamine/GOx

NR: Not reported

These improved properties can be attributed to the combination of the
CP/MWCNTs/ZnPc providing a great support material for biomolecule
immobilization. Herein, PFLA structure enhanced the stability of the system which
becomes a durable biosensor as a result of the interactions between the alkyl chains
on the polymer backbone and the enzyme molecule since the biomolecule have both
hydrophobic and hydrophilic parts in its structure. The n-n interactions between the
enzyme and polymer also resulted in strong and stable interactions. By this way, no
dialysis membrane is required in order to entrap the enzyme molecule. MWCNTS

improved the total performance of the sensing system by enhancing the charge transfer

43



rate and the electroactive surface area. ZnPc structure also increased the biosensor
responses due to its high redox activity, chemical stability, semi-conducting properties
and biocompatibility. As a result, the combination of this three materials possessed
complementary properties due to synergistic effects and thus increase the total

performance of the sensing device.

2.2.2.2. Surface Characterizations

From the peak currents of the corresponding cyclic voltammograms (Figure 2.11), the
electroactive surface areas for pristine PFLA, PFLA/MWCNT, PFLA/MWCNT/ZnPc
and PFLA/MWCNT/ZnPc/GOx modified electrodes were calculated as 0.038 cm?,
0.052 cm?, 0.061 cm?and 0.046 cm?, respectively. The comparable lower electroactive
surface area of pristine PFLA than the other electrodes was because of the formation
of an additional layer onto the graphite electrode by PFLA coating which passivates
the electrode surface. Incorporation of MWCNT and ZnPc resulted in increase in
effective surface coverage confirmed by the enhancement of the peak currents which
demonstrated the promotion of the electron transfer rate and the redox reaction of the
probe by these materials. Also, strong n-m interaction between the ZnPc molecule and
MWCNT/PFLA combination was a strong evidence of the highest electroactive
surface area of PFLA/MWCNT/ZnPc. Furthermore, enzyme immobilization caused
the decrease in the peak current and therefore in the effective surface area which was

because of the insulating character of the biomolecules.
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Figure 2.11. Cyclic voltammograms resulting from pristine PFLA, PFLA/MWCNT,
PFLA/MWCNT/ZnPc and PFLA/MWCNT/ZnPc/GOx in 5.0 mM Fe(CN)g/+
containing 0.1 M KCI.

SEM technique was used for surface morphology characterization of surfaces. In
Figure 2.12, SEM images represent pristine PFLA, PFLA/MWCNTSs/ZnPc and
PFLA/MWCNTs/ZnPc/GOx modified electrode surfaces, respectively. Each surface
change proved the proper surface modification. PFLA deposition resulted in a fully
covered homogenous film. Incorporation of MWCNT and ZnPc complex to PFLA
modified electrode surface led to a successful distribution of ZnPc complex molecules
with the help of uniform MWCNT distribution. The layered structures were rougher
than the morphology of pristine PFLA coating which indicates the successful
PFLA/MWCNT/ZnPc combination. A significant morphology change was observed
after the GOx immobilization. Homogeneous coating of the enzyme proved that the
proposed electrode modification serves as a great host-guest platform for biomolecule

deposition.
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Figure 2.12. SEM images of (A) pristine PFLA; (B) PFLA/MWCNT/ZnPc; (C)
PFLA/MWCNT/ZnPc/GOx under optimized conditions.

2.2.3. Application of the Biosensor

The feasibility of the proposed sensing system for real sample analyses was
investigated by testing the biosensor with different commercial beverages. During
amperometric measurements, the beverage samples were injected into the reaction
medium and the glucose contents of these samples were calculated using the
calibration curve. As given in Table 2.2, results were very close to the product label
values demonstrating that the constructed biosensor is applicable for practical sample

testing with reliable accuracy and precision.

Table 2.2. Results of glucose analysis in beverages.

Sample Glucose Content (mM) Relative Error (%)
Product Label PFLA/MWCNTSs/ZnPc/GOx

S® Milk  0.25 0.247 -1.20

L® Icetea 0.37 0.350 -5.41

C® Coke 0.62 0.598 -3.55
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CHAPTER 3

PFLA/PAMAM/MWCNTs/GOx BIOSENSOR

3.1. Experimental

3.1.1. Materials and Methods

Glucose oxidase (GOx, B-p-glucose: oxygen l-oxidoreductase EC 1.1.3.4, 17,300
units/g solid) from Aspergillus niger and p-glucose were obtained from Sigma (St.
Louis, USA). Poly (amidoamine) (PAMAM)-25% C12 dendrimer, generation 2.0, 20
wit% solution in methanol, PAMAM-25% C12 dendrimer, generation 4.0, 10 wt%
solution in methanol, multi walled carbon nanotubes (MWCNTS), glutaraldehyde
(GA) and chloroform were purchased from Sigma-Aldrich Co., LCC. (St. Louis,
USA). The polymer, poly[9,9-di-(2-ethylhexyl)-fluorenyl-2,7-diyl] end capped with
N,N-bis (4-methylphenyl)-4- aniline (PFLA), was obtained from American Dye
Source, Inc. (Quebec, Canada). Dimethylformamide (DMF) was purchased from
Carlo Erba Reagents SAS (Reuil, France). For enzyme immobilization, 50 mM pH 7.0
phosphate buffer solution (PBS) was prepared from 0.025 M NaHPO4 (Fisher
Scientific Company) and 0.025 M NaH:POs (Fisher Scientific Company). As the
substrate, glucose solution (0.1 M) was prepared by dissolving 0.18 g of p-glucose in
10 mL pH 7.0 PBS.

All the amperometric measurements and cyclic voltammetry studies were performed
using EmStat3 potentiostat (PalmSens, Houten, The Netherlands). Three electrode
system consisting of a graphite rod working electrode (Ringsdorff Werke GmbH,
Bonn, Germany, typeRW001, 3.05 mm diameter and 13% porosity), Pt wire counter
electrode (Metrohm, Switzerland) and Ag wire reference electrode was used for all
electrochemical studies. Scanning electron microscope (SEM) (JEOL JSM-6400
model) was used for the surface modification characterization of the fabricated

biosensor. All measurements were conducted at ambient conditions.
47



3.1.2. Preparation of the Biosensor

Before surface modification, spectroscopic grade graphite rods were polished on
emery paper and washed with distilled water. 20 pL aliquots of CP solution prepared
by dissolving 2.0 mg PFLA in 2.0 mL chloroform, were deposited on a cleaned
graphite electrode surface. 0.75 mg MWCNT were dispersed in 10 mL DMF by
ultrasonicating for 15 min to obtain a black suspension. Then, 20 pL aliquots of this
suspension were cast on CP modified electrode surface. PAMAM solution was
prepared as 0.4 mM by diluting with methanol and when the electrode was dried, 10
pL aliquots of PAMAM solution were cast on the surface of the electrode. For the
enzyme immobilization, certain amount of GOx was dissolved in 10.0 uL of PBS (50
mM, pH 7.0) and this solution was immobilized on the dried electrode surface
followed by the addition of 6.0 uL of GA (1% in 50 mM PBS pH 7.0) to the electrode
surface. The prepared electrode was left to dry for 2 h at ambient conditions, rinsed
with distilled water to remove the unbound molecules and impurities. Figure 3.1
illustrates schematic representation of the procedure for the construction of the
proposed biosensor.

S —— —

Bare graphite electrode Graphite/PFLA Graphite/ PFLA/MWCNTSs

Graphite/ PFLA/MWCNTS/PAMAM/GOx

Figure 3.1. Schematic representation of PFLA/MWCNTs/PAMAM/GOx Biosensor
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3.1.3. Amperometric Measurements

All amperometric studies were performed in a reaction cell filled with 10 mL pH 7.0
PBS solution by applying -0.7 V constant potential at ambient conditions under mild
stirring. As a result of the enzymatic reaction between GOx and the substrate, the
decrease in the oxygen level associated with substrate concentration was monitored at
-0.7 V potential. The buffer solution was refreshed and the electrodes were washed
with distilled water, then kept in buffer solutions for a while after each measurement.
In all amperometric studies, each measurement was carried out three times repetitively
and the data were given as the average of these measurements and standard deviations

were recorded as £SD.

3.1.4. Optimization of Biosensor Performance

All the parameters affecting the biosensor performance in the construction were
optimized in order to obtain a stable and reproducible biosensor response. In this study,
the effects of different amounts of CP, MWCNTSs and PAMAM as well as the enzyme
concentration and pH values on the current signal were investigated. Different
electrodes were prepared by changing only the amount of the parameter to be
optimized. The one with the highest signal was chosen as the optimum value and used

for the biosensor construction at further steps.

3.1.5. Characterizations

3.1.5.1. Analytical and Kinetic Characterizations

After determining the optimum conditions for the proposed biosensor, a calibration
curve for glucose was plotted. The LOD and sensitivity values were calculated by
setting the intercept of the linear range of the calibration curve to zero using S/N = 3
criterion. For the repeatability testing, 20 consecutive measurements were done for 0.5
mM glucose solution and SD and RSD values were calculated for these measurements.

Moreover, the lifetime of the biosensor was measured by taking amperometric
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measurements with regular time intervals for 30 days. Percent activity loss value was

calculated at the end of this time.

For the kinetic characterization studies, Michaelis-Menten enzyme kinetics model was

used. From Lineweaver-Burk plot (1/1 vs 1/[S]), Imax and Km®® values were calculated.

3.1.5.2. Surface Characterizations

CV studies were performed in order to characterize the effective electroactive surface
area for each modification. Experiments were conducted in a reaction cell containing
5.0 mM Fe(CN)g3*, 0.1 M KCI and 50.0 mM PBS pH 7.0 by applying the potential
between 0 and 1.0 V with a scan rate of 100 mV s. Determination of electroactive

surface areas for each modification was performed using Randles-Sevcik equation.

SEM technique was also used for surface morphology characterization for different
surface  modifications. Images of pristine PFLA, PFLA/MWCNTSs,
PFLA/MWCNTs/PAMAM and PFLA/MWCNTs/PAMAM/GOx modified electrode

surfaces were analyzed.

3.1.6. Sample Application

The fabricated biosensor was tested on different commercially available beverage
samples in order to prove the applicability of the system. The samples were directly
injected into the reaction medium and their corresponding current signal were
recorded. From the equation of the calibration curve, the glucose contents of these

samples were determined and relative error values were calculated.

3.2. Results and Discussion

3.2.1. Optimization Studies

3.2.1.1. Optimization of the Biosensor Parameters

First of all, in order to obtain a proper orientation and effective binding of the enzyme
on CP surface, optimum CP amount was investigated by dissolving 1.0, 1.5, 2.0, 2.5
and 3.0 mg of PFLA in 2.0 mL chloroform. 20 pL aliquots of these solutions were cast
on graphite electrode surfaces for different biosensors and their corresponding signals
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were compared by keeping all the other parameters constant. 2.0 mg PFLA resulted in
the highest biosensor response (Figure 3.2).

Current (uA)
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Polymer Amount (mg)

Figure 3.2. The effect of polymer amount on biosensor response (in 50.0 mM PBS,
pH 7.0, 25C). Error bars show the standard deviation (SD) of three measurements.

Then, the effect of different MWCNTs amount on the biosensor performance was
investigated since higher amounts of MWCNTS resulted in lower biosensor responses
due to diffusional constraints; whereas lower MWCNTs amounts affected the
biosensor responses since it causes improper accommodation of enzyme molecules
onto the electrode surface. In order to optimize the MWCNTs amount, different
biosensors were prepared with 0.25, 0.50, 0.75, 1.00 and 1.50 mg of MWCNTSs.
According to the compared results, the highest response was obtained with 0.75 mg
MWCNTs (Figure 3.3).
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Figure 3.3. The effect of MWCNTSs amount on biosensor response (in 50.0 mM
PBS, pH 7.0, 25°C). Error bars show the standard deviation (SD) of three
measurements.

Furthermore, the concentration of PAMAM was optimized using different PAMAM
solutions having 0.2, 0.3, 0.4, 0.5 and 0.6 mM concentrations in biosensor fabrication.
When the recorded signals were compared, biosensor response increased to a
maximum value with 0.4 mM for PAMAM. After that point, a significant decrease in
the signal was observed which was because higher amounts of dendrimers could
prevent the approach of substrate to the electrode surface. Thus, the saturation of the

dendrimer structure resulted in lower electrocatalytic activity (Figure 3.4).
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Figure 3.4. The effect of PAMAM concentration on biosensor response (in 50.0 mM

PBS, pH 7.0, 25-C). Error bars show the standard deviation (SD) of three
measurements.

Moreover, enzyme amount was optimized in order to reach to the loading capacity of
the immobilization matrix. To determine the best enzyme amount for the
immobilization matrix, five different electrodes with 1.0 mg (17.3 U), 2.0 mg (34.6
U), 2.6 (45.0 U), 3.0 mg (51.9 U), 4.0 mg (69.2 U) GOx were prepared and the
corresponding responses were compared. 2.6 mg GOx resulted in the highest
biosensor signal (Figure 3.5).
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Figure 3.5. Effect of enzyme amount on biosensor response (in 50.0 mM PBS, pH
7.0, 25°C). Error bars show the standard deviation (SD) of three measurements.
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Finally, the optimum pH value was investigated to obtain the highest enzyme activity
since pH changes strongly affect the orientation and stability of enzyme molecules.
The pH effect was investigated using 50 mM buffer solutions in a pH range of 5.0-9.0
(sodium acetate buffer at pH 4.0-5.5, sodium phosphate buffer at pH 6.0-7.5, tris buffer
at pH 8.0-9.0, 25 °C). When the biosensor responses in different buffer solutions were
compared, the highest enzyme activity was obtained with pH 7.0 (Figure 3.6).

Current (pA)
e
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1 ) ) )
5 6 7 8 9
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Figure 3.6. Effect of pH (in 50 mM sodium acetate buffer at pH 4.0; 5.0; 5.5, 50
mM PBS at pH 6.0; 6.5; 7.0; 7.5 and 50 mM tris buffer at pH 8.0 and 9.0) on
biosensor response. Error bars show the standard deviation (SD) of three
measurements.

3.2.1.2. Determination of the Best Combination

In order to improve the immobilization and enhance the interaction between the
polymer and enzyme molecules, MWCNTSs were incorporated onto CP modified
electrode surface. After that, the biosensor was further functionalized with PAMAM
dendrimer to get more reactive regions for the attachment of GOx to obtain more
sensitive glucose detection. For this purpose, two different biosensors were prepared
with PAMAM G2 and PAMAM G4 structures separately (Figure 3.7). When the
performances of these two biosensors were compared, the biosensor prepared with
PAMAM G2 gave higher and more stable responses since as PAMAM dendrimer size
increases, resistivity in flexibility increased and the detection sensitivity was limited.
Moreover, Demirci et al. pointed out that Km®P value is lower in the case of PAMAM

54



G2 modification compared to the PAMAM G4 modification [93]. This also proves
that the enzyme activity is higher in the more flexible PAMAM G2 environment.
Furthermore, Miura et al. compared the amount of adsorbed protein onto different
PAMAM generations [94]. They showed that as dendrimer size increases, adsorption
of protein molecules decreases showing that dendrimer surface with a high generation
results in higher bio-inertness. Therefore, in this system, further modification of
CP/MWCNTs combination was performed with the utilization of PAMAM G2
dendrimer. As a result, the best immobilization platform for the enzyme was designed
as CP/MWCNTs/PAMAM G2 dendrimer.
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Figure 3.7. Structures of PAMAM G2 and PAMAM G4

3.2.2. Characterizations

3.2.2.1. Surface Characterizations

From the peak currents of cyclic voltammograms, the electroactive surface areas for
different combinations; bare graphite, PFLA/MWCNTs, PFLA/MWCNTs/PAMAM
and PELA/MWCNTs/PAMAM/GOX, were calculated as 0.64 cm?, 0.87 cm?, 1.28 cm?
and 0.63 cm?, respectively (Figure 3.8). A well-defined oxidation peak for the bare
graphite electrode was observed proving the proper working electrode property of the
graphite rod. When the MWCNTs modification to the PFLA coated electrode was

performed, the resulted enhancement of the peak current demonstrated that MWCNTS
55



facilitate the charge transfer rate and the redox reaction. A further increase in the peak
current in the case of PAMAM modification is attributed to the electrostatic adsorption
affinity of the positively charged PAMAM molecules to the negatively charged
Fe(CN)s*"* species. After GOx immobilization, the decrease in the peak current due
to the insulating character of the biomolecules confirmed the effective attachment of

the enzyme on the electrode.
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— PEFLA/IMWCNT/PAMAM
9 — PFLA/IMWCNT/PAMAM/GOx

0.0 0.2 0.4 0.6 0.8 1.0
Potential (V)
Figure 3.8. Cyclic voltammograms resulting from a bare graphite, PFLA/MWCNT,

PFLA/MWCNT/PAMAM and PFLA/MWCNT/PAMAM/GOX in 5.0 mM Fe(CN)g*
/4 containing 0.1 M KCI.

The effect of different surface modifications was investigated with SEM technique. In
Figure 3.9, SEM images represent the electrodes with pristine PFLA,
PFLA/MWCNTs, PFLA/MWCNTSs/PAMAM and PFLA/MWCNTs/PAMAM/GOx
modifications, respectively. Homogenous distribution of PFLA molecules were
observed when the electrode was coated with PFLA solution. When MWCNTSs were
incorporated to CP modified surface, both the structures of PFLA and MWCNTSs were
observed clearly as a result of proper interaction between the structures. Further
modification with PAMAM resulted in rough layered structures proving the successful
PFLA/MWCNTs/PAMAM combination. After the GOx immaobilization, a significant
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morphology change was observed possessing a homogeneous surface coating. This
also proved that the designed electrode surface serves as a great host-guest platform

for biomolecule deposition.

Figure 3.9. SEM images of (A) pristine PFLA; (B) PFLA/MWCNT; (C)
PFLA/MWCNT/PAMAM (D) PFLA/IMWCNT/PAMAM/GOx under the optimized
conditions.

3.2.2.2 Analytical and Kinetic Characterizations
After all the optimum conditions were determined, a calibration curve for glucose was
plotted to relate the current to different substrate concentrations (Figure 3.10). A good

linearity between 0.05 and 0.75 mM glucose as given with the equation y = 14.089x
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+0.767 with R? = 0.996 was obtained. The LOD and sensitivity values were calculated
as 0.014 mM and 55.41 pAmM-tcm2, respectively.
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Figure 3.10. Calibration curve for glucose (in 50 mM PBS, pH 7.0, 25 °C). Error
bars show standard deviation of three measurements.

In order to prove the repeatability of the biosensor, 20 consecutive measurements were
successfully performed with the SD and RSD values of + 0.16 and 2.90%,
respectively. The lifetime of the biosensor was also tested by taking amperometric
measurements with regular time intervals for 30 days. At the end of this time, 5.9% of

activity loss was observed which confirms the reusability of the fabricated biosensor.

In order to test the selectivity of the fabricated glucose biosensor, the effect of
interfering substances was investigated by testing the biosensor with 0.5 mM urea and
ascorbic acid solutions since these compounds can easily be oxidized at bare
electrodes. When these species were injected to the reaction medium during
amperometric measurements, the biosensor did not give any significant response to
these species showing that there is no interference at -0.7 V potential under the

optimized conditions (Figure 3.11).
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Figure 3.11. Biosensor responses to glucose and interfering substances (in 50 mM
PBS, pH 7.0, 25 °C).

Moreover, the kinetic parameters of the proposed biosensor were determined from the
Lineweaver-Burk plot. Km®P and Imax Values were calculated as 0.66 mM and 17.39
HA, respectively. When these parameters were compared with the literature, KmP
value was found to be superior and the biosensor possessed enhanced analytical
properties with low LOD and high sensitivity values. Liu et al. proposed a glucose
biosensor based on water-dispersible chitosan-functionalized graphene (CG) further
modified with FesOa. The biosensor have a sensitivity value of 5.658 pAmM1cm™
with a detection limit of 16 uM [95]. In another study, Singh et al. developed a
biosensor via immobilization of GOx on sulfonated graphene/AuNPs/chitosan
nanocomposite which possess the Km®P value of 1.96 mM and sensitivity value of
6.51 nAmMtcm? [96]. In another biosensor fabricated by Araque et al., GOx
immobilization on a glassy carbon electrode coated with a hybrid nanomaterial of
anchored (3-glycidyloxypropyl)trimethoxysilane at the surface of graphene oxide,
further cross-linked with PAMAM G4 dendrimer and modified with platinum
nanoparticles, resulted in the Km®P value of 6.9 mM and sensitivity value of 24.6
nAmM1ecm2 [97]. Fernandes and co-workers presented a biosensor with 5.71 mM
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Km®P in which streptokinase, GOx and phosphorylcholine were immobilized onto
polyglycerol dendrimer which was then entrapped in polyaniline nanotubes [98]. The
enhanced characteristics of the fabricated biosensor were further compared with some
other literature examples in Table 3.1. The enhancing effect of MWCNTs-PAMAM
combination is well studied in the literature. In this work, the improved performance
can be attributed to the incorporation of the CP to MWCNTSs/PAMAM combination

which provides an enhanced immobilization matrix for the enzyme.

Table 3.1. Comparison of glucose biosensors in the literature.

Matrices on the electrodes LOD Sensitivity Kwm®P | Ref
(mM) (rAmM-cm?) | (mM)
Poly/ MWCNT/PAMAM/GOx 0.014 5541 0.66 This
work
GOD/CNTs/CS/GC NR 7.36 8.2 [99]
MWCNT/GO/GOx 0.028 3.37 NR [100]
AU/MPA/Fc-PAMAM-G2 0.33 25.2 22.92 | [101]
PAMAM G4-HYM/GOx NR 0.028 5.2 [102]
GOD/graphitic nanocage modified | 8 13.3 NR [103]
GCE

NR: Not Reported

3.2.3. Application of the Biosensor

The proposed biosensor was tested on different commercial beverages in order to
prove the feasibility of the sensing system. The beverage samples were injected into
the reaction medium without any pretreatment and their corresponding signals were
recorded. The glucose contents of the samples were calculated by inserting the
biosensor signals into the equation of the calibration curve and the results were
compared with the product label values. As given in Table 3.2, results are very close
to the product label values proving the applicability of the fabricated biosensor for real

time analyses with reliable accuracy and precision.
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Table 3.2. Results of glucose analysis in beverages.

Sample Glucose Content Relative Error (%)
(mM)
Product Label PFLA/MWCNTs/PAMAM/GOx

S® Milk 0.25 0.239 4.40

U®Lemon 0.47 0.450 4.26

Soda

C® Coke 0.62 0.610 1.61

61



62



CHAPTER 4

CONCLUSION

In this thesis, two different biosensors with different matrices were constructed for the
purpose of glucose detection. Glucose oxidase was used as a model enzyme for
fabrication of these two biosensing systems. A functional conjugated polymer PFLA
together with multi-walled carbon nanotubes was used as an immobilization matrix
for both biosensors. Utilization of the conjugated polymer improved the feature of the
enzyme immobilization since the presence of alkyl chains on the polymer backbone
provided strong interaction with the hydrophobic parts of the enzyme molecule and
the m-n stacking between the aromatic residues of the enzyme and polymer enhanced
the physical interactions leading to a stable biosensor platform. Modification with
multi-walled carbon nanotubes enhanced the charge transfer rate which results in more
sensitive and faster biosensor responses by enlarging the electroactive surface areas of
the electrodes. The electrode surfaces were further modified with different

macrostructures in order to investigate their effects on biosensor performance.

In the first study, water soluble zinc phthalocyanine molecule was used as the
macrostructure modifier owing to its promising electronic properties with rich redox
chemistry and stability. To the best our knowledge, a sensor design which combines
conjugated polymer/MWCNTs/ZnPc was attempted for the first time and this
approach resulted in improved biosensor characteristics. Via the combination of these
three materials, the biosensor possessed complementary properties due to synergistic
effects and enhanced the total performance of the sensing device.
PFLA/MWCNTSs/ZnPc/GOx biosensor showed a long term stability and good linear
response for glucose between 0.025-1.0 mM with a detection limit of 0.018 mM and
the sensitivity value of 82.18 pAmm™cm?2. The proposed sensing system also
presented superior kinetic parameters with the Kn®*P value of 0.53 mM. Moreover,
scanning electron microscopy and cyclic voltammetry techniques were used to
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investigate the surface modifications. Finally, the fabricated biosensor was
successfully tested on beverages for glucose detection. Satisfactory results were
obtained indicating that the proposed sensing system is an important tool for real time

analyses for glucose determination.

This study was published in International Journal of Biological Macromolecules in
2017 [104].

In the second study, amperometric biosensing performance of a novel platform
utilizing a conjugated polymer, multi-walled carbon nanotubes and poly(amidoamine)
dendrimer was investigated. The highly-branched dendritic macromolecule was
utilized since it improves the biomolecule attachment due to the presence of a number
of terminal amino groups in its structure. The analytical and kinetic parameters of the
constructed biosensor were investigated and the biosensor presented a linear response
for glucose between 0.05 and 0.75 mM with a detection limit of 0.014 mM. Ku®® and
sensitivity values were calculated as 0.66 mM and 55.41 pAmmtcm2, respectively.
The improved performance of the study was attributed to the addition of the
conjugated polymer to the enhancing effect of MWCNTs-PAMAM combination
which is well studied in the literature. To investigate the surface modifications,
scanning electron microscopy and cyclic voltammetry techniques were used. Finally,
fabricated biosensor was tested on beverages for glucose detection successfully. The
obtained satisfactory results indicated that the proposed biosensor is an important tool

for real time analyses for glucose determination.

This study was published in Journal of Electroanalytical Chemistry in 2017 [105].
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