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OZET

FOTOELEKTROKATALITIK SISTEMLER ICIN REDOKS
MEDIYATORLERIYLE MODIFiYE ELEKTROTLARIN
HAZIRLANMASI VE UYGULAMALARI

GIRAY DILGIN, Didem

Doktora Tezi, Kimya Anabilim Dali
Tez Danigsmani: Prof. Dr. H. Ismet GOKCEL
Subat 2014, 156 sayfa

Bu ¢alismada hematoksilin (HT), metilen yesili (MY), nétral kirmizis1 (NK)
ve meldola mavisiMdM) olmak iizere 4 farkli redoks mediyatoriiyle
elektropolimerizasyon yontemi kullanilarak hazirlanan ve elektrokimyasal
davraniglar1 incelenen modifiye camimsi karbon elektrotlarla (glassy carbon
electrode, GCE) elektrokimyasal ve fotoelektrokimyasal sensorlere yonelik
calismalar gerceklestirilmistir. Elektrot yilizeyinin 1siklandirilmasinin NADH nin
elektrokatalitik yiikseltgenmesine ve NAD'/NADH redoks cifti-dehidrogenaz
enzimine bagli glukoz biyosensoriine etkisi hem dongiisel voltammetri ve
amperometri i¢in geleneksel voltammetrik hiicrede hem de akiga enjeksiyon analiz
(Flow Injection Analysis, FIA) sistemi i¢in akis gecisli fotoelektrokimyasal hiicrede
gergeklestirilmistir. MdM harig, diger modifiye elektrotlar, NADH nin elektrokatalitik
yiikseltgenmesine iyi yanit vermistir. Isiksiz ortamla karsilastirildiginda, 151k altinda
NADH’nin elektrokatalitik yiikseltgenme akimi yaklasik iki kat artmigtir. Bu
caligmanin en 6nemli kismi PAMAM-glukoz dehidrogenaz (GDH) tutturulmus
poli-HT/GCE kullanilarak glukoz igin fotoelektrokimyasal biyosensor tasarlamaktir.
Isiksiz ortamla karsilastirildiginda, duyarlik ve belirtme alt sinir1 (limit of
detection, LOD) sirasiyla yaklasik 2,5 ve 2 kat artmistir. FIA siteminde 1s1ksiz
ortamda dogrusal aralik 1x10™ M ile 1x10" M arasinda, duyarlik 0,76 pAmM™ ve
LOD 3,0 uM dur. Isiklandirilmadan sonra ise dogrusal aralik 5x10° M ile 1x10° M
arasinda, duyarlik 1,90 pAmM™ ve LOD 1,5 uM olarak bulunmustur. Bu tezden
elde edilen sonuglarin gelecekte bu konu iizerine yapilacak ¢aligmalara bir temel

olusturacagi sonucuna varilmistir.

Anahtar sozciikler: Fotoelektrokimyasal sensor, biyosensor, akisa enjeksiyon
analizi, hematoksilin, NADH, glukoz, elektrokatalitik ve fotoelektrokatalitik
yiikseltgenme, elektropolimerizasyon, glukoz dehidrogenaz.
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ABSTRACT

PREPARATION AND APPLICATIONS OF MODIFIED
ELECTRODES WITH REDOX MEDIATORS FOR
PHOTOELECTROCATALYTIC SYSTEMS

GIRAY DILGIN, Didem

PhD in Chemistry
Supervisor: Prof. Dr. H. Ismet GOKCEL
February, 2014, 156 pages

In this thesis, modified glassy carbon electrodes (GCE) were prepared by
electropolymerization of four different redox mediators (hematoxylin (HT)
methylene green (MG), neutral red (NR) and meldola blue (MdB)) and
investigated their electrochemical behavior. The studies on electrochemical and
photoelectrochemical sensors were performed using these modified electrodes.
The effect of irradiation of electrode surface on the electrocatalytic oxidation of
NADH, and biosensing of glucose dependent on NAD*/NADH redox couple-
dehydrogenase enzyme was investigated by using both traditional voltammetric
cell for cyclic voltammetry and amperometry and photo electrochemical cell for
flow injection analysis (FIA) system. Apart from MdB, the other modified
electrodes have a good response towards electrocatalytic oxidation of NADH. The
peak current NADH with irradiation at these modified electrodes increased about
two times compared with the reaction without irradiation. An important part of
this study is the construction of photoelectrochemical biosensor for glucose using
PAMAM-Glucose dehydrogenase (GDH) immobilized poly-HT/GCE which
shows best response to electrocatalysis of NADH. Compared with the reaction
without irradiation, the sensitivity and the detection limit increased around 2.5 and
2.0 folds, respectively. The linear range was from 1x10™ M to 1x10° M with the
sensitivity of 0.76 pAmM™ and a detection limit of 3.0 pM without irradiation in
FIA system. After the irradiation, the linear range was from 5x10° M to 1x10° M
with the sensitivity of 1.90 pA mM™ and a detection limit of 1.5 pM. It was
concluded that the results obtained from this thesis will provide a basis on this
topic for future studies.

Keywords: Photoelectrochemical sensor, biosensor, flow injection analysis,
hematoxylin, NADH, glucose, electrocatalytic and photoelectrocatalytic oxidation,
electropolymerization, glucose dehydrogenase.
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1. INTRODUCTION

One of the most interesting areas of electrochemistry is to develop new
electrochemical sensors and biosensors with higher sensitivity, selectivity and
stability, as well as being fast and low-cost. Chemically Modified Electrodes
(CMEs) have attracted considerable attention in the development of new
electrochemical sensors and biosensors, because CMEs offer advantages such as
high sensitivity, selectivity, reduced interference effect, preconcentration of target
species, etc. (Mousty, 2004, 2010; Yogeswaran and Chen, 2008; Zen et al., 2003;
Walcarius, 1999, 1998; Cox et al., 1996; Gorton, 1995; Wring and Hart, 1992). In
combination with CMEs, electrochemical techniques can also be turned into
important  applications in electrosynthetic organic chemistry, material
characterization, fuel cells, etc. Moreover, one of the distinguishing features of
CMEs is their application to electroanalysis because of their own electrocatalytic
properties and/or their capabilities to immobilize electrocatalytic or biocatalytic
reagents (enzymes) that improve the sensitivity and selectivity of the detection
step (Zen et al., 2003; Mousty, 2004).

An important application area of CMEs is investigation of electrocatalytic
oxidation of Reduced Dihydronicotinamide adenine dinucleotide (NADH) and
construction of biosensors for some biologically important compounds that
depend on NAD*/NADH redox couple and dehydrogenase enzymes (Gorton and
Dominguez, 2002a; 2002b; Simon and Bartlett, 2003; Kumar and Chen, 2008;
Radoi and Compagnone, 2009; Lobo et al., 1997; Katakis and Dominguez, 1997).
The pyridine nucleotides, NAD" (nicotinamide adenine dinucleotide) and NADP*
(nicotinamide adenine dinucleotide phosphate), are ubiquitous in all living
systems as they are required for the reactions of more than 400 oxido-reductase
denoted dehydrogenases (250 of these depend on NAD" and around 150 on
NADP") (Gorton and Dominguez, 2002a). In addition, the redox turnover of
NAD'/NADH coupled has been extensively used for the construction of
electrochemical biosensors for many biologically important molecules based on
dehydrogenase enzymes (Katakis and Dominguez, 1997; Yan et al., 2007). The
biosensing of molecules using dehydrogenases requires a highly sensitive NADH
transducer, because the transformed signal of the biosensor is based on the
detection of enzymatically generated NADH. NAD*/NADH redox couple is also
useful for the development of biofuel cells with cheap fuels. NAD"-dependent
dehydrogenases in biofuel cells allow the use of various fuels such as



carbohydrates and alcohols (Yan et al., 2007; Miyake et al., 2009). Therefore,
electrochemical oxidation of NADH has received considerable attention due to the
important functions mentioned above.

However, the oxidation of NADH at bare electrodes takes place at high
overvoltage ranging from 450 to 1100 mV depending on the material of the
electrode. It was early recognized that the reaction is highly irreversible and
suffers from interference from other oxidizable species at such high potentials.
For concentrations higher than 0.1 mM NADH, the reaction also involves radical
intermediates resulting in electrode fouling and passivation of the electrode
surface which causes poor sensitivity, poor selectivity and unstable analytical
signals. As a result, it can be said that the major product NAD" is an inhibitor of
the direct electrode process. (Florou et al., 1998; Gorton and Dominguez, 20023;
2002b; Moiroux and Elving, 1978; Jaegfeldt, 1980; Blaedel and Jenkins, 1975;
Simon and Bartlett, 2003).

In order to overcome these problems, modification of the electrode surface
with redox mediators has been extensively used. Various modified electrodes
have been prepared with many redox mediators such as azine type dyes
(phenothiazine, phenoxazine, phenazine), quinolic compounds (flavonoids,
phenolic acids, catecholic compounds), nitrofluorenones, flavine and adenine
derivatives, some transition metal complexes and some conducting polymers
(Gorton and Dominguez, 2002a; 2002b; Simon and Bartlett, 2003; Katakis and
Dominguez, 1997; Kumar and Chen, 2008). These mediators have been modified
onto various electrode surfaces such as glassy carbon (GC), carbon paste (CP),
ordered mesoporous carbon (OMC), carbon nanotube (CNT), graphite (G), pencil
graphite (PG), carbon films with ordered cylindrical, gold (Au), platinum (Pt),
gold nanoparticle (Au NPs) and nanocomposite electrodes and then successfully
used for the electrocatalytic oxidation of NADH. These modified electrodes have
also been used for the construction of electrochemical biosensors for many
biologically important molecules based on dehydrogenase enzymes (Katakis and
Dominguez, 1997; Yan et al.,, 2007; Li et al.,, 2013a; Aydogdu et al., 2013,
Meredith et al., 2012; Al-Jawadi et al., 2012; Liu et al., 2010; Yang and Liu,
2009; Meng et al., 2009; Arvinte et al., 2008; Manesh et al., 2008; Dai et al.,
2008; Ricci et al., 2007; Bartlett et al., 2002). The substrate detection dependent
on dehydrogenases requires a highly sensitive NADH detection, because the
obtained signal of the biosensor is based on the detection of enzymatically
generated NADH.



Recently, many scientists have focused on photoelectrochemical sensors,
which are a newly developed analytical device based on the photoelectrochemical
properties of electrode or mediators. Because the combination of CMEs and
photoelectrochemistry exhibits more sensitive results than that of CMEs without
irradiation electrode surface. Poly-Toluidine Blue (poly-TB) (Dilgin et al., 2007),
poly-Methylene Blue (poly-MB) (Dilgin et al., 2011), poly-Hematoxylin (Poly-
HT), (Dilgin Giray et al., 2010) poly-Neutral Red (Poly-NR) (Dilgin Giray et al.,
2011) modified glassy carbon electrodes (GCE), a new polymeric phenothiazine
modified graphite electrode (Gligor et al., 2009), Graphene-TiO, nanohybrids
modified GCE (Wang et al., 2012a), Dopamine/nanoporous TiO, modified
Indium Tin Oxide (ITO) electrode (Wang, et al., 2009a), and poly(4,4’
diaminodiphenyl sulfone)/nanoTiO, composite film ITO electrode (Ho et al.,
2011) have been used for the photoelectrocatalytic oxidation of NADH. In these
studies, a significant enhancement in the current for the oxidation of NADH was
observed when the working electrode surface was irradiated by a light source. In
addition, a photoelectrochemical glucose biosensor based on NAD*/NADH redox
couple and glucose dehydrogenase enzyme has been constructed by using the
Quantum dot modified Au electrode (Schubert et al., 2010) and Thionine (Th)
cross-linked multi-walled carbon nanotubes (MWNTS) and Au nanoparticles (Au
NPs) multilayer functionalized ITO electrode (Deng et al., 2008).
Photoelectrochemistry has been used not only for the electrocatalytic oxidation of
NADH and biosensors that depend on NAD*/NADH redox couple but also for the
electrocatalytic oxidation of ascorbic acid (Cooper et al., 1998, 1999; Dilgin et al.,
2003, 2005, 2006), sulphide (Dilgin, et al., 2012a), detection of some pesticides
(Wang, et al., 2013a; Shi et al., 2011; Gong et al., 2012), DNA biosensor (Liang
et al., 2006; Zhang et al., 2012) and construction of biosensors dependent on
oxidase enzymes (Sun et al., 2009; Zheng et al., 2011; Wang et al., 2012b; Ren et
al. 2009). All of these studies showed that the sensitivity of a photoelectrochemical
sensor was better than an electrochemical sensor. As a result, photoelectrochemistry
has been widely used in electrochemical sensors and biosensors with higher
sensitivity.

Another useful approach in electrochemical sensors and biosensors is the
usage of Flow Injection Analysis (FIA) with CMEs in electrochemical techniques
(Hansen, 1996; Van Staden and Van Staden, 2012; Wang, et al., 1991; Mayer and
Ruzicka, 1996). Because FIA has some advantages for routine analytical
determinations such as very limited sample consumption, short analysis time
based on a transient signal measurement in a flow-through detector, and an on-line



carrying out difficult operations of separation, physicochemical conversion of
analyses into detectable species (Parikh et al., 2010). Electrocatalytic oxidation of
NADH and biosensors that depend on NAD*/NADH redox couple-dehydrogenase
enzymes has also been investigated in FIA with redox mediator-modified
electrodes (Baskar et al., 2012; Dilgin et al., 2011; Hasebe et al., 2011; Chen et
al., 2004; Sha et al., 2004; Gao et al., 2003, 2004; Piano et al., 2010a, 2010b;
Lobo et al., 1996a,1996b; Prieto-Simon et al., 2007; Ramirez-Molina et al., 2003;
Florou et al., 1998; Jaraba et al., 1998; De Lucca et al., 2002).

It is concluded that the combination of CMEs, photoelectrochemistry and
FIA can be useful for electrocatalytic oxidation of NADH and biosensor
dependent on NAD/NADH redox couple-dehydrogenase enzyme. When we take
into consideration the advantages of this combination, the developed
photoelectrochemical sensor and biosensor offers advantages such as i) good
selectivity (CMEs have good selectivity properties), ii) good sensitivity
(the sensitivity of photoelectrochemical sensors is generally better than
electrochemical sensors), and iii) fast and economical analysis (FIA exhibits fast
analysis and lower cost due to less consumption of reactive). Therefore, in order
to construct more sensitive, selective and fast electrochemical sensors and
biosensors, an investigation on photoelectrocatalytic oxidation of NADH and the
construction of the glucose biosensor dependent on NAD*/NADH redox couple-
glucose dehydrogenase enzyme in the FIA system have been proposed in this
thesis. As presented below, this thesis was planned as a four-stage

1. Preparation of CMEs: Electropolymerization of some redox mediators
(HT, NR, Methylene Green (MG), Meldola Blue (MdB) onto GCE.

2. Characterization of modified electrodes: The recording cyclic
voltammograms dependent on scan rate and supporting electrolyte pH.

3. Electrocatalytic and photoelectrocatalytic oxidation of NADH:
a. With cyclic voltammetry
b. With chronoamperometry
c. With amperometry in FIA system

4. Construction of photoelectrochemical biosensor: Glucose biosensor has
been proposed as a model.

Although the photoelectrocatalytic oxidation of NADH (Dilgin et al., 2007,
2011; Dilgin Giray, et al., 2010, 2011; Wang et al., 2012a; Wang, et al., 2009a;
Ho et al., 2011) and photoelectrochemical biosensor dependent on NAD*/NADH



redox couple-dehydrogenase enzymes (Deng et al., 2008; Schubert et al., 2009)
has been reported, these have been performed in the FIA system for the first time
in this thesis (Dilgin Giray et al., 2010) and our a previous study (Dilgin et al.,
2011).

In the following section, information on CMEs, pyridine dinucleotides,
biosensors, photoelectrochemistry and photoelectrochemical sensors, FIA, and
some electroanalytical techniques used in this thesis will be presented together
with previous published studies.

1.1. Chemically Modified Electrodes (CMEs)

Electrochemical methods offer increased degrees of accuracy and detection
limits, often involving dramatically lower costs than other techniques. Therefore,
electrochemical methods have found wide applications in analysis, construction of
sensors, organic and inorganic synthesis, etc. C, Au, Hg and Pt were used as
electrode materials until the mid 1970’s. However, there is fouling at these bare
electrodes by unwanted precipitation or adsorption processes which cause low
sensitivity and slow electrochemical reaction rates in some species. In order to
overcome these problems, modifications of the electrode surface have been used
in the electroanalysis. In general, the modification aims to effect: (i) transport
properties to the electrode surface (barriers to exclude interferants, means of
preconcentrating the analyte, e.g. ion exchange); (ii) chemical reactions at the
electrode surface (e.g. preconcentration reactions by attaching ligands, enzyme
reactions); (iii) electron transfer properties (electrocatalysts to improve electron
transfer) (Smyth and Vos, 1992).

CMEs were defined by IUPAC recommendations in 1997 as “an electrode
made of a conducting or semiconducting material that is coated with a selective
monomolecular, ionic or polymeric film of a chemical modifier and that by means
of faradaic reactions or interfacial potential differences (no net charge transfer)
exhibits chemical, electrochemical and/or optical properties of the film” (IUPAC,
1997).

Study of CMEs was initiated in the mid-1970s and it was achieved the
covalently binding of several ligands (amine, pyridine, and ethylenediamine)
onto the surface of a SnO, electrode via silanization reaction (Moses et al., 1975).



This pioneering work was the starting point for the development of an
extraordinarily wide area of research which is still continuously growing in
various fields of chemistry (Walcarius, 1998). The interest in modified electrodes
has increased day by day. Some studies on modified electrodes and their
applications in electroanalysis have been reported in review articles (Gorton,
1995; Gilmartin and Hart, 1995; Navratilova and Kula, 2003; Walcarius, 1998,
1999; Mousty, 2004, 2010; Zen et al., 2003). The numerous important
applications of CMEs have been found for example, solar energy conversion and
storage, selective electro-organic synthesis, molecular electronics, electrochromic
display devices, corrosion protection, and electroanalysis. Because CMEs provide
some useful approaches in the electroanalysis, which were summarized by Murray
(Murray et al., 1987) as five main ideas: electrocatalysis, preconcentration,
membrane barriers, electroreleasing and microstructure.

An important and distinguishing feature of CMEs is electrocatalysis of the
electrode reaction of analytically desired substrate. It is often observed that the
electrode kinetics of an analyte at a bare electrode surface are slow, so that
oxidation or reduction occurs at a potential that is much more positive or negative,
respectively, than the expected thermodynamic potential (i.e., an activation
overpotential (n) exists) (Murray et al., 1987). A schematic representation of an
electrocatalytic process at a CME with decrease in n was given in Figure 1.1 (Zen
et al., 2003). The reversible redox mediator P/Q with a standard potential of EOP/Q
was modified on a functionalized electrode to promote the irreversible oxidation
reaction of A = B' + e". A relatively high n was observed at a bare electrode
while in the presence of P/Q the reaction was promoted by redox mediation at
EOP,Q with a low n. This type of heterogeneous CMEs is not only selective and
sensitive but also fast and reusable in analytical measurements (Zen et al., 2003).
There are three important characteristics of mediated electrocatalysis. Firstly, the
catalyzed reaction occurs near the formal potential of the mediator catalyst couple
(P/Q) unless a catalyst-substrate (S) adduct is formed, in which case reaction
occurs at the potential for the adduct. Secondly, the mediator catalyst and
substrate formal potentials should be similar. Because this lowers the P + S
reaction free energy, however, the choice is also subject to maintaining a
satisfactorily fast reaction rate. Finally, a successfully catalyzed reaction of S
occurs at less negative or positive potential for reduction or oxidation, respectively,
than the bare electrode reaction of S would require (Murray et al., 1987).
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Figure 1.1. Schematic representation for the oxidation reaction of A = B on bare (A) and
mediated conditions (B, C); NHE normal hydrogen electrode (Zen et al., 2003).

The terms P and Q correspond to the reversible mediator of reduced and
oxidized states, respectively. The Eqps, EOP/Q, E%s and n correspond to
uncatalyzed, P/Q mediated, standard and over potentials, respectively, for the
above mentioned reaction. In homogenous catalyzed reaction, the P/Q mediator
and reactant are in solution phase; while for heterogeneous catalyzed reaction, the
P/Q is bonded on the electrode surface (Zen et al., 2003).

Another wide application of CMEs is the preconcentration of trace analytes.
In trace analysis, general stripping techniques were used. CMEs preconcentrate
the analyte into a small volume on the electrode surface during the accumulation
process, which allows lower concentrations to be measured than possible in the
absence of preconcentrated step (Mousty, 2004).

Electroanalytical applications of modified electrodes are mostly based on
achieving a certain degree of selectivity, which can then be coupled with the high
sensitivity achievable from instrumental analysis. This selectivity can be obtained
by either an analyte specific preconcentration effect or by selecting the properties
of the layer so as to catalyse a specific reaction (Smyth and Vos, 1992). Therefore,
two important features of CMEs (preconcentration and electrocatalysis) improve
sensitivity and selectivity of a detection step.

1.1.1. Preparation methods for modified electrodes
Preparation methods of CMEs are classified into four main categories,

depending on the nature of the modifying process (Murray et al., 1987). These
procedures are defined as: i) sorption, ii) covalent attachment, iii) polymer film



coatings, iv) heterogeneous multimolecular (Table 1.1). In addition, a schematic
representation of preparation methods of CMEs was proposed by Zen et al. (2003)
and is given in Figure 1.2.

Table 1.1. Electrode modification schemes (Murray et al., 1987).

Monomolecular layers
Chemisorption of reagent
On platinum surface
On carbon surface
On mercury surface
Au surface

Formation of covalent bond between electrode and electroactive reagent
At metal oxide surfaces
At carbon surfaces
At semiconductors
Of electroinactive, chiral substances

Multimolecular layers, polymer film coatings on electrodes
Redox polymers
lon exchange-electrostatically trapped
Electronically conducting polymers
lonically conducting polymers
Crown ether or complexing agent
Electroinactive chiral polymers

Heterogeneous multimolecular layers
Modifying agent mixed with carbon paste
Clay modified
Zeolite modified
Electroactive particles in electroinactive polymer
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Figure 1.2. Schematic presentation for various kinds of CME preparation
routes (Zen et al., 2003).



1.1.1.1. Sorption based CMEs

The earliest attachment research involved irreversibly adsorbing monolayers
or submonolayers of electroactive reagents onto the electrode material. This
procedure was first reported by Lane and Hubbard (1973). They showed the
existence of Pt-C bonds when olefins are adsorbed onto Pt. The adsorption
processes can be physisorption or chemisorption. To prepare sorption based
CMEs, pure organic or organometallic complexes can be physisorbed on porous
carbon bases like Vitreous Carbon (VC), graphite (G), ordinary pyrolytic graphite
(OPG) and basal plane graphite (BPG) by simple coating with nonaqueous
solution followed by droplet evaporation. Even though the physisorbed systems
are useful for analytical applications, stability is always a critical problem for such
electrodes. The stability problem, however, can be solved by a chemisorbed route
(Zen, et al., 2003). This process gives a thin film, which is strongly and
irreversibly adsorbed onto the electrode surface and usually yields a monolayer. In
the usual method, the electrode is simply soaked for a period of time into the
solution of the modifier substance. Subsequently the electrode is washed with
pure water then the adsorption occurrence is controlled using voltammetry.
Although this electrode modification seems to be easy and simple, it has some
drawbacks. The most important drawback is that electroinactive components
competing for the adsorption sites of the electrode surface can influence the
electrode processes (Dursun and Nisli, 2001).

1.1.1.2. Covalently bonded CMEs

Covalent modification of the electrode surface, using a specific functional
group, is also of particular interest in the preparation of CME. Covalent binding
leads to a maximum of monolayer coverage of the electrode surface as in
adsorptive electrode modification. This approach offers substantial synthetic
diversity and has been extensively developed for attaching monomolecular and
multimolecular layers of electroactive substances to semiconductor, metal oxide
and carbon electrodes (Murray et al., 1987). There are two kinds of covalent
bonds, silanization and direct bonding. Silanization is historically the first surface
modifying technique to be utilized. It involves formation of surface hydroxyl or
oxide groups, which react with trialkoxy or trichlorosilanes to form one to three
bonds to the underlying electrode material. These modification methods typically
give rise to monolayer modifications, although the preparation of multilayers is
possible (Symth and Vos, 1992). In an alternative approach, surface carboxylic acid
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groupings have been generated using a number of approaches, but the most popular
include thermal and radio frequency (RF) plasma pretreatment of the electrode
surface. Such reactive groups offer useful synthetic pathways for the preparation
of CMEs, either directly or after conversion to acid chlorides. The immobilized
acid chloride group can be used for condensation with amine groups, thus
permitting amine groups containing transition metal complexes such as tetrakis
(p-aminophenyl) porphyrins to be attached to the electrode surface. In direct
bonding, by exposing the underlying bulk material of carbon and platinum various
materials can be directly bound to the electrode surface (Symth and Vos, 1992).

1.1.1.3. Homogeneous multilayer (uniform) CMEs

Homogenous multimolecular layers and polymer film coatings on electrodes
are popular nowadays because they are technically easier to apply to electrodes
than a covalently bounded monolayer. In addition, they contain up to 10°
monomolecular layers of electroactive sites so that their electrochemistry is more
easily observed (Murray et al., 1987). Polymer films can be deposited on the
electrode surface by a variety of methods. These methods can be classified as
i) Dip coating; ii) Droplet evaporation; iii) Oxidative or Reductive deposition;
iv) Spin coating; v) Binding a monolayer of polymer; vi) Electrochemical
polymerization or electropolymerization which refers to the application of
electrochemical methods in the cathode or anode during the electropolymerization
reaction process; vii) Organosilanes and viii) RF Plasma polymerization.

Among these methods, electropolymerization has found extensive
application in constructing simple design, high stable, rapid response and
enhanced selectivity sensors. Because, the electropolymerization methods have
important advantages over the conventional techniques for the modification and
preparation of microelectrodes, permitting the regulation of the spatial location
and selective control of the film properties. For example, i) the film thickness and
composition can be achieved easily by controlling the electrochemical parameters
during the electrochemical process, ii) polymerization can make raw monomer
aggregate directly onto the substrate film to avoid the use of a large number of
volatile organic solvents to achieve the aim of clean production, iii) selective
immobilization of biomolecules in an array of microelectrodes can be implanted
in biological tissues for the simultaneous detection of several compounds, iv)
minimization arrays, fast responding electrochemical sensors and on-line
detection are the developing trend of electropolymerized films in sensor areas
(Qinetal., 2011).
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The importance of electropolymerization was summarized by Cosnier and
Karyakin (2010) as: i) electropolymerization provides simplicity of targeting in
the selective modification of multiclectrode structures. Indeed, even by exposing
the whole structure to the precursor solution, one can target polymer formation on
the electrode of interest, applying to it the required current or potential, ii) the
electropolymerized films are usually much more stable on electrode surfaces
compared to both adsorbed and covalently linked modifiers such as low-
molecular-weight organic compounds or chemically synthesized polymers, iii) the
electropolymerized materials usually possess some unique properties that are not
included in those of the corresponding monomers. These properties mainly
concern electroactive polymers, which demonstrate new sets of peaks in cyclic
voltammograms due to the appearance of new conjugative chains or modification
of the existing ones in their structure (Cosnier and Karyakin, 2010).
Electropolymerized modified electrodes were therefore prepared in this thesis due
to their useful properties.

1.1.1.4. Composite formation heterogeneous multilayer CMEs

Carbon based electrodes especially modified carbon paste electrode (CPE)
are best suited for the determination of compounds in biological fluids. These
electrodes show electrocatalytic properties for either the oxidation or reduction of
compounds. CPE is a good example for composite electrodes, a mixture of
components, mainly electron transfer mediator combined with carbon particles.
Carbon paste electrode is one of the convenient matrixes to prepare the CME by
simple mixing of graphite/binder paste and redox mediator. Enzymatic clay and
zeolite modified electrodes can also be prepared by this procedure (Walcarius,
1998, 1999; Nauratilova and Kula, 2003; Zen et al., 2003).

1.2. Pyridine Dinucleotides (NAD(P)H and NAD(P)")
1.2.1. Physical and chemical properties

NADH is the reduced form of NAD" and NAD" is the oxidized form of
NADH. The molecular formula of NADH is CyH27N7014P; and its molecular
weight is about 663.43 gmol™. Generally, it is widely found in nature and is
involved in numerous enzymatic reactions in which it serves as an electron carrier
by being alternately oxidized (NADY) and reduced (NADH). NADH like all
dinucleotides consists of two nucleotides joined by a pair of bridging phosphate groups.
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The nucleotides consist of ribose rings, one with adenine attached to the first
carbon atom (the 1' position) and the other with nicotinamide at this position. It
forms NADP with the addition of a phosphate group to the 2' position of the
adenosyl nucleotide through an ester linkage. The structures of NAD" and NADP*
are shown in Figure 1.3. The nicotinamide moiety can be attached in two
orientations to this anomeric carbon atom. Because of these two possible
structures, the compound exists as two diastereomers. It is the B-nicotinamide
diastereomer of NAD" that is found in organisms. These nucleotides are joined
together by a bridge of two phosphate groups through the 5' carbons (Pollak et al.,
2007).

In appearance, all forms of this coenzyme are white amorphous powders
that are hygroscopic and highly water-soluble (Windholz, 1983). The solids are
stable if stored dry and in the dark. Solutions of NAD" are colorless and stable for
about a week at 4°C and neutral pH, but decompose rapidly in acids or alkalis.
Upon decomposition, they form products that are enzyme inhibitors (Biellmann et
al., 1979).
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Figure 1.3. Chemical structure of NAD" and NADP".

NAD" reduces to NADH by receiving 2 electrons and 1 proton. The
reduction of NAD" is shown in Figure 1.4. From the hydride electron pair, one
electron is transferred to the positively charged nitrogen of the nicotinamide ring
of NAD", and the second hydrogen atom transferred to the C, carbon atom
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opposite this nitrogen. The midpoint potential of the NAD*/NADH redox pair is
—0.32 volts, which makes NADH a strong reducing agent (Unden and Bongaerts,
1997). The reaction is easily reversible, when NADH reduces another molecule
and is re-oxidized to NAD". This means that the coenzyme can continuously cycle
between the NAD" and NADH forms without being consumed (Pollak et al.,
2007).
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Figure 1.4. The redox reaction of NAD".

When we look at the spectroscopic behavior of this coenzyme, both the
oxidized form (NAD") and reduced form (NADH) strongly absorb ultraviolet
light because of the adenine. For example, peak absorption of NAD" is at a
wavelength of 259 nm, with an extinction coefficient of 16900 M *cm™*. NADH
also absorbs at higher wavelengths, with a second peak in UV absorption at 339
nm with an extinction coefficient of 6220 M *cm™ (Dawson, 1985). The spectra
of these compounds are shown in Figure 1.5. This difference in the ultraviolet
spectra between the oxidized and reduced forms of the coenzymes at higher
wavelengths makes it simple to measure the conversion of one to another in
enzyme assays — by measuring the amount of UV absorption at 340 nm using a
spectrophotometer (Dawson, 1985).
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Figure 1.5. UV-Vis adsorption spectra of NAD" and NADH.
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NAD" and NADH also differ in their fluorescence. NADH in solution has an
emission peak at 460 nm and a fluorescence lifetime of 0.4 nanoseconds, while
the oxidized form of the coenzyme does not fluoresce (Lakowicz et al., 1992).
The properties of the fluorescence signal change when NADH binds to proteins,
so these changes can be used to measure dissociation, which are useful in the
study of enzyme kinetics (Lakowicz et al., 1992; Jameson et al., 1989). These
changes in fluorescence are also used to measure changes in the redox state of
living cells, through fluorescence microscopy (Kasimova et al., 2006).

1.2.2. The role of NAD*/NADH in living system

Enzymes are powerful catalysts. Many of them can turn over more than
10000 reactant molecules every second. They are also very specific in the type of
reaction and they catalyse the reactant molecules (or substrates) with which they
react. Redox enzymes (that is, enzymes which catalyze oxidation and reduction
reactions) exist to catalyse both simple electron-transfer reactions and the transfer
of atoms, or small groups of atoms, to or from a range of substrates. Some redox
enzymes need a small molecule, a co-enzyme, in order to be active. The co-
enzyme acts as an acceptor, donor of small groups, atoms or electrons and
provides the driving force for the reduction, or oxidation, of the substrate (Simon
and Bartlett, 2003).

The pyridine nucleotides, NAD" and NADP*, are ubiquitous in all living
systems as they are required for the reactions of more than 400 oxidoreductase
denoted dehydrogenases. This number represents 17% of all classified enzymes
and consequently, these nucleotides are responsible for more enzymatic reactions
than any other coenzyme (Gorton and Dominguez, 2002a). In metabolism, NAD*
is involved in redox reactions, carrying electrons from one reaction to another.
The coenzyme is therefore found in two forms in cells: NAD" is an oxidizing
agent— it accepts electrons from other molecules and becomes reduced. This
reaction forms NADH, which can then be used as a reducing agent to donate
electrons. These electron transfer reactions are the main function of NAD™ (Pollak
et al., 2007; Belenky et al., 2007). Such reactions (summarized in the formula
below) involve the removal of two hydrogen atoms from the substrate (S), in the
form of a hydride ion (H), and a proton (H"). The proton is released into solution,
while the reduced form of substrate (SH.) is oxidized (S) and NAD" reduced to
NADH by transfer of the hydride to the nicotinamide ring (Reaction 1.1).
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SH,+NAD " - S+ NADH +H" (1.2)

In cells, the NAD(P)"/NAD(P)H co-enzymes act as electron carriers and
participate in oxidation-reduction reactions. Dehydrogenase enzymes are redox
enzymes which transfer hydrogen atoms and electrons from a substrate to an
electron acceptor, NAD(P)*. Finally, the electron acceptor is reduced by two
electrons and one proton, becoming NAD(P)H. These molecules can also be
considered as hydride carriers (transfer of 2e” and 1H" or H).

For example, malic acid turns into oxaloacetic acid in the presence of NAD"
and the malate dehydrogenase enzyme. In this reaction, the substrate (malic acid)
gives two electrons and one hydrogen atom in its second carbon atom to
dehydrogenase enzyme which transfers these electrons and hydrogen ion to the
electron acceptor (NAD™). At the end of this reaction, malic acid is oxidized to
oxaloacetic acid and NAD" reduced to NADH while one hydrogen atom is
released to medium. A schematic representation is given in Figure 1.6 for all of
these processes (Goziikara, 2001)

HOOC COOH HOOC COOH

Malate dehydrogenase

OH 0
Malic acid Oxaloacetic acid

NAD™T NADH + HY

Figure 1.6. Enzymatic reaction of malic acid (Goziikara, 2001).

In organisms, NAD" can be synthesized from simple building-blocks (de
novo) from the amino acids tryptophan or aspartic acid. In an alternative fashion,
more complex components of the coenzymes are taken up from food as the
vitamin called niacin. Some NAD" is also converted into NADP" the chemistry of
this related coenzyme is similar to that of NAD", but it has different roles in
metabolism (Belenky, 2007). NAD(P)H works with enzymes that catalyze
anabolic reactions, supplying electrons needed to synthesize energy-rich
biological molecules. In contrast, NADH plays an important role as an
intermediate in the system that generates ATP through the oxidation of foodstuffs
(metabolism) in the mitochondria within the cell. Within the mitochondria, 42%
of the energy released by the oxidation of foodstuffs is stored in molecules of ATP.
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NADH is found in large amounts in mitochondria, where it is essential for the
conversion of ADP to ATP. The oxidation of one molecule of NADH by oxygen
releases enough energy to synthesize several molecules of ATP from ADP and
inorganic phosphate (Simon and Bartlett, 2003). Apart from these important
functions, NAD'/NADH have the following benefits (Forsyth et al., 1999;
Birkmayer et al., 2002, 2004; Pelzmann et al., 2003)

Energy: Increases production of ATP energy.
e Alertness: Improves sense of wakefulness and lessens feelings of fatigue.
e Jet Lag: Improves symptoms of jet lag.

e Mood/Well-being: NADH increases the production of neurotransmitters
that influence good mood, such as dopamine and epinephrine.

e Memory/Cognition: NADH indirectly increases the neurotransmitters
that positively affect thinking and memory.

e Cellular Health: NADH stimulates the body’s DNA repair mechanisms
and works as an antioxidant. It refurbishes important body compounds.
As one example, when the antioxidant glutathione is spent and oxidized
it becomes glutathione disulfide (GSSG). NADH acts as a hydride and
refurbishes the compound back into the healthy form of glutathione
(GSH).

e Circulation: Increases blood flow to brain, augmenting blood flow in
both resting and working tissues.

1.2.3. Electrocatalytic oxidation of NADH

1.2.3.1. Direct electrochemical oxidation of NADH

The electrochemical oxidation of NADH to NAD® has received
considerable attention due to the important functions aforementioned. Studies on
electrochemical oxidation of NADH have been carried out using cyclic
voltammetry, chronoamperometry, potentiostatic coulometry and rotating disk
electrode methodology. The solid electrodes such as glassy carbon, carbon paste,
Pt and Au have been extensively used with this aim. The direct electrochemical
oxidation of NADH is highly irreversible with a great overpotential at these bare,
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untreated and unmodified classical electrodes. The electrode material has a
significant effect on overpotential. The oxidation of NADH in an aqueous
solution, seen as a single peak on cyclic voltammogram, takes place at potentials
of 0,4; 0,7 and 1,0 V at C, Pt and Au electrodes, respectively (Gorton and
Dominguez, 2002a).

The mechanism of the NADH oxidation at the bare electrodes has been
proposed with a multi-step ECE mechanism (Figure 1.7 and Reaction 1.2,)
(Gorton and Dominguez, 2002a; Radoi and Compagnone, 2009). According to
this mechanism, firstly NADH gives one electron and oxidizes to its radicalic
form (NADH™) with an electrochemical reaction; secondly this radicalic form
participates in a chemical reaction and converts to neutral radicalic form (NAD")
by giving one proton, finally NAD" gives one electron and oxidizes to NAD" with
an electrochemical reaction. When oxidizing NADH in aqueous solutions, only a
single wave is observed. No waves due to the re-reduction of intermediates have
been observed in cyclic voltammograms even at fast sweeps, indicating a high
chemical irreversibility of the reaction. As a result, the oxidation reaction of
NADH was occured as irreversible with two electrons and one H* (Gorton and
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Dominguez, 2002a).

N N N

| cation radical generation | deprotonation | |

R R R R
NADH cation radical neutral radical NAD*

Figure 1.7. Schematic illustration of the hydride-acceptor and -donor pyridine nucleotide
moiety proposed ECE-mechanism (Radoi and Compagnone, 2009).
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® 5 NADH © —" 5 NAD® < NAD "' (1.2)

NADH

In addition, a disproportionate reaction between the cationic radical
(NADH™) and neutral radical (NAD?), and dimerization reaction of neutral
radicals (NAD"), are also possible homogeneously (Reactions 1.3 and 1.4, Katakis
and Dominguez, 1997; "Gorton and Dominguez, 2002).
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NADH *" + NAD ° — NAD " + NADH (1.3)
2NAD < (NAD), (1.4)

The oxidized products of NADH, radicals, intermediates and NAD", can be
adsorbed on the electrode surface and can result in the fouling and passivization
of electrode surface which cause poor sensitivity, poor selectivity and unstable
analytical signals. On the other hand, this phenomena causes a decrease in the
reproducibility of biosensors dependent on NADH (Gorton and Dominguez,
2002a; Simon and Bartlett, 2003).

Thus, research toward the realization of the “ideal” NADH probe has been
directed from the beginning to the reduction of the oxidation overpotential and the
improvement of the electron transfer rate; long term stability of the probe and
selectivity being secondary tasks but not less important targets for the realization
of probes working in real samples. The easiest way to achieve NADH
electrooxidation at low overpotentials is historically represented by the use of
redox mediators, the working applied potential necessary for NADH oxidation
being reduced to the formal redox potential of the mediator, with relatively
improved efficiency of the electrocatalytic oxidation process. Therefore,
modification of electrode surface with redox mediators has been extensively used
for electrocatalytic oxidation of NADH (Radoi and Compagnone, 2009).

1.2.3.2. The role of redox mediators in the electrocatalytic oxidation of
NADH

Mediators are small molecules which catalyze the electrode reactions,
because they shuttle electrons between the substrate and the electrode.
Requirements for good redox mediator for the efficient electrocatalytic oxidation
of NADH include the following (i) it should be the electrochemically active, (ii)
formal potential of the redox mediator should be smaller than the oxidation
potential of NADH, (iii) higher electron transfer rate should be constant, (iv)
formation of enzymatically active NAD", (v) anti-fouling effect, (vi) long-term
stability, (vii) reduction of considerable overpotential (Kumar and Chen, 2008).
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In the first step of electrocatalytic oxidation of NADH using a mediator, the
oxidized form of mediator reacts rapidly with NAD(P)H to give NAD(P)" and it
converts to reduced form. In the second step, the mediator reoxidizes at the
electrode surface at some potential less positive than that required for the direct
oxidation of NADH, yet at the same time positive E° for the NAD(P)H/NAD(P)*
couple. The net effect is then to generate an electrocatalytic current (Figure 1.8).
The electrocatalytic oxidation can explained by ECE mechanism and, expressed
by the reactions between 1.5 and 1.8 (Gorton and Dominguez, 2002a; Simon and
Bartlett, 2003).

Med (.q) — %5 Med o 28 +xH” (Electrode reaction )  (1.5)
NADH -+ Med —fex_, NAD * + Med (eay  (Chemical reaction ) (1.6)
Med . — Med . +2e +xH" (Electrode reaction ) (1.7)
NADH — NAD " +2e +H" (Total reaction ) (1.8)

F| Mediator into solufion H+
L
¥ MedReq NADH
Electrocatalytic C
Current 2e”
e | T
R
O 4
D Med(ox) NAD
LE]|

Figure 1.8. Oxidation of NADH by a homogenous mediator (Simon and Bartlett, 2003).

According to this mechanism, initially, the mediator was electrochemically
kept in its reduced state (Med ., ). When a positive scan was applied, approaching
and beyond the E° value of the surface-bond mediator, the mediator was transferred

into catalytically active, oxidized form (Med ) (Reaction 1.5), where ks is the

electron transfer rate constant between the immobilized mediator and the
electrode. The reaction in 1.5 is given here because the number of electrons and
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protons (x) may differ between 1 and 2, depending on the nature of the mediator
and the pH, respectively. Catalysis is then a result of the diffusion of NADH to

the electrode surface, where it reduces Med to form NAD" and Med .,

(©9)
(Reaction 1.6), where kqps is the second order rate constant. The equation 1.7 is
given here for a 2e” xH" -acceptor, and is in turn followed by the electrochemical
reoxidation of Med ., , closing the ECE cycle (Gorton and Dominguez, 2002b).

The disadvantage of using soluble redox mediators is that they can diffuse
away from the electrode surface and are thus no longer available to catalyze the
electrode reaction. The simplest way to confine the mediator species at the
electrode surface is if it is part of the electrode surface itself. For, example it has
been shown that a pretreatment of the electrode can lead to the mediation of
NADH oxidation. Deliberate chemical modification of electrodes is an interesting
and more flexible way to catalyze NADH oxidation. Therefore, CMEs have been
widely used for catalysis of NADH oxidation. Figure 1.9 shows the general
scheme for the electrocatalytic oxidation of NADH at a modified electrode
(Simon and Bartlett, 2003).

E Mediator onto electrode surface H+
E Med Req) NADH
Electrocatalytic C
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Figure 1.9. Oxidation of NADH at a modified electrode (Simon and Bartlett, 2003).

1.2.3.3. Chemically modified electrodes used in the electrocatalytic
oxidation of NADH

The first paper on a CME for electrocatalytic NADH oxidation (Tse and
Kuwana, 1978) was based on the immobilization of either two primary amines
containing o-quinone derivatives, dopamine or 3,4-dihydroxybenzylamine, onto
the surface of cyanuric chloride-activated GCEs, forming a monolayer on the
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electrode surface. When these redox compounds immobilized onto electrode
surface, cyclic voltammograms revealed that E® value of modified electrode
was found to be approximately +0.16 V vs. a saturated calomel electrode (SCE) at
pH 7, while an anodic peak current at approximately +0.20 V increased in the
presence of NADH. Thus, the overvoltage could be reduced by some 0.4 V
compared with the anodic peak potential registered for a bare GCE. Since then,
this topic has been focus of many reports, summarized in a number of review
papers (Gorton and Dominguez, 2002a; 2002b; Simon and Bartlett, 2003; Katakis
and Dominguez, 1997; Kumar and Chen, 2008).

With this aim, various modified electrodes have been prepared with many
redox mediators such as azine type dyes (phenothiazine, phenoxazine,
phenazine) (Gorton et al., 1984; Karyakin et al., 1995, 1999a; 1999b; Zhu et al.,
2009; Lawrence and Wang, 2006; Kubota and Gorton, 1999; Dilgin et al., 2011,
Arechederra et al., 2010, 2011; Dilgin Giray, et al., 2011; Lin et al., 2012; Chen
and Lin, 2001; Malinauskas et al., 2000, 2001; Lu et al., 2010; Barsan et al., 2008;
Li et al.,, 2012; Meredith 2012); quinolic compounds (flavonoids, phenolic
acids, catecholic compounds) (Dicu et al., 2003; Pariente et al., 1996; Zare et al.,
2006a; Tu et al., 2007; Dilgin et al., 2012b, 2013; Maleki et al., 2012; Dilgin
Giray et al., 2010); nitrofluorenones (Munteanu et al., 2004; Mano and Kuhn,
2001, 1999a; 1999b); flavine and adenine derivatives (Alvarez et al., 2001;
Karyakin et al., 2004); and some transition metal complexes (Wu et al., 1996;
Pinczewska et al., 2012; Popescu et al., 1999; Santiago et al., 2006) and some
conducting polymers (Kumar and Chen, 2008; Bartlett and Simon, 2000), which
have been successfully used for the electrocatalytic oxidation of NADH. A few
excellent reviews on the uses of these redox mediators were reported by pioneer
author Gorton (Gorton and Dominguez, 2002a; 2002b) and other research groups
(Simon and Bartlett, 2003; Kumar and Chen, 2008; Katakis and Dominguez,
1997; Radoi and Compagnone, 2009). Some studies on electrocatalytic oxidation
of NADH are summarized in Table 1.2 for modified electrodes prepared with

widely used redox mediators.
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Table 1.2. Studies on electrocatalytic oxidation of NADH using CME prepared with widely used redox mediators.

Mediators Modified electrode type Method Explanation References
PHENOXAZINES
. - A: upto 800 uM; B: 0.21 uM .
MdB/OMC composite modified GCE CV, AMP C: 1V (ace. to bare GCE) vs. Ag/ACI Jiang et al., 2009.
Adsorption of MdB on SiO,/Sn0O,/Sh,0s/GE CV, AMP A: 8x107°-9.0x10* M; B: 1.5x107 M Canevari et al., 2011.
- . CV, AMP, A:0.01-1 mM .
SPE containing MdB Reinecke salt (RS) FIA C: 508 mV (acc. to SPE) vs. Ag/AGC Piano et al., 2010a.
Adsorption of MdB on SiO,/TiO,/GE prepared with sol-gel CV, AMP A:0.018 - 7.29 mM; B: 0.008 mM Maroneze et al., 2008.
Electropolymerization of MdB on SPGE CV, AMP A: 8-500 uM; B: 2.5 uM Vasilescu et al., 2003a.
m%z;)frl\Z?eCPE with adsorbed MdB Silikajel/Titanium CV, AMP A 1.0x10°-5.0x10° M Kubota et al., 1996.
a) Electropolymerization on GE, b) adsorption on GE in SP a) A:8x10°-5x10"M; B: 2x10°M
ink, c) immobilization on GE after precipitation with Reinecke | CV, AMP b) A:2x10°-7.5x10*M; B: 1x10° M Vasilescu et al., 2003b.
Meldola Blue (MdB) salt c) A:2x10%-75x10" M; B: 5x10° M

. . . . A: 0.9 - 7290 mM; B: 0.003 mM
Adsorption on SiO,/TiO,/Sh,0s/GE prepared with sol-gel CV, AMP C: 1V (acc. to SiO/TiO,/Sh,05/GE) vs. SCE Maroneze et al., 2010.

L A:0.02 - 254 mM; B: 0.4 uM .
Immobilization of MdB adsorbed SWCNT on GCE CV, AMP C: 305 mV (acc. to bare GCE) vs. Ag/AgCl Arvinte et al., 2009.

. o A: 50 - 300 uM; B: 10 uM
Formation of MdM/ZnO hybride film on GCE CV, AMP C: 600 mV (acc. to bare GCE) vs. Ag/AgCl Kumar and Chen, 2007.

. . .- A: Lineer to 0.5 mM; B: 0.048 uM
Adsorption on SWCNT immobilized GCE CV, AMP C: 1000 MV (acc. to bare GCE) vs. Ag/AgC Zhu et al., 2007.

- . A: 10 uM to 410 puM; B: 0.186 uM
MdB/graphitized mesoporous carbons (GMC)/chitosan (CS) |, Amp | 70,51V (acc. to GMC/CS/SPE) and 0.94 V (acc. | Huaetal., 2013.
nanobiocomposite SPE
to bare SPE) vs. Ag pseudo RE.
. - . 1 A: 10 - 560 uM; B: 0.1 uM Balamurugan et al.,

MdB immobilized silver nanoparticle-PEDOT GCE CV, AMP, C: 650 mV (acc. to bare GCE) vs. Ag/AgCl 2010.
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Table 1.2. Continued.

Electropolymerization of NB on GCE CV, RDE C: 660 mV (acc. to bare GCE) vs. SCE Cai and Xue, 1997a.
Adsorption of NB on OMC composite immobilized GCE CV, AMP A: Lineer to 350 uM; B: 1.2 uM Zhu et al., 20009.
Electropolymerization of NB on SWCNT immobilized GCE CcVv C: 700 mV (acc. to bare GCE) vs. SCE Du et al., 2007.
Nil Blue (NB) Modified CPE with NB adsorbed ZrP CV, AMP A: 1x10-5-5.2x10-4 M Santos et al., 2002a.
Modified CPE with NB adsorbed ZrP Ccv A: 1x10-4 - 2x10-3 M; B: 5 uM Pessoa et al., 1997.
ey covalently assembled on the surface of functionalized CV,AMP | A:0.2-200 uM; B:0.18 uM Saleh et al., 2011,
Brilliant Cresyl Blue Electropolymerization of BCB on SWCNT immobilized GCE CV, AMP A:3-104.2 uM; B: 1 uM Yang and Liu, 2009.
(BCB) Modified carbon ceramic electrode with exfoliated graphite CV, AMP A:0.02 - 1 mM (for AMP ): B: 20 uM Ramesh et al., 2003.

adsorbed BCB

PHENOTHIAZINES

. CV, FIA A:1.0x107"-2.0x10* M; B:4x10°M o
Electropolymerization of MB on GCE PhotoAMP, | C: 420 V ((acc. to bare GCE) vs. Ag/AGCI Dilgin et al., 2011.
Metilen Blue (MB) A:0.1-2000 uM; B: 0.025 uM (NADPH)
Coelectropolymerization of pyrol and MB on GCE CV, FIA A:0.1-1300 puM; B: 0.04 uM (NADH Chi and Dong, 1994.
C: 400 mV/(acc. to bare GCE) vs. Ag/AgCI.
lon exchange with celulose acetate/ZrP immobilized on Pt CV. AMP A Lineer to 0.3 mM Borgo et al., 2002,
electrode
Metilen Blue (MB) Modified CPE with MB on ZrP cv A: 1x10™- 2x10° M; B: 10 pM Pessoa et al., 1997.
Mmodified CPE with MB on SiO,/ZrO,/Sh,05 CV, AMP B: 36 uM; C: 500 mV(acc. to bare CPE) vs. SCE Zaitseva et al., 2002.
N A:0.5-100 puM; B: 0.2 uM (for FIA)
Electropolymerization of AzA on SPCE CV, FIA C: 500 mV(acc. to bare SPCE) vs. Ag/AgCI Gao et al., 2004.
Electropolymerization of AzA on GCE immobilized ) o
Azure A (AzA) Polydiallyidimethylamoniumchloride and MWCNT CV, AMP A: 0.6 - 600 uM; B: 0.2 uM Gao et al., 2010.
- 5 SR =
Electropolymerization of AzA on GCE CV, AMP é 1x107- 8x10™ M; B: 5107 M Lietal., 2003.

: 410 mV(acc. to bare GCE) vs. SCE
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The electropolymerization on SPCE CV, FIA 'é‘ 2650';30(:(:'\2; tE:bg.ri E'I\DAC(;)”\/EI?)g /AGCI Sha et al., 2004
pzure B (AZE) Electropolymer?zat?on of AzB on OMC-modifi-e%i GCE CV, AMP é‘ i’a%tr?q\l/o(o;g%; gMccllgC'\:AE) vs. Ag/AGCI Fang et al., 2010
e cV,AMP_| 02650 ;81007
Electropolymerization of AzB on GCE cv C: 460 mV (acc. to bare GCE), Cai and Xue, 1997b.
Electropolymerization of Th on SPCE CV, FIA 'é‘ g()_olr?q(z/“(g/cl:;c?t:ogbz:\: gfégég Ag/AGCI Gao et al., 2003.
" v . -5 -2
ge??-r:s:s(::rlr!)t/)lrgg ?:gslf;ja?nczlndeer1l’1e§rt1[)(ig)e/Zrb(ySEI]\/f)ovalemly pond to CV, AMP é éo% Xn’ll\O/ (at:oc.lig ;alrg Aulvtlelectrode) vs. SCE Chen etal., 1997.
Magnetic Chitosan Microspheres — Poly-Th Modified GCE CV, AMP é‘ ész)lr;)\bllz{alca(:nt:olgéé)()?/s“'\sﬁcs 0.51 uM Liu et al., 2010.
olydiallyldimethyl amoniumehloride and MWCNT CV, AMP | A:0.7-700 uM; B: 0.2 uM Gao etal., 2010,
:ilr?férl?g&lg ocode N T immopilzed arbon ey, ave | & (1)9%}:\2/2(;!\2;5:(;2}%?)# fonic liquid electrode) | Ma' et @l 2020
Electropolymerization of Th on OMC modified GCE CV, AMP é 2942)(#0\/6 (_aif)%ol;;ze%glxmﬁ M Qi etal., 2009.
Elgg};?ergcgé? graphene oxide—poly-Th nanocomposite film CV, AMP é g;;%l,}?\'?(?c'\g,;t?bg}t éhél:E) e sCE Li etal. 2013a,
Electropolymerization of MG on GCE CV, AMP é‘ 20%}%3 ral(\:/(l:;. i; ;a?;(g)CSE'\)A Zhou, 1996.
Methylene Green (MG)| Electropolymerization of MG on GCE CV, AMP é‘ géz_n?\zlo(;c'\él.;tg:bzri LC%E) Dai et al., 2008.
Preparation of CPE with slica gel-MG adsorbed niobium oxide gl\,/b\ AMP, ﬁ Zﬁg: iﬁgi m;(fBo:rS,.AZI\)/(IB_B M (FIA) De Lucca et al., 2002.
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Table 1.2. Continued

QUINOLIC COMPOUNDS (FLAVONOIDS, PHENOLIC ACIDS, CATECHOLIC COMPOUNDS)

A:0.5 - 10 uM and 10 - 300 uM; B: 0.2 uM

Adsorption of HT on PGE CV, AMP C: 250 mV (acc. to bare PGE) vs. Ag/AgCl Dilgin et al., 2012b.
Cv, . -7 4R -8 o -
Hematoxylin (HT) Electropolymerization of HT on GCE (from this thesis) PhotoAMP, é‘_‘ %2%):“1\(/) (a-cilstg(bgr)e yéE%.vixfg/,%cl 2D(;Ilgoln Giray et al.,
FIA : : . .
: : : : . A: 0.4 -600.0 uM NADH; B: 0.08 uM
Preparation of CPE with mixed HT, graphite powder and nujol. | CV, DPV C: 280 mV (acc. to bare CPE) vs. SCE Zare et al., 2006a.
A:0.5-10 uM; B: 0.1 uM; C: 550 mV (at bare -
Electropolymerization of Xa on MWCNT modified GCE CV,AMP | GCE) and 350 mV (acc. to MWCNT/GCE) vs. Dos Santos Silva et al.
L 2010.
Xanthurenic acid (Xa) Ag/AgCl
Codeposited of Xa and Flavin adenin dinucleotide on MWCNT ) 6 Ao .
modified GCE CV, AMP A:5x107 - 1.7x107° M; B: 1 uM Linetal., 2013.
gﬁhmoﬁgled carbon ceramic electrode prepared with sol—gel CV, AMP A:1-120 pM: B: 0.2 uM Salimi et al., 2005.
Chlorogenic acid (CA) 9
CA modified GCE cVv A:0.1to 1.0 mM; C: 430 mV (acc. to bare GCE) Zare and Golabi, 1999.
Electrodeposition of CT on GCE cVv A:0.02-0.34 mM Maleki et al., 2012.
Catechol (1-2 — — -
dihydroxybenzene) Electropolymerization of CT on OMC modified GCE CV, AMP B:0.2 uM Bai et al., 2010.
CT i -ami - iami - : - » B
(CT) Quinone (CT) amine (0 phenylenediamine) polymer-MWCNT CV, AMP A: 0.04 - 300 uM; B: 6.4 nM Tuetal., 2007.
nanocomposite modified Au electrode C: 470 mV (acc. to bare Au) vs. SCE
Caffeic acid (CFA) CFA modified GCE cv o gs%ixlltgg'\t"o bare GCE) vs. AYAGC Zare and Golabi, 2000.
Preparation of CPE with mixed CMT graphite powder and CV, DPV, A:1-1000 uM; B: 0.1 uM (for DPV)
Coumestan (CMT) nujol. AMP C: 240 mV (acc. to bare CPE) vs. Ag/AgCl Zare et al., 2006b.
. e CV, AMP, B: 2.4 uM (for AMP) Golabi and Irannejad,
Fisetin (FT) FT modified GCE RDE C: 375 mV (acc. to bare GCE) vs. Ag/AgCI 2005,
Catechin (CTC) Adsorption of a CTC on GCE coated with poly(3,4- CV, AMP, A:10-100 uM; B: 0.5 uM Vasantha and Chen,
ethylenedioxythiophene RDE C: 250 mV (acc. to bare GCE) vs. Ag/AgCI 2006.
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A: 0.5 t0 100 pM; B:0.15 uM

Quercetin (QT) Adsorption of QT on PGE CV, AMP C: 200 mV (acc. to bare PGE) vs. Ag/AgCl Dilgin et al., 2013.

. - A:8.3-151.5 uM and 151.5 - 833.3 uM

Rutin (RT) RT modified GCE CV, DPV B: 1.6 uM; C: 450 mV (acc. to GCE) vs. Ag/AgCl Zare et al., 2010.

. . - A:0.1-600 puM; B:12nM
Dopamine (DP) Chitosan-DP-MWCNT modified Au electrode CV, AMP C: 450 mV (ace. to Au electrode) Ge et al., 2009.
Triptophan (TTP) Adsorption of 5-Hydroxy TTP on GE CV, AMP A: 5X10°% - 6x10° M; B: 27 nM Alvarez et al., 2005.
Dihydroxybenzaldehyd | Electrodeposition of DHB (3,4 dihydroxy benzaldehyde (3,4 CV, AMP, A:0.01-1.2 mM (3,4-DHB), 0.01-0.9 mM (2,3- pariente et al.. 1996
(DHB) DHB) ve 2,3 DHB) and its derivatives on GCE RDE DHB); B: 10 uM "’ )

. Electropolymerization of 1,2-NQ to the surface of MWCNT . o 7 .

Naphtoquinone (NQ) modified electrode CV, AMP A:1.0 uM t0 0.14 mM; B: 1x107'M Liu et al., 2012.
6,7-dihydroxy-3-methyl- . . R-

; : . A:1-10nMand 10 - 80 nM; B:0.7 nM .
9-thia-4,4a-diazafluoren- | DMTD/MWCNT film- CPE CV, DPV C: 333 mV (acc. to bare GCE) vs. Ag/AgCI Fotouhi et al., 2010
2-one (DMTD)
1,10-phenanthroline- in . ' R-
5.6-dione (Phnt) Phnt /MWCNT modified GCE CV, AMP A: up to 500 uM; B:1.8 uM Mao et al., 2011.

The adsorption of NFR derivatives on GCE CV, RDE A:5uM -2 mM Mano and Kuhn, 1999a.
Nitrofluorenone (NFR) | 5 4 7_trinitro-9-fluorenone (Cy) and 2,5,7-trinitro-9-fluorenone- A:5 - 260 uM for C, and 5 - 120 pM and 5 - 170 uM
4-carboxylic acid (C,) adsorbed ZrP modified CPE CV, FIA for C, Munteanu et al., 2004.
B: 0.4 uM for C; and 0.6 and 0.07 uM for C,
2,3,5,6-tetrachloro-1,4-benzoquinone (TCBQ)/MWCNT A: 0.5 up to 2160 uM; B: 0.15 uM :
Benzoguinone (BQ) immobilized on an edge plane pyrolytic graphite electrode CV, AMP C: 300 mV (acc. to bare electrode) vs. Ag/AgCI Silva Luz etal., 2008.
Electropolymerization of 2,3-Dimethoxy-5-ethyl-6-vinyl-1,4- CV. DPV A:10-100 uM B:1uM Li et al., 2011.

benzoquinone on GCE and ITO

C: 380 mV (acc. to bare GCE) vs. SCE

CONDUCTING POLYME

RS

: 7 TR =7

Aminophenol (AP) Deposition of 0-AP on GCE g\éiEAMP' éj 37’55())er’;10\/ (_ai(';S)t(g%arl.\e/lé%El)'Sﬂo M Nassef et al., 2006.
- I A: 1x10°- 1x10* M (for AMP and FIA)

Thiophene (ThP) Electropolymerization of S-methyl TP ¢ on cylindrical o AMP: 1 B 7.6x107 M (for AMP), 3.8x107 M (for FIA) Jaraba et al., 1998.

C: 320 mV (acc. to bare GCE)
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Table 1.2. Continued.

Preparation of nano structure poly(aniline-co-2-amino-4- C: 240 mV (electrode was prepared at 0.75 V)

Aniline (An) hydroxybenzenesulphonic acid) on GCE v C: 290 mV (electrode was prepared at 0.80 V) Mu etal., 2009.
Electropolymerization 3,4-ethylenedioxypyrrole . o

Pyrole (Py) (PEDOP) MWCNTs-Pd nanoparticles modified GCE AMP A:1uM -13 mM; B: 0.18 uM You and Jeon, 2011.

Methacrylate (MMT) ;:Zpr?{fj‘é'lon of CPE with mixed poly-MMT, graphite powder AMP A:4.0 tM t0 5.6 mM Dai et al., 2009.

Allylamine Poly-Al-HCI modified SPE CV,DPV | A:0.01to5mM; B:0.22 uM Rotariu et al., 2014.

Hydrochloride (Al-HCI)

TRANSITION METAL COMPLEXES

Antiochia and Gorton,
2007.

Immobilization of Os-Redox polymer on carbon nanotube

paste electrode cv A: Lineer to 8x10“M; B: 5 uM

Bis(1,10-phenanthroline-5,6-dione) (2,2’- Electrocatalytic oxidation of NADH was observed

Ccv Santiago et al., 2006.

bipyridine)ruthenium(l1)-Exchanged ZrP Modified CPE at 50 mV vs. Ag/AgClI
Os(4,4'-dimethyl, 2,2'-bipyridine),(1,10-phenanthroline 5,6- . .
dione) complex, adsorbed on spectrographic graphite rod cv C: 400 mV (acc. to bare graphite electrode) vs. Popescu et al., 1999.

Ru, Os, Re, Fe etc. SCE

complexes electrode

' Deposition of cobalt hexacyanoferrate (COHCF) on the cv A:0.5-6.0 mM; B: 310 - 370 mV (acc. to Cai et al. 1995

surface of a microband gold electrode. microband Au electrode) vs. Ag/AgCl "’ '
Electroactive self-assembled monolayers SAMs of
macrocyclic Ni 1l complex (dinickel Il 2,2 -bis 1,3,5,8,12- cv C: 210 mV acc. to bare Au electrode) vs Ag/AgCl. | Raj et al., 2000.

pentaazacyclotetradec-3- yl -diethyl disulfide perchlorate) on
gold electrode.

A: Linear range, AMP: Amperometry, B: Limit of detection, C: Amount of potential shifting of electrocatalytic oxidation of NADH according to (acc. to) bare electrodes,
CPE: Carbon paste electrode, CV: Cyclic voltammetry, DPV: Differential puls voltammetry, FIA: Flow injection analysis, GCE: Glassy carbon electrode, ITO: Indium tin
oxide, MWCNT: Multi-walled carbon nanotube, OMC: Ordered mesoporous carbon, RDE: Rotating disc electrode, RE: Reference electrode, SPCE: Screen printed carbon
electrode; SPE: Screen printed electrode, SPGE:Screen printed graphite electrode; SWCNT: Single-walled carbon nanotube, ZrP: Zirconium phosphate.
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1.3. Construction of Biosensor Dependent on Dehydrogenase Enzyme
and NAD"/NADH Redox Couple

A chemical sensor is a device that transforms chemical information, ranging
from the concentration of a specific sample component to total composition
analysis, into an analytically useful signal. Chemical sensors contain usually two
basic components connected in series: a chemical (molecular) recognition system
(receptor) and a physicochemical transducer. Biosensors are chemical sensors in
which the recognition system utilizes a biochemical mechanism.

The biological recognition system translates information from the
biochemical domain, usually an analyte concentration, into a chemical or physical
output signal with a defined sensitivity. The main purpose of the recognition
system is to provide the sensor with a high degree of selectivity for the analyte to
be measured. While all biosensors are more or less selective (non-specific) for a
particular analyte, some are, by design and construction, only class-specific, since
they use class enzymes, e.g., phenolic compound biosensors, or whole cells, e.g.,
used to measure biological oxygen demand. Because in sensing systems
present in living organisms/systems, such as olfaction, and taste, as well as
neurotransmission pathways, the actual recognition is performed by the cell
receptor, the word “receptor” or “bioreceptor” is also often used for the
recognition system of a chemical biosensor. The transducer part of the sensor
serves to transfer the signal from the output domain of the recognition system to,
mostly, the electrical domain. Because of the general significance of the word, a
“transducer” provides bidirectional signal transfer (non-electrical to electrical and
vice versa); the transducer part of a sensor is also called a detector, sensor or
electrode, but the term transducer is preferred to avoid confusion (Thevenot et al.,
2001). Some studies on amperometric biosensor dependent on NAD*/NADH
redox couple have been made using CMEs (Katakis and Dominguez, 1997; Lobo
etal., 1997).

The first biosensor that depended on NADH was constructed by the direct
oxidation of NADH, which was formed by the enzymatic reaction between
substrate and NAD" in the presence of dehydrogenase enzyme, at clean or
pretreated electrodes (Reaction 1.9).

Substrate + NAD © —2 5 product + NADH +H * (1.9)
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These sensors belong to the first-generation biosensor group since the
electrode was merely used to measure the concentration of one of the enzymatic
reaction products (NADH). This kind of biosensor has a number of disadvantages,
which are the same as those associated with the direct electrochemical oxidation
of NADH. As a consequence of the high overpotentials required for the
electrochemical oxidation of the reduced coenzymes, high applied potentials are
needed. Under these conditions, high background currents are obtained, restricting
the sensitivity of the sensor. Furthermore, the analytical system is exposed to
many interferences from other species present in the sample than can contribute to
the response. These biosensors show poor stability in general. This fact can be
related to the poor stability of the immobilized enzyme or with passivation and
fouling of the electrode surface due to the accumulation of high-molecular-weight
compounds produced in the cofactor oxidation side-reactions.

In order to overcome these disadvantages, the second generation biosensor
dependent on NADH was developed. In this type of biosensor, the coupling of the
electrocatalytic oxidation of NADH by some of the previously mentioned
mediators to the reaction catalyzed by any of the NAD-dependent dehydrogenase
enzymes, allows the construction of amperometric biosensors for a large variety
of substrates. This biosensor can be expressed by reactions of 1.9 and 1.5 - 1.8,
respectively and a simple schematic illustration is given in Figure 1.10 for alcohol
biosensor (Yang and Liu, 2009). All redox enzymes rely on a cofactor as the
redox active compound for their activity. In flavoenzymes (i.e., flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMN) centered enzymes) the
cofactor is strongly bound within the enzyme structure. However, NAD®-
dependent dehydrogenase enzymes are characterized by their need for a soluble
cofactor for their activity. For biosensors based on flavoenzymes it has become
usual to term “third generation biosensors”, a kind of device in which a direct
electron transfer between the active center of the enzyme and the electrode is
achieved (Lobo et al., 1997). Among the biosensor types, the second generation
biosensors have been widely used. Especially alcohol, carbohydrate and glutamate
biosensors have been constructed using modified electrodes prepared with azine
type redox dyes (Table 1.3). The mechanism for alcohol biosensor dependent on
NADH can be explained thus. Firstly, an enzymatic reaction between alcohol and
cofactor (NAD") in the presence of alcohol dehydrogenase or alcohol oxidase,
which has been immobilized onto the electrode surface is performed, and
aldehyde and the reduced form of NAD® (NADH) are formed (Reaction 1.10)
(Yang and Liu, 2009).
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Alcohol + NAD © —22% 5 Aldehyde + NADH + H * (1.10)

Then formed NADH is oxidized to NAD" and the oxidized form of the
mediator convert to its reduced form by a chemical reaction between NADH and
the oxidized form of the redox mediator which was immobilized onto the
electrode surface. Finally, the reduced form of mediator reoxidizes and an
electrocatalytic current forms, which is recorded for indirect determination of
alcohol. Similar biosensors have been also constructed for glucose, lactose and
glutamate by glucose dehydrogenase, lactate dehydrogenase and glutamate
dehydrogenase were used as an enzyme, respectively.

For example, Yang and Liu (2009) fabricated a SWNT modified with poly-
BCB/GCE. The prepared modified electrode firstly was used for the
electrocatalytic oxidation of NADH. Then an ethanol biosensor also was
developed using this nanocomposite modified electrode, by immobilizing ethanol
dehydrogenase onto the electrode surface. It was reported that a linear ethanol
concentration response was achieved in the range from 0.4 to 2.4 mM and the
detection limit was estimated to be 0.1 mM (S/N=3). It was concluded that the
analytical performance achieved with the lead to Poly-BCB/SWNT
nanocomposite electrode was expected to the development of novel biosensors,
biofuel cells, and other bioelectrochemical devices.

T/ Aldehvde
. Poly-BCB ox) NADH :
Signal 26" -
 — ADH
Polv-BCBRed H——
’ Red) NAD Ethanol
Figure 1.10. Reaction scheme for an amperometric ethanol biosensor based on the use of
alcohol dehydrogenase enzyme (Yang and Liu, 2009).

As a result, many biosensors dependent on NADH using CMEs have been
extensively developed for the determination of biological important molecules
such as glucose, lactose, alcohol, glutamate, etc. Some studies are summarized in
Table 1.3.
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Table 1.3. Some studies on biosensor dependent on NADH and dehydrogenase enzymes.

Modified electrode type Enzyme | Analyte Explanation References
Electropolymerization of BCB on GCE immobilized SWCNT | ADH Ethanol A:04-24mM;B:0.1mM Yang and Liu, 2009.
- . - . ADH, Ethanol B: 1 mM (for lactate) and 25 mM Cosnier and Lous,
Electropolymerization of MB on GCE immobilized laponite gel LDH and lactate | (for ethanol) 1996,
Immobilization of Th adsorbed SWCNT on GCE GIDH Glutamate | A:0.5-400 mM; B: 0.1 mM Meng et al., 2009.
Preparation of modified CPE with MdB adsorbed SWCNT ADH Ethanol A:0.05 - 10 mM; B: 5x10° M Santos et al., 2006.
Electropolymerization of MB on Au GDH Glucose A:l-4mM Silber et al., 1996.
Adsorption of TB on pyrolytic graphite electrode LDH Lactate A: 1x10° - 6x10° M; B: 4x10° M Villamil et al., 1997.
Immobilization of Os-redox polymer on carbon nanotube GDH Glucose A: linear to 8x10™ M: B: 10 mM Antiochia and Gorton,
paste electrode 2007.
Electropolymerization of NB on SWCNT immobilized GCE ADH Ethanol A:0.1-3mM; B:50 mM Du et al., 2007.
Electropolymerization of TB on graphite electrode GDH Glucose A: 5x10°-3x10°M Zhou et al., 1998.
Immobilization of MdB adsorbed and Chitosan MWCNT on GIDH Glutamate | B: 2 uM Chakraborty and Raj,
GCE 2007.
Poly-vinyl ferrocene modified CPE ADH Ethanol A: 4x10™- 4.5x10° M; B: 3.9x10* M | Koyuncu et al., 2007.
Phenothiazine (TB) and phenoxazine (MdB, NB, BCB) ) o 5
modified CPE ADH Ethanol A: 10 - 100 uM; B: 5x10° M Lobo et al., 1996a.
MdB/ordered mesoporous Carbon composite modified GCE ADH Alcohol A: upto 6 mM; B:19.1 uM Jiang et al., 20009.
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Table 1.3. Continued.

NB covalently assembled on the surface of functionalized ) .

SWONTSs modified GCE GDH Glucose A:100 - 1700 pM; B:0.3 uM Saleh et al., 2011.
SPCE containing MdB Reinecke salt GDH Glucose A:0.075 - 30 mM Piano et al., 2010a.
Electroreduced graphene oxide-poly-Th nanocomposite | Apy | Ethanol | A:0.05- 1.0 mM; B: 0.3 uM Lietal., 2013a.

film modified GCE

Graphene—Au nanorods modified GCE ADH Ethanol A: 510377 uM; B: 1.5 uM Lietal., 2013b.
ADH/NAD*/MdB/graphitized mesoporous carbons/chitosan ) o

nanobiocomposite ADH Ethanol A: 0.5 to 15 mM; B: 80 uM Hua et al., 2013.
D-sorbitol dehydrogenase (DSDH) immobilized inasol-gel | pop | pgorbitol | A: 0.2 - 12 mM: B:0.11 mM Wang, et al., 2013b.
carbon nanotubes—poly/MG composite GCE

Nickel oxide nanoparticles (NiOxNPs) modified GCE ADH Ethanol A:0.2-6 mM; B: 6.4 uM Sharifi et al., 2013.
NiO nanoparticles-modified CPE ADH Ethanol A:1.6-38mM Aydogdu et al., 2013.
Zn0 nanorods modified Au electrode LDH Lactate A:0.2-0.8 uM; B: 4.73 nM Nesakumar et al., 2014.
Nano CeO, modified GCE LDH Lactate A: 0.2 -2 mM; B:50 uM Nesakumar et al., 2013.
Fes;0,4 nanoparticlessMWCNT composite modified GCE LDH Lactate A:50 - 500 uM; B:5 uM ggi/g]ounan etal,
1,10-phenanthroline-5,6-dione/MWCNT modified GCE ADH Ethanol A: upto 7 mM; B:0.3 mM Mao et al., 2011.

A: Linear range, ADH: Alcohol dehydrogenase, B: Limit of detection, CPE: Carbon paste electrode, GCE: Glassy carbon electrode, GDH: Glucose dehydrogenase,
GIDH: Glutamate dehydrogenase, LDH: Lactate dehydrogenase, MWCNT: Multi-walled carbon nanotube, SWCNT: Single-walled carbon nanotube.
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1.4. Photoelectrochemistry and Photoelectrochemical Sensors

Photoelectrochemistry (PEC), also known as photocurrent spectroscopy, is
the science of measuring and interpreting the electric current which is generated
by irradiation of a metal, or electrode, in an electrolyte (Dilgin, 2004). PEC is the
combination of photochemistry with electrochemistry. Not only does the electrode
interacts with light but also the electrolyte in the near of electrode interacts as a
photolytic. In this phenomenon, the light absorbed by the electrode or electrolyte
is generated as a photocurrent. This photocurrent is altered by wavelength,
electrode potential, and composition of electrolyte. This change gives information
about the nature, kinetic and energy level of the photo process. In the application
to analysis of PEC, semiconductor, modified and composite electrodes have often
been used.

The photoelectrochemical sensor is a new kind of improved device which
has great application potential for analytical chemistry due to its remarkable
sensitivity, easy miniaturization and integration, good selectivity, simple
equipment and portability (Wang et al., 2009b; Zhang and Zhao, 2013). A
molecule, ion or semiconductor materials on the electrode surface absorb photons
when the electrode surface is irradiated by a light source. Then, outer layer
electrons of species transited to excited states from the ground state during
photoelectrochemical process, which results in charge transfer and energy transfer
from light to electrical (Zhang and Zhao, 2013). Because the excited molecules
exhibit strong activity, these molecules can transfer to the conduction band or
other electrodes with low energy by an electronic adjusting mechanism directly or
indirectly. The generation of the photocurrent has been explained with two
mechanisms by Zhang and Zhao, (i) as the existence of reducing agent in the
solution, the species excited states are reduced to the ground state, and then the
photoelectrochemical reaction is triggered again, resulting in a continuous
photocurrent; (ii) when electron donor or acceptor molecule exist, electron
transfer reactions take place between the excited molecules and the quenching
agent molecules. The resulting molecule in oxidized or reduced state could further
obtain or lose electrons from the electrode surface and generate photocurrent. The
photoactive material returns to the ground state for the next round of reaction
(Dong, et al., 2004; Zhang and Zhao, 2013). The magnitude of photocurrent is
related to the wavelength and intensity of exciting light, property of photoelectric
materials, type and shape of electrode, amplitude of bias voltage, and composition
of electrolyte.
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Investigations on the photoelectrocatalytic oxidation and determination of
some biologically important molecules such as ascorbic acid and NADH have
been performed using CMEs. In the first study on photoelectrocatalytic oxidation
of NADH, a phenothiazine dye, TB, electropolymerized on the GCE surface, and
the cyclic voltammograms of obtained poly-TB modified GCE, were recorded by
irradiation of modified electrode surface in the presence of NADH. It was
reported that the electrocatalytic peak current for NADH was increased by
irradiation of electrode surface. The amperometric and photoamperometric
determination of NADH was performed using this modified electrode. It was
found that although the steady state current increased with an increase in the
NADH concentration for the amperometric and the photoamperometric method,
the slope of the current-NADH concentration curve of the photoelectrocatalytic
procedure improved by about 2.2 times compared with that obtained without
irradiation. As a result, it was emphasized that the photoelectrocatalytic method
has better sensitivity than the electrocatalytic method for the determination of
NADH (Dilgin et al., 2007).

The mechanism of photoelectrochemical oxidation of NADH with poly-TB
modified GCE was explained by the fact that initially the oxidised redox mediator
was excited by light, followed by the fact that the excited redox mediator rapidly
reacted with NADH, and finally the formed leuco form of the mediator was
reoxidized at the electrode surface (Dilgin et al., 2007). This mechanism was
firstly reported by Compton’s research group for electrocatalytic oxidation of
ascorbic acid with TB and MB (Cooper et al., 1998, 1999). This mechanism is
shown in reactions between 1.11 and 1.15.

Med .= «—— Med g, +2e  +2H" (Electrode reaction)  (1.11)

Med o ———> Med (o (Photoexcitation)  (1.12)

Med "0 + NADH +H " —— Med g, + NAD * (Chemical reaction) (1.13)

Med .= «—— Med g, +2e +2H" (Electrode reaction)  (1.14)

NADH — NAD " +2e +H" (Total reaction) (1.15)
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Recently, semiconductor nanoparticles such as TiO, nanomaterial and
qguantum dots (CdSe/ZnS nanocrystals) have been the focus of considerable
interest in photoelectrochemical sensing of NADH due to their high
photosensitivity, large specific surface area, high surface adsorption capacity,
good chemical stability and environmental safety of the photoelectrocatalytic
oxidation of NADH (Ho et al., 2011; Wang, et al., 2009a; Wang et al., 2012a;
Schubert et al., 2010). For example, Wang et al., prepared dopamine coordinated
photoactive TiO, nanoporous films on ITO electrode and used this electrode for
photoelectrochemical detection of NADH under visible light excitation (Wang et
al., 2009a). They reported that this modified electrode displayed a linear
range of 5.0x107 — 1.2x10™ and a low detection limit of 1.4x107 M for NADH
determination. In another study, photoelectrochemical determination of NADH
was investigated by using Graphene-TiO, nanohybrids modified by GCE under
visible light irradiation (Wang et al., 2012a). It was reported that photocurrent of
Graphene-TiO, for NADH was enhanced about 5 times more than that of pure
TiO,. Furthermore, a wide linear range from 1.0x10® to 2.0x10° M and a low
detection limit of 3.0x10™° M were obtained.

Although, photoelectrocatalytic oxidation of NADH has been widely
studied by using redox mediator or semiconductor nanoparticles modified
electrodes, a few studies have been reported for the construction of
photoelectrochemical biosensor dependent on NAD*/NADH redox couple and
dehydrogenase enzyme (Deng et al., 2008). In one of these studies, thionine (Th)
cross-linked MWCNT and Au nanoparticles multilayer functionalized ITO
electrode was used for photoelectrocatalytic oxidation of NADH and also glucose
photoelectrochemical biosensor after glucose dehydrogenase was immobilized
onto modified electrode (Deng et al., 2008). In the proposed mechanism of this
photoelectrochemical biosensor (Figure 1.11), firstly the oxidized form of
mediator (Th*) was excited by absorption of light via irradiation of electrode
surface. Secondly, enzymatic reaction takes place in which glucose oxidized
gluconolacton by glucose dehydrogenase enzyme and NAD" reduced to NADH.
Then the excited form of mediator (Th**) chemically reacts with NADH in which
Th** easily returns to its reduced form and NADH reoxidizes again to NAD".
Finally, the reduced form of mediator gives electrons to electrode and reoxidizes
again to its oxidized to Th*. Therefore, the irradiation of electrode surface
provides excitation of mediator which facilitates electron transfer between
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electrode and mediator. In this study, it was reported that the sensitivity during
irradiation of electrode surface increased nearly two fold, and the detection limit
lowered 7 fold for glucose detection compared with that without irradiation.

Substrate (Glucose)

Product (D-Glucono Lacton)

I;:.c'-:-rnrp—fpl
e —

#® NAD™ dependent dehydrogenase (Glucose dehydrogenase)

Figure 1.11. A representation of photoelectrochemical biosensor for glucose
(Deng et al., 2008).

In another important study, the colloidal semiconductive CdSe/ZnS
nanocrystals (quantum dots) were attached to gold by chemisorption via
benzenedithiol and used for photoelectrocatalytic oxidation of NADH and the
construction of glucose photoelectrochemical biosensor dependent on
NAD*/NADH redox couple and glucose dehydrogenase enzyme (Schubert et al.,
2010). Although photoelectrochemical biosensor studies for glucose have been
proposed in the literature (Schubert et al., 2010; Deng et al.,, 2008),
photoelectrochemical biosensor studies dependent on NAD*/NADH redox couple
and dehydrogenase enzyme have not been carried out in FIA system. Therefore,
one of the aims of this thesis was the construction of photoelectrochemical
biosensors in FIA.

1.5. Flow Injection Analysis System

FIA is an approach to chemical analysis that is a continuous flow technique
for chemical analysis accomplished by injecting a plug of sample into a flowing
carrier stream. The technique was defined by Ruzicka and Hansen in 1975
(Ruzicka and Hansen, 1975). Simultaneous patents by Ruzicka and Hansen in
Denmark and Stewart in the USA launched a new technology that has
subsequently been rapid and widespread. FIA has attracted attention in modern
analytical chemistry as a powerful analytical concept (Ruzicka and Hansen,
1988).
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FIA is described as “a simple and versatile analytical technology for
automating wet chemical analysis, based on the physical and chemical
manipulation of a dispersed sample zone formed from the injection of the sample
into a flowing carrier stream and detection downstream” (GlobalFIA, 2013). A
schematic representation for general description of FIA is given in Figure 1.12.
The schematic groups the FIA process into three stages to help visualize how the
technique performs a method or analysis. The first stage of FIA is sampling,
where the sample is measured out and injected into the flowing carrier stream.
This step is generally performed with a sample injection valve. The second stage
IS sample processing, its purpose is to transform the analyte into a species that can
be measured by the detector and manipulate its concentration into a range that is
compatible with the detector, using one or more of the indicated processes. The
third stage is detection, where the analyte or its derivative generates a signal peak
that is used to quantify the compound being determined. As indicated in Figure
1.12., a large variety of detectors can be used in FIA.

4 ™ r ™
Sampling e | Sample > Detection
Processing
Dilution Uv-Vis :
Mixing Electrochemical
Enrichment Mass Spec.
. Chemistry IR
Carrier Solvent Extraction Fluorescence
Stream Medinum exchange pH
Matrix Modification \ Sensors y,
\ v '
Waste

Figure 1.12. General description of FIA (GlobalFIA, 2013).

FIA system usually consists of a high quality multichannel peristaltic pump,
an injection valve, a coiled reactor and a detector such as photometric or
amperometric flow cells. The most common manifold configurations can be
single-stream, two stream, and three stream manifolds. A simple two-line
manifold is shown in Figure 1.13 (McKelvie, 1999).
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Figure 1.13. Schematic diagram of a typical FIA manifold (top) and its components
(bottom). P is a pump, C and R are carrier and reagent lines respectively, S is
sample injection, MC's are mixing coils, D is a flow through detector, and W
is the waste line (McKelvie, 1999).

FIA has many advantages over conventional manual techniques. These

advantages were described by Ruzicka and Hansen as follows (Ruzicka and
Hansen, 2000)

1. Automated sample processing which provides high sample throughput

(50 to 300 samples per hour) and reduced residence times (reading time
is about 310 40 s),

2. High repeatability and great precision due to mechanical performance of
the assays,

3. Adaptability to microminiaturization,

4. Containment of chemicals,
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5. Reagent economy (considerable decrease in sample (normally using 10 to
50 uL) and reagent consumption) and waste reduction,

6. Controlling the timing (kinetic advantage) allows us to exploit reaction
rates of different chemical reactions to increase the selectivity of the
assay,

7. Simplicity and low cost instrumentation,
8. Availability of instrumentation in almost all laboratories,

9. Reproducibility (usually less than 2% RSD), reliability, low carry over,
high degree of flexibility, and ease of automation.

Due to these important advantages in chemical analysis, many researchers
have focused on FIA. This is not only reflected in the large number of FIA articles
which over the years have appeared in international Journals, but also in the
scope, utility and applications of FIA in a variety of areas (Hansen, 1996).
Electrocatalytic and photoelectrocatalytic oxidation of NADH have also been
studied in FIA system. However, according to our search of the literature,
photoelectrochemical biosensors dependent on NAD*/NADH and dehydrogenase
enzyme has not been studied yet. One of the aims of this thesis is the construction
of photoelectrochemical biosensors in the FIA system.

1.6. Cyclic Voltammetry

Cyclic Voltammetry (CV) is one of the most frequently used and perhaps
the most versatile electroanalytical technique for the study of electroactive
compounds, because CV has ability to rapidly provide considerable information
on the thermodynamics of redox processes, on the kinetics of heterogeneous
electron-transfer reactions, and on coupled chemical reactions or adsorption
processes. Therefore, the first performed experiment in electroanalytical studies is
often CV. In the CV, the potential of a stationary electrode in unstirred solution is
scanned linearly using a triangular potential wave form (Wang, 2006). So, the
electrode potential is ramped linearly to a more negative potential, and then
ramped in reverse back to the starting voltage. The forward scan produces a
current peak for any analytes that can be reduced through the range of the
potential scan. The current will increase as the potential reaches the reduction
potential of the analyte, then falls off as the concentration of the analyte is
depleted close to the electrode surface. As the applied potential is reversed, it will
reach a potential that will reoxidize the product formed in the first reduction
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reaction, and produce a current of reverse polarity from the forward scan. This
oxidation peak will usually have a similar shape to the reduction peak. During the
potential sweep, the potentiostat measures the current resulting from the applied
potential. The resulting current-potential plot is termed a cyclic voltammogram.
The cyclic voltammogram is a complicated, time-dependent function of a large
number of physical and chemical parameters (Wang, 2006).

The important parameters in a cyclic voltammogram are the peak potentials
(Epc, Epa) and peak currents (ip, Ipa) Of the cathodic and anodic peaks,
respectively. The value of the peak potential (E,) is an important diagnostic to
characterize the electrode reaction. When the rate of electron transfer is fast, the
E, value will be independent of the scan rate. Such a reaction is said to be
“reversible”. At 25°C, the peak current for a reversible couple is given by
Randles-Sevcik equation;

i, =2.686 x10°n¥*ACD Y*v"? (1.16)

where, i, is the peak current (A), A is the electrode area (cm?), D is the diffusion
coefficient (cm?s™), C is the bulk concentration in mol cm™ and v is the scan rate
of applied potential. The current is directly proportional to the concentration of
electroactive species and increases with the square root of the scan rate. The ratio
of the reverse-forward peak currents, iy /iy, is unity for a simple reversible couple.
This peak ratio can be strongly used by chemical reactions of the peaks on the
potential axis (Ep), which is related to the formal potential of the redox process.
The potential difference between the peaks (peak separation) (AE, 1.17) can be
used to determine the number of electrons transferred.

AE, =|Ep, - Epe

va = 2.303 RT /nF (1.17)

For a reversible redox reaction at 25°C with n electrons, AE, should be
59.2/n mV or about 60 mV for one electron. In practice this value is difficult to
attain because of such factors as cell resistance. Irreversibility due to a slow
electron transfer rate results in AE, > 59.2/n mV, greater, say, than 70 mV for a
one-electron reaction. The formal reduction potential (E°,) for a reversible couple
is given by:

co_ Ewt B (1.18)
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In the irreversibility, the rate of electron transfer is sufficiently slow so that
the potential no longer reflects the equilibrium activity of the redox couple of the
electrode surface for irreversible processes; the individual peaks are reduced in
size and widely separated. Totally irreversible systems are characterized by a shift
of the peak potential with the scan rate. The peak potential and half potential at
25°C will differ by 48/an mV. The peak current, given by

i =(2,99x10°)n(an, )" ACD "*v "2 (1.19)

is proportional to the bulk concentration, but will be lower in height. Where a is
the transfer coefficient and n, is the number of electrons involved in the charge-
transfer step (Greef et al., 1985)

As a result, CV helps us to determine the rates of many oxidation-reduction
reactions and allows us to study electrode surface and how they are affected by
these reactions. It is useful in determining electroactivity of compounds.
Moreover, CV gives very useful information for the study of redox process,
for understanding reaction intermediates and for obtaining stability of
reaction products. Therefore, electrochemical studies generally include cyclic
voltammograms. Cyclic voltammetric technique was used in the some steps of
this thesis, such as electropolymerization of mediators on GCE, voltammetric
characterization of modified electrodes and photoelectrocatalytic study of NADH
with these modified electrodes, etc.

1.7. Chronoamperometry

Chronoamperometry is an electrochemical technique in which the potential
of the working electrode is stepped and the resulting current from faradic
processes occurring at the electrode (caused by the potential step) is monitored as
a function of time. Chronoamperometry involves stepping the potential of the
working electrode from a value at which no faradaic reaction occurs to a potential
at which the surface concentration of the electroactive species is effectively zero
(Figure 1.14a). A stationary working electrode and unstirred (quiescent) solution
are used. The resulting current-time dependence is monitored. As mass transport
under these conditions is solely by diffusion, the current-time curve reflects the
change in the concentration gradient in the vicinity of the surface. This involves a
gradual expansion of the diffusion layer associated with the depletion of the
reactant, and hence decreased slope of the concentration profile as time progresses
(Figure 1.14b).
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Chronoamperometry is often used for measuring the diffusion coefficient of
electroactive species or the surface area of the working electrode. Some analytical
applications of chronoamperometry (e.g., in vivo bioanalysis) rely on pulsing of
the potential of the working electrode repetitively at fixed time intervals.
Chronoamperometry can also be applied to the study of mechanisms of electrode
processes (Wang, 2006).
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Figure 1.14. Chronoamperometric method: (a) potential-time waveform; (b) change
in concentration profiles as time progresses; (c) the resulting current—
time response (Wang, 2006).

Time

Chronoamperometry experiments are most commonly either single potential
step, in which only the current resulting from the forward step (as described
above) is recorded, or double potential step, in which the potential is returned to a
final value (Ef) following a time period, usually designated as t, at the step
potential (Es). The most useful equation in chronoamperometry is the Cottrell
equation (1.20), which describes the observed current (at a planar electrode) at
any time following a large forward potential step in a reversible redox reaction (or
to large overpotential) as a function of time, t (Figure 1.14c).
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nFACDY

i(t) = —r =kt (1.20)

where n is the stoichiometric number of electrons involved in the reaction, F is the
Faraday’s constant (96485 Coulombeq™), A is the electrode area (cm?), C is the
concentration of electroactive species (molcm™), and D is the diffusion constant
for electroactive species (cm?s™).

In this thesis, a single potential step was used with FIA system for
photoelectrochemical analysis.

1.8. The Importance of Thesis

It can be concluded that photoelectrochemistry offers a great advantage for
the improvement of sensitivity. Thus we considered that, photoelectrocatalytic
oxidation of NADH and photoelectrochemical biosensor dependent on NADH can
be also constructed using CMEs with some redox mediators such as azine type
dyes, catechol or quinone compounds. Our literature search demonstrated that
there are a few papers on photoelectrocatalytic oxidation of NADH and
photoelectrochemical biosensors dependent on NADH with modified electrodes.
However, there is no report on photoelectrochemical biosensor studies in FIA
system. In this context, the present work aimed at the photoelectrocatalytic
determination of NADH in FIA system using a photoelectrochemical flow cell
with a suitable transparent window for the irradiation of the electrode surface and
construction of photoelectrochemical biosensors using modified electrodes. In
order to perform this research, HT (a catechol compound), NR (a phenazine dye),
MdB (a phenoxazine dye) and MG (a phenothiazine dye) were selected as redox
mediators due to their good electrocatalytic effect on the NADH oxidation. Thus
the experimental studies can be summarized in the four steps below:

1. The preparation of modified electrodes

2. The characterization of modified electrodes

3. Electrocatalytic and photoelectrocatalytic oxidation of NADH
a. with cyclic voltammetry
b. with chronoamperometry
c. in FIA system

4. Construction of photoelectrochemical biosensor and application to FIA
system.
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2. MATERIALS AND METHODS

2.1. Apparatus

Cyclic voltammetric and chronoamperometric measurements were performed
at room temperature in a traditional three electrode system (Figure 2.1A).
A platinum wire was used as the counter electrode, an home-made Ag/AgCI
(saturated KCI) electrode as the reference electrode and a PTFE-shrouded GCE
(MF2040 Bioanalytical system, 3 mm diameter) as the working electrode.
However, an Ag/AgCIl (0.1 M KCI) was used as reference electrode for the
chronamperometric measurements in FIA system.

All electrochemical experiments were carried out using two voltammetric
instruments, Compactstat Electrochemical Interface (lvium Technologies,
Eindhoven, Netherlands) and Autolab PGSTAT302N Potentiostat/Galvanostat.
The pH of the solutions was measured using a Hanna HI 221 pH-meter with a
combined glass electrode (Hanna HI 1332). The system was adjusted with
standard buffer solutions. In order to record cyclic voltammograms during
photoelectrochemical experiments, a fiberoptic illuminator 250 W halogen bulb with
Foi-5 Light Guide (Titan Tool Supply Inc., USA) was used to irradiate the
electrode surface and a home-made photoelectrochemical cell, which was
constructed of Teflon, shown in Figure 2.1B (Dilgin, 2004).

A Perkin Elmer Lambda 35 Uv-Vis Spectrometer was used for measuring
the absorbance of the NADH solutions at 340 nm. A Bandelin Sonorex RK 100H
Ultrasonic bath was used for cleaning procedure of the GCEs before their
modification. Deionized water was supplied by a Milli-Q device (Millipore,
Bedford, USA) for the preparation of solutions and cleaning of glasses.

In order to perform FIA experiments, an eight-channel Ismatec, Ecoline
peristaltic pump with polyethylene tubing (0.75mm i.d.), and a Rheodyne 8125
sample injection valve were used. A new home-made photoelectrochemical flow
cell was constructed from Teflon and the schematic diagram of FIA is given in
Figure 2.2 (Dilgin, 2004).



45

A B

Figure 2.1. A) Electrochemical cell with three electrode system WE: working electrode (GCE or
modified GCE), CE: counter electrode (Pt wire), RE: reference electrode
(Ag/AgCl(sat. KCI). B) Home-made photoelectrochemical cell (Dilgin, 2004).
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Figure 2.2. A) Schematic diagram of the FIA manifold, C: carrier stream, P: peristaltic pump,
S: sampling valve, L: light source, W: waste, R: recorder, WE: working electrode,

AE: auxiliary electrode, RE: reference electrode. B) Schematic diagram of
photoelectrochemical flow cell, T: Teflon block, L: light source, TT: transmission
tube, QW: quartz window (Dilgin, 2004) and C) Its images in different perspectives.
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2.2.Reagents and Solutions

2.2.1. Chemicals

Glucose dehydrogenase enzyme from Pseudomenas sp. (GDH, 338.7 Umg™),
B-Nicotinamide adenine dinucleotide sodium salt from saccharomyces cerevisiae
(C21H26N7NaO14P,, NaNAD*, MW: 685.41 gmol™), Bovine serum albumin (BSA),
glutaraldehyde (GA, d: 1.061 gmL™, MW: 100.12 gmol™, 25% w/w in water) and
PAMAM Dendrimer, ethylenediamine core, generation 4.0 (d: 0.813 gmL™, MW:
14214.17 gmol™, 10% w/w in methanol) were supplied from Sigma-Aldrich (St.
Louis, USA). D-Glucose, B-Nicotinamide adenine dinucleotide, reduced disodium
salt (MW: 709.40 g mol™ C,;H,7N7Na,014P,, NADHNa,), Hematoxyline, (HT,
CsH1406), Methylene green (MG, Ci6H17CIN4O,S.1/2ZnCl,), and Neutral red
(NR, C15H17CIN4) were supplied from Merck (Steinheim, Germany). Other used
chemicals such as HNOs (65%, 1.39 gmL™), HCI (30%, 1.15 gmL™), H3PO, (85%,
1.71 g mL™) KCI, NaH,P04.2H,0, Na;HPO,.2H,0, NaOH, NaNOs, methanol and
ethanole were purchased from Merck or Sigma-Aldrich Companies and they were
also of analytical reagent grade. Deionized water supplied by a Milli-Q device
(Millipore, Bedford, USA) throughout all experiments.

2.2.2. Preparation of solutions

2.2.2.1. Stock solutions

i. Stock solution of Na,NADH (5.0x10 M): Stock solution of NADH was
freshly prepared in phosphate buffer solution (PBS) (pH 7.0) and kept in the
refrigerator at 4°C. For this, an appropriate amount of Na;NADH was dissolved in
500 pL pH 7.0 PBS (pH 7.0) in an eppendorf tube (1 mL). The concentration of
NADH in the diluted solutions was checked monitoring the absorbance of the
solution at 340 nm and considering a molar extinction coefficient of 6600 cm™M™
(Kubota and Gorton, 1999).

ii. Stock solution of HT (1.0x10 M): Stock solution of HT was freshly
prepared in absolute ethanol. For this, an appropriate amount of HT was dissolved

in a few mL of ethanol and diluted to 10 mL.
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iii. Stock solution of MG (1.0x10 M): Stock solution of MG was freshly
prepared in 0.1 M H3PO, containing 0.1 M NaNOgs. For this, an appropriate
amount of MG was dissolved in a few mL of 0.1 M H3PO, containing 0.1 M
NaNOj3and diluted to 10 mL.

iv. Stock solution of NR (1.0x10 M): Stock solution of NR was freshly
prepared in 0.1 M H,SO, containing 0.1 M NaNOgs. For this, an appropriate
amount of NR was dissolved in a few mL of 0.1 M H,SO, containing 0.1 M
NaNOj3and diluted to 10 mL.

v. Stock solution of Glucose (1.0 M): Stock solution of glucose was freshly
prepared in PBS (pH 7.0). For this, an appropriate amount of glucose was
dissolved in a few mL of buffer solution and diluted to 10 mL.

vi. Stock solution of NAD™ (1.0 M): Stock solution of NaNAD" was freshly
prepared in PBS (pH 7.0). For this, an appropriate amount of NaNAD" was
dissolved in a few mL of buffer solution and diluted to 10 mL.

2.2.2.2. Supporting electrolyte solutions

i) Solutions used during electropolymerization:

i;. 0.1 M H3PO, containing 0.1 M NaNOs: A mixture of 6.74 mL concentrated
H3PO, and 8.4990 g NaNO3 was dissolved and then was diluted to 1.0 L with
deionized water.

I2. 0.1 M H,SO, containing 0.1 M NaNOs: A mixture of 5.58 mL concentrated
H.SO, and 8.4990 g NaNOj3 was dissolved and then was diluted to 1.0 L with
deionized water.

i3. 0.1 M HCI containing 0.1 M NaNOs: A mixture of 8.29 mL concentrated
HCI and 8.4990 g NaNO3 was dissolved and then was diluted to 1.0 L with
deionized water.

is. Phosphate buffer and phosphate solutions: Phosphate buffer and phosphate
solutions (0.1 M) of one liter with various pH values (2-10) were prepared by
proper mixing stock standard solutions of NaH,PO4.2H,0, Na;HPO,.2H,0,
H3PO,4 and NaOH containing 0.1 M NaNOg; by controlling the pH meter. These
stock solutions were defined at below:




48

0.1 M H3PO, containing 0.1 M NaNOs: Defined in i, procedure.

0.1 M NaOH containing 0.1 M NaNOs: A mixture of 4.0000 g NaOH and
8.499 g NaNO3 was dissolved in deionized water and then was diluted to 1.0 L.

01 M NaH,PO, containing 0.1 M NaNOs: A mixture of 15.6200 g
NaH,P0O,4.2H,0 and 8.4490 g NaNO; was dissolved in deionized water and then
was diluted to 1.0 L.

01 M NaHPO, containing 0.1 M NaNOs: A mixture of 17.7990 g
Na;HPO..2H,0 and 8.4490 g NaNOj3 was dissolved in deionized water and then was
diluted to 1.0 L.

The procedure of electropolymerization of HT, MG and NR was always
carried out in supporting electrolyte containing 0.1 M NaNOs.

ii. Solutions used during electrocatalytic and photoelectrocatalytic oxidation
of NADH:

0.1 M phosphate buffer (pH 7.0) 0.1 M PBS (pH 7.0) of one liter was
prepared by proper mixing stock standard solutions of NaH,PO,4.2H,O and
Na;HPO4.2H,0 not containing 0.1 M NaNOs by controlling the pH meter.

0.1 M NaH,PO,: 15.6200 g NaH,P0O4.2H,0 was dissolved in deionized
water and then was diluted to 1.0 L

0.1 M Na,HPO,: 17.7990 g NaHPO,4.2H,0O was dissolved in deionized
water and then was diluted to 1.0 L.

iii. Solutions used in FIA system :

0.1 M phosphate buffer (pH 7.0) containing 0.1 M KCI: 7.4550 g KCI was
dissolved and then was diluted to 1.0 L with 0.1 M PBS (pH 7.0) not containing
0.1 M NaNOs.

2.2.2.3. Solutions used in immobilization of enzyme

All used solutions in this step were freshly prepared.

i.5mgmL™ GDH enzyme solution: 1 mg of GDH enzyme was dissolved in
200 uL of 0.1 M PBS (pH 7.0).




49

ii. %1 BSA solution: 10 mg BSA was dissolved in 100 uL of 0.1 M PBS (pH 7.0).

iii. 100 mM GA stock solution: 189 uLL GA solution (d: 1.061 g/mL, MW: 100.12
g/mol, 25% w/w about 2.7 M) was diluted to 5 mL with 0.1 M PBS (pH 7.0).

iv.20 mM GA solution: 200 puL GA stock solution (100 mM) was diluted to 1 mL
with 0.1 M PBS (pH 7.0).

v.2 mg mL™* PAMAM solution: 24.6 uL PAMAM (d: 0.813 g mL™?, 10% wiw
in methanol) was diluted tol mL with methanol.

2.3. Procedures

2.3.1. Preparation of modified electrodes

Prior to electropolymerization of mediators onto GCE, GCEs were
mechanically polished using a BAS-polishing kit with aqueous 1.0, 0.3 and
0.05 um alumina (Al,O3) slurry on a polishing cloth for three min to a mirror-like
surface. After they were washed with deionized water, they were cleaned by
sonication in ethanol and deionized water for 5 min, respectively.

Clean GCEs were modified with HT (catechol group), MG (phenothiazine
group), MB (phenoxazin group) and NR (phenazine group) by
electropolymerization procedure which includes recording successive cyclic
voltammograms of each mediator onto GCE.

In order to obtain the best electrocatalytic response of modified electrodes
towards oxidation of NADH, the influence of the supporting electrolyte,
monomer concentration, cycle number and anodic potential limit during the
electropolymerization of HT, MG, MB and NR was examined and optimized.
These modified electrodes were used for the investigation of electrocatalytic and
photoelectrocatalytic oxidation of NADH after rinsing with deionized water.

All supporting electrolytes were deaerated by allowing highly pure argon to
pass through for 5 min before the electrochemical experiments.
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2.3.1.1. Optimization of supporting electrolyte

Electropolymerization of mediators (0.3, 0.5, 0.05 and 0.01 mM for HT,
MG, NR and MB, respectively) was carried out on the GCE in the various
supporting electrolyte such as 0.1 M H,SQOy4, 0.1 M H3PO,4, 0.1 M HCI, 0.1 M PBS
and 0.1 M phosphate solutions (pH between 2 and 10) containing 0.1 M NaNOs.
Optimization steps are given below item.

i. Recording cyclic voltammograms of supporting electrolyte: Cyclic

voltammograms of GCE were recorded in each supporting electrolyte (10 mL) in
the potential range between -0.5 and +2.0 V for HT and -0.7 and +1.2 V for other
mediators at 100 mVs™ scan rate.

ii. Electropolymerization process: The electropolymerization of each mediator

onto GCE was carried out by recording 10 successive cyclic voltammograms in
the potential range between -0.5 and +2.0 V for HT and -0.7 and +1.2 V for other
mediators at 100 mVs™ scan in above mentioned each supporting electrolyte.
After electropolymerization, modified GCEs were washed with deionized water.

iii. Electrochemical behavior of NADH at these modified electrodes: Cyclic

voltammograms of all modified electrodes prepared in the each supporting
electrolyte were recorded in the absence and also presence of 0.8 mM NADH for
poly-HT modified GCE and 0.4 mM NADH for other modified electrodes (Poly-
MG; Poly-MdB and Poly-NR modified GCEs) in 0.1 M PBS (pH 7.0) and at 50
mV/s scan rate in the potential range between -0.8 and + 0.8 V vs. Ag/AgCl.
Cyclic voltammograms of bare electrode were also recorded in the same
condition, and electrochemical behavior of NADH at modified electrodes was
compared to bare electrodes.

2.3.1.2. Optimization of monomer concentration

Electropolymerization of various concentrations of mediators was carried
out on the GCE in the most suitable supporting electrolyte, above mentioned,
supporting electrolyte optimization step for each mediator. Optimization steps are
given below item.
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i. Recording cyclic voltammograms of supporting electrolyte: Cyclic
voltammograms of GCE were recorded in the optimized supporting electrolyte
(10 mL) and in the potential range between -0.5 and +2.0 V for HT and -0.7 and
+1.2 V for other mediators at 100 mVs™ scan rate.

ii. Electropolymerization process: Firstly, a proper amount of stock solution
of mediators was added to most suitable supporting (10 mL) electrolyte, which
was optimized for each mediator. Then, 10 successive cyclic voltammograms of
each monomeric mediator with various concentrations were recorded in the
potential range between -0.5 and +2.0 V for HT and -0.7 and +1.2 V vs. Ag/AgClI
for other mediators at 100 mVs™ scan rate. After electropolymerization, modified
GCEs were washed with deionized water.

iii. The third step mentioned in supporting electrolyte optimization procedure
was repeated by using all obtained electrodes from monomer optimization step.

2.3.1.3. Optimization of cycle number

The effect of the cycle number was investigated on electropolymerization of
each mediator by recording cyclic voltammograms with different cycle numbers
in the most suitable supporting electrolyte and in the presence of most suitable
monomer concentration of mediator, which was defined above mentioned
supporting electrolyte and monomer concentration optimization steps for each
mediator. Optimization steps are given below item.

i. Recording cyclic voltammograms of supporting electrolyte: The same
procedure mentioned in the first step of optimization of monomer concentration
procedure was repeated for each mediator.

ii. Stock Electropolymerization process: Modified electrodes were obtained
in optimized most suitable concentration of mediator at the previous step at
different cycle numbers in the potential range between -0.5 and +2.0 V for HT and
-0.7 and +1.2 V vs. Ag/AgClI for other mediators at 100 mVs™ scan rate by cyclic
voltammetry. After electropolymerization, modified GCEs were washed with
deionized water.

iii. The third step mentioned in supporting electrolyte optimization procedure
was repeated by using all obtained electrodes from cycle number optimization step.
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2.3.1.4. Optimization of potential range

The potential range is very important for the electropolymerization.
Particularly, the upper potential values of the anodic potential have a major effect
on polymerization. Thus, the effect of anodic upper potential value during
electropolymerization step on the electrocatalytic oxidation of NADH at all
modified electrodes was investigated. Optimization steps are given below item.

i. Recording cyclic voltammograms of supporting electrolyte: The same

procedure mentioned in the first step of optimization of monomer concentration
procedure was repeated for each mediator in each studied potential range.

ii. Electropolymerization process: The electropolymerization of each mediator

onto GCE was carried out by recording cyclic voltammograms in the different
potential ranges at 100 mVs™ scan rate by using above mentioned optimized
parameters such as supporting electrolyte; monomer concentration and cycle
number for each mediator (Table 2.1). After electropolymerization, modified
GCEs were washed with deionized water.

iii. The third step mentioned in supporting electrolyte optimization procedure
was repeated by using all obtained electrodes from potential range optimization

step.
All optimized parameters are shown in Table 2.1 for each mediator.
Table 2.1. Optimized parameters for electropolymerization of each mediator.
Modified Supporting electrolyte Monomer Cycle Potential
electrode concentration | Number | range
Poly-HT/GCE Soln tgnrz:'g76?lphEZSNaN o,| 030 mm 10 | (05)-(+2.0)V
Poly-MGIGCE | 0o tgﬂ'f;g%fﬂ“ﬂf;& o,| 0s50mM 10 | (07)-(+1.1)V
POly-NRIGCE | 0. t'f;ﬂ'f;?&fﬂ“ﬂf;& o,| ootmm 8 | (:0.6)-(+1.1)V
Poly-MdB/GCE | Electropolymerization of MdB was not succesfull for all parameters.
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2.3.2. Characterization of modified electrodes

After all modified electrodes were obtained, their electrochemical
characterization was investigated by recording their cyclic voltammogram in 0.1 M
PBS (pH 7.0) in the potential range between —0.8 and +0.8 V vs. Ag/AgCI.

The effect of pH on the peak currents and the formal standard potentials
(E”) of all modified electrodes was investigated by recording cyclic
voltammograms of each modified electrode in phosphate buffers or phosphate
solutions in the pH range between 2 and 9 at a 50 mVs™ scan rate.

The effect of scan rate on voltammetric behavior of each modified electrode
was investigated by recording cyclic voltammograms of each modified electrodes
in phosphate buffers or phosphate solutions of pH values 3, 5, 7, 8 and 9 at the
scan rate range between 20 and 6400 mV/s™.

In order to determine the stability of each modified electrode, 200-300
successive cyclic voltammograms of each modified electrode were recorded in 0.1
M PBS (pH 7.0) at a 50 mV/s™ scan rate.

2.3.3. Electrocatalytic and photoelectrocatalytic oxidation of NADH
using modified electrodes

After all modified electrodes were characterized by electrochemical
methods, the electrocatalytic and photoelectrocatalytic oxidation of NADH was
investigated by using these modified electrodes. For this, both cyclic voltammetric
and amperometric techniques were used.

I.With cyclic voltammetry

Firstly, cyclic voltammograms of each modified electrode were recorded in
0.1 M PBS (pH 7.0) in the potential range between —0.8 and +0.8 V vs. Ag/AgCl
at a scan rate of 50 mVs™ in the absence of NADH. In order to see electrocatalytic
effect of modified electrodes towards NADH oxidation, cyclic voltammograms of
modified electrodes were recorded in the same conditions but in the presence of
0.8 mM for poly-HT/GCE and 0.4 mM for other modified electrodes. The cyclic
voltammograms in the same conditions were also recorded for bare GCE.
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Finally, photoelectrocatalytic oxidation of NADH was investigated by
using a home-made photoelectrochemical cell as shown in Fig 2.1B, in which
the working electrode surface was irradiated by the light source. In the
photoelectrocatalytic experiments, the cyclic voltammograms of each modified
electrode were recorded under the above mentioned same conditions (supporting
electrolyte: 0.1 M PBS (pH 7.0), scan rate: 50 mVs™, potential range from —0.8
to +0.8 V) in the absence and presence of NADH, but under irradiation of the
working electrode surface by the fiberoptic illuminator with 250 W halogen bulb.

ii. With Amperometric Method

In order to perform amperometric studies, firstly the optimum applied
potential of each modified electrode for electrocatalytic oxidation of NADH was
determined. With this aim, the current-time curves of each modified electrode
were recorded at various applied potential between —100 and +600 mV in the
absence and presence of 0.2 mM NADH with and without irradiation of electrode
surface in the 0.1 M PBS (pH 7.0). Same procedure was repeated for bare
electrode at various applied potentials between 0 and +800 mV for comparison.

To obtain calibration curve, the electrocatalytic and photoelectrocatalytic
oxidation currents dependent on NADH concentration were monitored by
recording amperometric curves of each modified electrode. For this, current-time
curves of each modified electrode were recorded in 0.1 M PBS (pH 7.0) solution
at obtained optimum potential. After obtaining a steady state background, proper
amounts of stock NADH solution were successively added to supporting
electrolyte in the range between 1x10° and 1x10° M NADH and the current-time
curves dependent on NADH concentration were recorded before and after
irradiation of the electrode surface. Calibration graph was obtained for both
photoelectrocatalytic and electrocatalytic methods using these values.

2.3.4. Flow injection analysis procedure

In order to perform the studies of electrocatalytic and photoelectrocatalytic
oxidation of NADH in FIA system, the home-made photoelectrochemical flow
cell, which includes the traditional three electrodes system, as shown in Figure
2.2B, was used. In the photoelectrocatalytic flow injection study, only the
working electrode surface was irradiated (Drop Sens). The used FIA system is
demonstrated in Figure 2.2A.
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In all FIA experiments, 0.1 M PBS (pH 7.0) containing 0.1 M KCI was used
as carrier solution. AgCl - coated Ag wire diameter of 1 mm and Pt wire diameter
of 1 mm was mounted directly onto the flow cell. Therefore the reference
electrode was used as Ag/AgCI (0.1 M KCI). After each modified electrode had
been inserted into a flow cell, some parameters such as applied potential, flow
rate, column size and the sample loading volume were optimized. For this, the
electrocatalytic and photoelectrocatalytic oxidation currents of a known standard
solution of NADH were monitored for each modified electrodes dependent on
above mentioned parameters. Injected standard NADH solution into FIA system
was prepared in 0.1 M PBS (pH 7.0) containing 0.1 M KCI.

After all conditions for each electrode were optimized, electrocatalytic and
photoelectrocatalytic oxidation currents of NADH were monitored dependent on
NADH concentration. Thus, analytical figures of merits such as linearity range,
limit of detection (LOD), limit of quantification (LOQ), etc. were determined. For
this, after a steady-state background current of supporting electrolyte in the
optimum conditions (for example, a sample loop of 100 uL, a flow rate of 1.3 mL
min*, an applied potential of +300 mV vs. Ag/AgCl and a length of tubing of 10
cm was found to be the optimum values for poly-HT/GCE) was obtained, the
various concentrations of NADH were injected into the system and the current—
time curves were recorded. The current-time curves were also recorded for the
photoamperometric FIA study by irradiation of electrode surface throughout
experiment. In all FIA experiments, three injections were made for each NADH
standard solution. Same experiments were also repeated for bare GCE. All
supporting electrolytes were deaerated by allowing highly pure argon to pass
through for 5 min before the electrochemical experiments commenced.

2.3.5. Construction of biosensor and photoelectrochemical biosensor

2.3.5.1. Immobilization of enzyme

Poly(amidoamine) (PAMAM) dendrimers have attracted increasing
attention in recent years because of their unique structure and interesting
properties. A highly branched dendritic macromolecule, PAMAM, possesses a
unique surface with multiple chain ends, and the number of surface groups can be
precisely controlled by choosing the appropriate synthetic generation. For
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example, the fourth-generation (G4) PAMAM with a particle size of ca 5 nm
possesses 64 surface amine groups per particle with excellent solubility in water
(Zeng et al., 2007). In addition, the PAMAM dendrimer represents a friendly
environment for the immobilization of enzymes, and it is stable and capable of
generating high power density compared to other immobilization methods. Thus,
in the enzyme immoblization procedure, G4-PAMAM was used.

In the enzyme immobilization procedure, firstly an aliquot of 4 uL 2 mgmL™
PAMAM was cast onto the polished and cleaned bare GCE. After PAMAM was
dried at room temperature for about 10 min, a polymer film of HT, which was
selected as the best mediator for the electrocatalytic and photoelectrocatalytic
oxidation of NADH, was prepared by recording successive cyclic voltammograms
of HT on GCE in the potential range between —0.5 and +2.0 V in the 0.1 M PBS
(pH 7.0) containing 0.1 M NaNOjs at 100 mVs™. Then Poly-HT/PAMAM/GCE
washed with deionized water and dried under Ar atmosphere and the glucose
dehydrogenase (GDH) enzyme were immobilized directly on poly-
HT/PAMAM/GCE by the cross-linking method using glutaraldehyde (GA) 20
mM. For this aim, firstly 5 mg mL™ GDH and 1% BSA was mixed in a ratio 1:1
and then 5 uL of the mixture and 4 puL of GA were cast on poly-HT/GCE,
respectively (Du et al., 2007; Saleh et al., 2011). Finally, this electrode was dried
at 4°C in a refrigerator for at least 4 h. A schematic representation of the
preparation of enzyme modified electrodes is given in Figure 2.3.
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Figure 2.3. Schematic representation of enzyme immobilization procedure.
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2.3.5.2. Biosensor and photoelectrochemical biosensor studies

Electrocatalytic and photoelectrocatalytic oxidation of glucose at this GDH
based poly-HT/GCE was investigated using cyclic voltammetric techniques.
Firstly, cyclic voltammogram of GDH-poly-HT/PAMAM/GCE was recorded in
0.1 M PBS (pH 7.0) containing 10 mM NAD" in the potential range between —0.8
and +0.8 V vs. Ag/AgCl at a scan rate of 5 mVs™ in the absence of glucose. In
order to see response of biosensor towards glucose, cyclic voltammograms of
modified electrodes were recorded in the same conditions but in the presence of
10 mM glucose. The cyclic voltammograms in the same conditions were also
recorded for bare GCE, poly-HT/GCE, poly-HT/PAMAM/GCE.

Finally, photoelectrochemical biosensor studies were performed by using
the home-made photoelectrochemical cell as shown in Fig 2.1B. In the
photoelectrocatalytic experiments, the cyclic voltammograms of GDH/poly-
HT/PAMAM/GCE were recorded under the above mentioned same conditions
(supporting electrolyte: 0.1 M PBS (pH 7.0), scan rate: 5 mV/s™, potential range:
from -0.8 to +0.8 V) in the absence and presence of glucose, but under irradiation
of the working electrode surface by the fiberoptic illuminator with 250 W halogen
bulb. The constructed biosensor and photobiosensor for glucose detection at
GDH/poly-HT/PAMAM/GCE is schematically shown in Figure 2.4.

Light source

Substrate (Glucose)
NADH

NAD* Product (Glucanolactone)

Figure 2.4. Schematic representation of the photoelectrochemical biosensor.
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2.3.5.3. Photoelectrochemical biosensor studies in FIA system

The new home-made photoelectrochemical flow cell and FIA diagram, as
shown in Figures 2.2B and 2.2A, were also used for studies of electrocatalytic and
photoelectrocatalytic oxidation of glucose in FIA system. In all FIA experiments,
0.1 M PBS (pH 7.0) containing 0.1 M KCI was used as carrier solution. After
GDH/poly-HT/PAMAM/GCE had been inserted into a flow cell, electrochemical
and photoelectrochermical responses of glucose were monitored dependent on
glucose concentration. For this, after a steady-state background current of
supporting electrolyte under optimum conditions, which were optimized in the
FIA procedure section, was obtained, the various concentrations of glucose
containing 10 mM NAD" were injected into the system and the current-time
curves were recorded. The current-time curves were also recorded for the
photoamperometric FIA study by irradiation of electrode surface throughout
experiment. In all FIA experiments, three injections were made for each NADH
standard solution. Same experiments were also repeated for bare GCE. All
supporting electrolytes were deaerated by allowing highly pure argon to pass
through for 5 min before the electrochemical experiments.
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3. RESULTS AND DISCUSSION

3.1.Preparation of Modified Electrodes and Their Response towards
Oxidation of NADH

All modified electrodes were prepared by electropolymerization of four
different redox mediators (HT, MG, NR and MdB) onto GCE. In order to obtain
the optimum modified electrode, which gives the best response for the
electrocatalytic oxidation of NADH, the electropolymerization conditions such as
pH of supporting electrolyte, monomer concentration, cycle number and
especially anodic potential limit were optimized. In order to see the effect of each
modified electrode on electrocatalytic oxidation of NADH, the cyclic
voltammogram of NADH was recorded in 0.1 M PBS (pH 7.0) using each
modified electrode obtained from optimization steps. Cyclic voltammograms were
recorded a scan rate of 100 mVs™ in all electropolymerization process, while a
scan rate of 50 mVs™ was used in the studies of electrocatalytic oxidation of
NADH.

3.1.1. Poly-Hematoxylin modified glassy carbon electrode
(Poly-HT/GCE)

In order to see the effect of used supporting electrolyte during the
preparation of the modified electrode, poly-HT/GCEs were prepared in 0.1 M
phosphate solutions containing 0.1 M NaNO3 with various pH values (between 2
and 10). Then the cyclic voltammograms of NADH were recorded in 0.1 M PBS
(pH 7.0) using each modified electrode. Figure 3.1A shows the typical cyclic
voltammograms of the polymer film growth during the electropolymerization
of 0.3 mM HT solution in 0.1 M PBS (pH 7.0) containing 0.1 M NaNOz3.
NaNO; was used as 0.1 M in the supporting electrolyte during all the
electropolymerization process due to the catalytic effect of the NO3™ anions on the
electropolymerization process (Karyakin et al, 1999a). In the first cycle of cyclic
voltammograms of HT (Figure 3.1A), one oxidation peak was observed at about
+235 mV with a shoulder at +165 mV, which is attributed to the oxidation of
monomeric catechol groups to quinone. In the second cycle, the current of this
peak decreased. After the third cycle, the peak current began to grow slowly with
increasing cycle numbers and peak potential was shifted to about +275 mV.
Similar discussions were reported for electropolymerization of pyrogallol (Khoo
and Zhu, 1998) and rutin (Jin et al., 2007), which are other catechol compounds.
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Cathodic peak of HT at about -390 mV (Figure 3.1A) increased gradually with
increasing scan cycles. These results demonstrated that the polymeric film of HT
could be formed on GCE.
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Figure 3.1. Repetitive cyclic voltammograms (10 cycles) of 0.3 mM HT at GCE in 0.1 M PBS
with pH 7.0 (A) and pH 2.0 (C) containing 0.1 M NaNO; at 100 mVs™, in the
potential range of -0.5 to +2.0 V vs. Ag/AgCl. B) and D) Cyclic voltammograms of
poly-HT/GCE obtained from A and C respectively, in the absence (a) and in the
presence (b) of 0.8 mM NADH c) the cyclic voltammograms of 0.8 mM NADH at
bare GCE. Supporting electrolyte: 0.1 M PBS (pH 7.0); scan rate: 50 mVs™.

In the cyclic voltammogram of poly-HT/GCE in 0.1 M PBS (pH 7.0), two
small reversible redox peaks were observed (Figure 3.1B, curve a). The formal
potentials (E° = (Ean + Ecat)/2) of these pairs were found to be +120 mV and +225
mV. It can be concluded that these redox couples correspond to monomeric and
polymeric form of HT, respectively. Before the response of poly-HT/GCE
towards oxidation of NADH, the cyclic voltammogram of NADH was recorded at
bare GCE. As shown in Figure 3.1B, the oxidation peak of NADH was observed
at +550 mV at bare electrode (curve c) and this peak potential shifted to around
+240 mV at poly-HT/GCE for 0.8 mM NADH (curve b). However, the cathodic
peak current at +210 mV did not change in the presence of NADH. This
mentioned potential shift can be explained that the oxidized form of HT on
electrode surface reacts with NADH and increases the electron transfer rate of
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NADH. During this process, while HT was converted to its reduced form, NADH
was oxidized to NAD". Finally, the reduced form of HT reoxidized. Thus it can be
said that poly-HT/GCE had a good electrocatalytic effect on the NADH oxidation.

Electropolymerization of HT was also carried out in the phosphate solutions
with various pH. Figure 3.1C shows the cyclic voltammograms of the polymer
film growth during the successive potential scans of HT solution in 0.1 M PBS
(pH 2.0) containing 0.1 M NaNOs. As can be seen, electropolymerization of HT
was also observed in pH 2.0. However, increase in peaks attributed to the
formation of polymeric form by increasing scan cycle was observed more clearly
in pH 7.0 (Fig. 3.1A). Figure 3.1D shows the cyclic voltammogram relating to the
electrocatalytic oxidation of NADH using poly-HT/GCE obtained from 0.1 M
PBS (pH 2.0). The height of peak currents obtained from Figures 3.1B and 3.1D
demonstrated that the response of modified electrode prepared at pH 7.0 towards
NADH oxidation was better than that prepared at pH 2.0.

In order to find the optimum pH of supporting electrolyte during
electropolymerization of HT, the cyclic voltammograms of 0.8 mM NADH were
recorded at poly-HT/GCEs which were also prepared in the other phosphate
solutions with various pH values. The electrocatalytic peak currents of NADH
were calculated from difference between the anodic peak current of modified
electrode in the absence and presence of 0.8 mM NADH (Appendix 1). The
obtained electrocatalytic currents were plotted versus the pH (Figure 3.2A). As
can be seen, the highest electrocatalytic current for NADH was obtained when
poly-HT/GCE was prepared in pH 7.0 and also pH 8. Thus, PBS (pH 7.0)
containing 0.1 M NaNOs3 was chosen as optimum supporting electrolyte for the
electropolymerization of HT in the following experiments, because buffer
capacity of pH 7.0 is higher than that of pH 8.

In addition, monomer concentration of HT and the cycle numbers during
electropolymerization were also optimized for the electrocatalytic oxidation of
NADH. The effect of monomer concentration and cycle numbers during
electropolymerization of HT on electrocatalytic peak currents of NADH are given
in Figures 3.2C and 3.2D, repectively. From these figures, the best response
towards electrocatalytic oxidation of NADH was obtained, when
electropolymerization of HT was performed in the presence of 0.3 mM HT
monomer and 10 scan cycles (Appendix 1).
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Figure 3.2. The effect of A) pH of supporting electrolyte, B) anodic potential limit, C) monomer
concentration, and D) cycle number during the preparation of modified electrodes on
the electrocatalytic oxidation of 0.8 mM NADH.

The potential scan range, especially the anodic potential limit, is one of the
most important factors for the success of the electropolymerization process. The
effect of anodic upper potential limit on electrocatalytic peak current of NADH, as
well as its effect on starting of electropolymerization, is very important. In order
to see the effect of potential range during the electropolymerization of HT on the
electrocatalytic oxidation of NADH, firstly the modified electrodes were prepared
in the different potential ranges and then the cyclic voltammograms in the
presence of 0.8 mM NADH were recorded using these modified electrodes
(Appendix 1). For this purpose, the anodic potential limit was varied between
+0.5 and +2.5 V for the electropolymerization step. An initial potential of -0.5 V,
a cyclic number of 10 cycles, monomer concentration of 0.3 mM and a scan rate
of 100 mVs™ were used in all electropolymerization steps. However, results
obtained from only two potential ranges, -0.5 to 1.0 V and -0.5 to 1.75 V, were
discussed (Figure 3.3) and the effect of potential range on electrocatalytic
oxidation current of NADH was given in Figure 3.2B.

Figure 3.3A shows the successive cyclic voltammograms of HT in the
potential range of -0.5 to +1.0 V. When the anodic upper potential limit was set to
+1.0 V, the oxidation peak at +255 mV with a shoulder at +205 mV gradually
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decreased by increasing the cycle number, while the reduction peak at +180 mV
was not changed. When the anodic upper potential limit was fixed as 1.75 V, the
new peaks attributed to polymeric form of HT were observed after third cycle
(Figure 3.3C). However, this increase was not observed when the anodic potential
limit was selected as +1.0 V. These results indicated that the potential scan in the
range of -0.5 to +1.0 V was not enough for the electropolymerization of HT on
GCE and the anodic upper potential should be at least 1.75 V for the starting of
electropolymerization.

Cyclic voltammograms of prepared poly-HT/GCEs were recorded in the
presence of 0.8 mM NADH. Figure 3.3B shows the cyclic voltammograms of poly-
HT/GCE obtained from the potential scan in the range of -0.5 to +1.0 V and the
electrocatalytic response of this electrode towards NADH was also not
satisfactory. However, this response was found better when anodic potential limit
was at least +1.75 V vs. Ag/AgCI (Figure 3.3D).
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Figure 3.3. Repetitive cyclic voltammograms (10 cycles) of 0.3 mM HT at GCE in 0.1 M PBS
(pH 7.0) containing 0.1 M NaNOj3 at 100 mVs in the potential range of A) -0.5 to 1.0
V and C) -0.5 to 1.75 V. B) and D): Cyclic voltammograms of a poly-HT/GCE
obtained from A and C, respectively, in the absence (a) and in the presence (b) of 0.8
mM NADH, (c) cyclic voltammogram of 0.8 mM NADH at a bare GCE. Supporting
electrolyte: 0.1 M PBS (pH 7.0); scan rate: 50 mVs™.
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In order to see the best response of modified electrodes towards the
electrocatalytic oxidation of NADH, the electrocatalytic peak currents of NADH
were calculated from the difference between anodic peak currents of modified
electrode in the absence and presence of 0.8 mM NADH. The obtained current
values were plotted versus anodic potential limit during electropolymerization
process (Figure 3.2B). This curve shows that the best electrocatalytic current
was observed when anodic applied potential was fixed at 2.0 V during
electropolymerization of HT on GCE. Cyclic voltammograms for the preparation
of poly-HT/GCE in the potential range between -0.5 and 2.0 V and for its
electrocatalytic response towards NADH oxidation, were previously given in
Figure 3.1A and 3.1B, respectively.

As a result, in order to obtain the best electrocatalytic current for NADH
oxidation, HT was electropolymerized by cycling (10 times) on GCE between
-0.5 and +2.0 V vs. Ag/AgCl at a scan rate of 100 mVs™ in 0.1 M PBS (pH 7.0)
containing 0.3 MM monomer and 0.1 M NaNOs.

Electropolymerization mechanism of HT on GCE

Khoo and Zhu (1998) investigated the electropolymerization of pyrogallol
by recording repetitive cyclic voltammograms of 10 mM pyrogallol at GCE in 0.1 M
PBS (pH 7.0) at scan rate of 20 mV/s™. They reported that the broad peak at +0.32 V/
attributed to monomer oxidation was observed in the first cycle; this peak
drastically decreased and the peak potential was shifted to a more positive
potential (+0.43 V) in the second cycle, and it was almost nonexistent in the third
cycle. This behavior was explained by the passivation of electrode due to the
formation of an insoluble polymer film. However, a small oxidation peak began to
grow slowly with about the same potential as for the original oxidation of
monomer. A similar result was also reported for the electropolymerization of
catechol (Khoo and Zhu, 1999) and was also obtained in our studies for HT.

Moreover, it was reported that generally the electrochemical oxidation of
phenolic compounds produces unstable phenoxy radicals that can be further
oxidized to phenoxy or can react to form dimers, which readily polymerize into
polyaromatic compounds (Khoo and Zhu, 1999; Andreescu et al., 2003).
Especially, Jin et al., (2007) suggested the electropolymerization mechanism of
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rutin on paraffin-impregnated graphite electrode. They emphasized that rutin
undergoes electrochemical oxidation in two ways related to the two catechol
hydroxyl groups and other two hydroxyl groups; the former not only can carry out
a two-electrons two-proton reversible reaction, but it can also generally produce
unstable phenoxy radicals that readily interact with each other or with another
rutin monomer to form a strongly adherent film at bare electrode. In addition, Ryu
et al., (2003) presented peroxidase catalyzed polymerization of phenols of three
distinct reaction steps: initiation, radical-radical coupling and radical transfers.
It was stated that phenol oxidized to phenoxy radicals in the presence of H,0, and
enzyme, then this radical delocalized to the aromatic structure and dimerization
and also polymerization was formed via radical-radical (carbon-carbon) coupling
and radical transfer and coupling reactions. The same polymerization mechanism
was also proposed for 2-hydroxycarbazole (Bilici et al., 2010). It was reported
that in the presence of H,0O,, Horseradish peroxidase can polymerize hydroxy-
functionalized aromatic compounds to produce corresponding radicals. These
radicals may couple together through radical coupling to form dimers, oligomers,
and finally polymers. They gave possible coupling sites for 2-hydroxy carbazole.

In another study, Ferreira et al., (2006) investigated the electropolymerization
of phenolic compounds such as phenol, m-cresol, 2,5-dimethylphenol and 2,3,5-
trimethylphenol on Pt and Au electrodes. They indicated that phenoxy radicals
were initially formed as intermediates during the oxidation of phenol to quinones,
and then these radicals could be further oxidized to quinones or could react
irreversibly to form dimeric forms through the C-O-C coupling or C-C coupling.
Finally these dimers could be oxidized again to produce radicals, which could
couple with phenoxy radical or with other dimeric radicals to produce the polymer.

We can suggest a similar mechanism for the electropolymerization of HT on
GCE using these useful information and comments. Thus, firstly HT can produce
a phenoxy radical during its oxidation, then this radical can be delocalized to the
aromatic structure, and finally possible dimerization reactions can formed through
radical-radical (C-O-C or C-C) coupling (Figure 3.4). Following, the polymerization
can be formed by increasing the scan cycle. This suggested electropolymerization
mechanism was also used by Samide et al., (2013).
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Figure 3.4. Electropolymerization mechanism of HT.

3.1.2. Poly-Methylene Green modified glassy carbon electrode
(Poly-MG/GCE)

In order to see the effect of used supporting electrolyte during the
preparation of modified electrode on the electrocatalytic oxidation of NADH,
poly-MG/GCEs were also prepared in 0.1 M phosphate solutions containing
0.1 M NaNO; with various pH values (between 2 and 10). Then the cyclic
voltammogram of NADH was recorded in 0.1 M PBS (pH 7.0) using each
modified electrode. Figures 3.5A, 3.5C and 3.5E show the cyclic voltammograms
of the polymer film growth during the electropolymerization of 0.5 mM MG in
0.1 M H3PO, solution, 0.1 M PBS (pH 7.0) and pH 10.0 phosphate solution,
respectively. As can be seen from Figure 3.5A, there are two anodic peaks at 250
mV and 650 V and two cathodic peaks at 125 mV and -140 mV in the first cyclic
voltammogram. The pair of redox peaks (at 250 mV for anodic and 125 mV for
cathodic) are attributed to the oxidation and reduction of monomeric form of MG.
The anodic peak at about 650 mV is attributed to the formation of cationic radical
species, while cathodic peak at -140 mV can be attributed to the reduction of
protonated MG. Anodic peak at 250 mV increased, while two cathodic peaks at
125 mV and -140 mV decreased with successive scanning and a new cathodic
peak appeared at about 250 mV. These results indicate that polymerization of MG
was successfully obtained on GCE. The similar electropolymerization of MG on
GCE was also obtained in the neutral (Figure 3.5C) and basic (Figure 3.5E)
supporting electrolytes.
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Figure 3.5. Repetitive cyclic voltammograms (10 cycles) of 0.5 mM MG at GCE in 0.1 M H3PO,
(A), and 0.1 M phosphate solutions with pH 7.0 (C) and pH 10.0 (E) containing 0.1 M
NaNOj; at 100 mVs™, in the range of -0.7 to +1.1 V vs. Ag/AgCl. B), D) and F) Cyclic
voltammograms of poly-MG/GCE obtained from A, C and E respectively, in the
absence (a) and in the presence (b) of 0.4 mM NADH c) the cyclic voltammograms of
0.4 mM NADH at bare GCE. Supporting electrolyte: 0.1 M PBS (pH 7.0); scan rate:
50 mVvs™,

Figures 3.5B, 3.5D and 3.5F show the cyclic voltammograms of modified
electrodes which were obtained from electropolymerization of MG in Figures
3.5A, 3.5C and 3.5E respectively, in the absence (curve a) and presence of 0.4
mM NADH (curve b). Moreover, curve c in these figures shows the cyclic
voltammogram of 0.4 mM NADH using bare GCE. Electrocatalytic oxidation of
NADH was also achieved by using poly-MG/GCE, because the oxidation peak
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potential of NADH observed at +500 mV at bare electrode (Figure 3.5B, curves c)
shifted to around +100 mV at poly-MG/GCE for 0.4mM NADH (Figure 3.5B,
curve b). This potential shifting can be explained by the oxidized form of MG on
electrode surface reacting with NADH and increasing the electron transfer rate of
NADH. During this process, while MG converted to its reduced form, NADH
oxidized to NAD". Finally, the reduced form of MG reoxidized.

In order to find the optimum pH of used supporting electrolyte during
electropolymerization of MG, the cyclic voltammograms of 0.4 mM NADH were
recorded at poly-MG/GCEs which were prepared in phosphate solutions with
various pH values. The electrocatalytic peak currents of NADH were calculated
from the difference between anodic peak current of modified electrode in the
absence and presence of 0.4 mM NADH. The obtained electrocatalytic currents
were plotted versus the pH (Figure 3.6A). As can be seen, the highest
electrocatalytic current for NADH was obtained when poly-MG/GCE was
prepared in 0.1 M H3PO,. Thus, the 0.1 M H3PO,4 containing 0.1 M NaNO3 was
chosen as the optimum supporting electrolyte for the electropolymerization of MG
in the following experiments. In addition, the monomer concentration of MG and
cycle numbers were also optimized for electropolymerization process; the best
response was obtained when the monomer concentration and cycle numbers used
were as 0.5 mM and 10 cycles, respectively (Figures 3.6C and 3.6D).

In order to see the effect of potential range during the electropolymerization
of MG on the electrocatalytic oxidation of NADH, firstly the modified electrodes
were prepared in the different potential ranges and secondly the cyclic
voltammograms of 0.4 mM NADH were recorded using these modified
electrodes. For this purpose, the anodic potential limit was varied between +0.6
and +1.6 V for the electropolymerization step. An initial potential of -0.7 V, a
cyclic number of 10 cycles, monomer concentration of 0.5 mM and a scan rate of
100 mVs™ were used in all electropolymerization steps.
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Figure 3.6. The effect of A) pH of supporting electrolyte, B) anodic potential limit, C) monomer
concentration, and D) cycle number during the preparation of modified electrodes on
the electrocatalytic oxidation of 0.4 mM NADH.

Figures 3.7A and 3.7C show the successive cyclic voltammograms of MG
in the potential range of -0.7 to +0.6 V and -0.7 to 1.6 V, respectively.
Electropolymerization was also observed when the anodic upper potential limit
was set to +0.6 V, because this potential is near the potential for the formation of
cationic radicalic species (650 mV). Figures 3.7B and 3.7D show the response of
modified electrode obtained from Figures 3.7A and 3.7C, respectively, towards
NADH oxidation. The electrocatalytic peak currents of NADH were calculated
from difference between anodic peak currents of modified electrode in the
absence and presence of 0.4 mM NADH. The obtained current values were
plotted versus anodic potential limit (Figure 3.6B). This curve shows that the best
electrocatalytic current was observed when anodic applied potential was fixed at
1.1.V during electropolymerization of MG on GCE. Cyclic voltammograms for
the preparation of poly-MG/GCE in the potential range between -0.7 and 1.1 V
and for its electrocatalytic response towards NADH oxidation were previously
given in Figure 3.5A and 3.5B, respectively.
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As a result, in order to obtain the best electrocatalytic current for NADH
oxidation, MG was electropolymerized by cycling (10 times) on GCE between -0.7
and +1.1 V vs. Ag/AgCl at a scan rate of 100 mVs™ in 0.1 M HsPO, solution
containing 0.5 mM monomer and 0.1 M NaNOs.
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Figure 3.7. Repetitive cyclic voltammograms (10 cycles) of 0.5 mM MG at GCE in 0.1 M H3PO,
+0.1 M NaNOj; at 100 mVs™ in the range of A) -0.7 to 0.6 VV and C) -0.7 to 1.6 V. B)
and D): Cyclic voltammograms of a poly-MG/GCE obtained from A and C,
respectively, in the absence (a) and in the presence (b) of 0.4 mM NADH, (c) cyclic
voltammogram of 0.4 mM NADH at a bare GCE. Supporting electrolyte: 0.1 M PBS
(pH 7.0); scan rate: 50 mVs™.

Electropolymerization mechanism of MG on GCE

Azine type dyes such phenothiazine, phenazine and phenoxazine mostly
include primary or secondary amino groups as ring substituent and these groups
can be oxidized between 600 and 1200 mV depending on supporting electrolyte.
In the end of this oxidation step, cationic radicalic species, which are necessary
for the electropolymerization process dependent on radical-radical coupling, are
formed. Thus, the reaction mechanism for electropolymerization of MG, a
phenothiazine dye, has been proposed by some authors (Barsan, et al., 2008;
Karyakin 199b). The first step in the electropolymerization reaction sequence of
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MG is the one-electron oxidation of the tertiary amino group in the monomer,
ending up with the formation of a radical cation. In the second step, this radical is
delocalized to the aromatic structure leading finally to the formation of possible
dimerization reactions through radical-radical (carbon-nitrogen or carbon—
carbon) coupling. More radicals were formed through the continuous potential
cycling and an insoluble polymeric form (poly-MG) was gradually produced. All
electropolymerization steps are given in Figure 3.8.
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Figure 3.8. Electropolymerization mechanism of MG (Barsan et al., 2008).
3.1.3. Poly-Neutral Red modified glassy carbon electrode (Poly-NR/GCE)

The effect of supporting electrolyte, cycle number, monomer concentration
and anodic upper potential used during NR electropolymerization process on
electrocatalytic oxidation of NADH was also investigated for poly-NR/GCE by
applying the procedure smiliar to the studies on preparation of poly-HT/GCE and
poly-MG/GCE. Poly-NR/GCEs were prepared in different supporting electrolytes:
0.1 M H,SO4, 0.1 M HCl and 0.1 M phosphate solutions with pH values between
2.0 and 10.0. In order to test the effect of supporting electrolyte on electrocatalytic
oxidation of NADH, cyclic voltammograms were recorded in the absence and in
the presence of 0.4 mM NADH, in 0.1 M PBS (pH 7.0) for modified electrodes
obtained from every supporting electrolyte.

Fig. 3.9A presents the electropolymerization of NR in 0.1 M H,SO,
containing 0.05 mM NR and 0.1 M NaNOjs at scan rate of 100 mV/s™. In the first
cycle, anodic and cathodic peaks were observed at -90 mV and at -150 mV,
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respectively. These reversible peaks were attributed to monomeric form of NR.
An irreversible peak observed at about +930 mV was attributed to the formation
of radicalic cation of NR (Bauldreay and Archer, 1983; Chen and Gao, 2007a;
Karyakin et al., 1995). A new anodic and cathodic peak at +460 mV and +370
mV, respectively, started to appear after the second potential scan. It was observed
that the current of these redox peaks increased continuously by successive
scanning, while the irreversible peak at +930 mV decreased. These results
demonstrated that the amount of electroactive species increased and the
polymerization of NR occurred on the GCE. Similar results were reported in
literature (Bauldreay and Archer, 1983; Karyakin et al., 1999b).

Figure 3.9B (curve a) presents the cyclic voltammograms of poly-NR/GCE
in PBS (pH 7.0), in the absence of NADH. Two small and reversible redox peaks
were observed. The formal potentials (E” = (Ea + E.)/2) of these redox peaks were
found to be -455 mV and +80 mV, respectively. It can be concluded that these
redox couples correspond to monomeric and polymeric form of NR, respectively.
As shown in Fig. 3.9B (curve c), the oxidation peak of NADH was observed at
+500 mV at unmodified GCE. However, electrochemical oxidation of NADH was
observed at +140 mV in the case of the poly-NR/GCE (curve b). While the
cathodic peak current of poly-NR/GCE observed at about +20 mV did not change,
the anodic peak current increased in the presence of 0.4 mM NADH. It was found
that compared with bare GCE (+500 mV), a 360 mV decrease in overpotential for
NADH oxidation was observed at the present Poly-NR/GCE (+140 mV). Thus it
can be concluded that poly-NR/GCE offers a good electrocatalytic effect towards
the NADH oxidation. Similar electrocatalytic effect for NADH was also obtained
for a composite electrode composed of ordered mesoporous carbon with
polymeric NR on the GCE using electropolymerization procedure (Lu et al., 2010).

Figures 3.9C and 3.9E show the cyclic voltammograms of the polymer film
growth through the electrocatalysis of 0.05 mM NR in pH 4.0 and pH 7.0
phosphate solutions, respectively. Although the electropolymerization process
was also achieved in these media, the electrocatalytic response of this modified
electrode towards NADH oxidation was not so high (Figures 3.9D and 3.9F).
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Figure 3.9. Repetitive cyclic voltammograms (10 cycles) of 0.05 mM NR at GCE in 0.1 M H,SO4
(A), and 0.1 M phosphate solutions with pH 4.0 (C) and pH 7.0 (E) containing 0.1 M
NaNOj; at 100 mVs™, in the range of -0.7 to +1.2 V vs. Ag/AgCl. B), D) and F) Cyclic
voltammograms of poly-NR/GCE obtained from A, B and C respectively, in the
absence (a) and in the presence (b) of 0.4 mM NADH c) the cyclic voltammograms of
0.4 liNADH at bare GCE Supporting electrolyte: 0.1 M PBS (pH 7.0); scan rate:
50 mVs™.

In order to find the optimum supporting electrolyte used in the
electropolymerization of NR, electropolymerization process from Figure 3.9 was
repeated in 0.1 M HCI, 0.1 M H3PO,4, and 0.1 M phosphate solutions with
different pH values (between 2.0 and 10.0) and the cyclic voltammograms of
every prepared modified electrode were recorded in the absence and presence of
0.4 mM NADH in 0.1 M PBS (pH 7.0), at scan rate of 50 mVs™. The
electrocatalytic peak currents of NADH were calculated from difference between
the anodic peak current of modified electrode in the presence and absence of 0.4
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mM NADH. The obtained electrocatalytic currents were plotted versus supporting
electrolyte type and also the pH of phosphate solutions (Figure 3.10A). From
obtained results, the highest electrocatalytic current for NADH oxidation was
observed when poly-NR/GCE was prepared in H,SO,4. This phenomenon can be
explained by formation of regular polymer growth of NR on electrode surface in
acidic media. Chen and Gao reported that the electropolymerization from acidic
aqueous solutions is generally preferable for formation of an electroactive
polymer (Chen and Gao, 2007b). In some studies, strong acidic solutions were
also used concerning the oxidative polymerization of NR (Chen and Gao, 2007a;
2007b; Chen and Lin, 2001; Broncova et al., 2004). In addition, in order to obtain
the regular polymer growth in cyclic voltammetric conditions with a limited
anodic switching potential requires acidic solutions (Chen and Gao, 2007b).
Therefore, 0.1 M H,SO, containing 0.1 M NaNO3; was chosen as optimum
supporting electrolyte for the electropolymerization of NR in the following
experiments. In addition, the monomer concentration of NR and cycle numbers
were also optimized for the electropolymerization process; the best response was
obtained in the presence of 0.01 mM NR monomer and using 8 cycles (Figures
3.10C and 3.10D).
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Figure 3.10.

The effect of A) pH of supporting electrolyte, B) anodic potential limit, C) monomer
concentration, and D) cycle number during the preparation of modified electrodes on
the electrocatalytic oxidation of 0.4 mM NADH.
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The effect of potential range used in the electropolymerization of NR on the
electrocatalytic oxidation of NADH was also studied. For this purpose, the anodic
potential limit was varied between +0.6 and +1.8 V for the electropolymerization
step. An initial potential of -0.6 V, a cyclic number of 8 cycles, monomer
concentration of 0.01 mM and a scan rate of 100 mVs® were used in all
electropolymerization steps. Figure 3.11A shows the successive cyclic
voltammograms of NR in the potential range of -0.6 to +0.6 V. When the anodic
upper potential limit was set to +0.6 V, the oxidation peak at -150 mV and
cathodic peak at -190 mV gradually decreased by increasing the cycle number. As
mentioned above, when the anodic upper potential limit was fixed as 1.1 V, new
peaks attributed to polymeric form of NR were observed (Figure 3.9A), because
the formation of cationic radicalic form of NR, which was observed at about 930
mV, is necessary for the initiating of electropolymerization of NR. The anodic
upper potential of 0.6 V is not enough for the formation of cationic radicalic form.
Figure 3.11B shows the cyclic voltammograms of poly-NR/GCE obtained from
the potential scan in the range of -0.6 to +0.6 V; the electrocatalytic response of
this electrode towards NADH was also not satisfactory. Figure 3.11C shows the
successive cyclic voltammograms of NR in the potential range of -0.6 to 1.6 V.
The electrocatalytic current of NADH decreased for the modified electrodes
prepared at the anodic upper potential at 1.6 V (Figure 3.11D). This may depend
on the electropolymerization, which can be damaged due to the formation of O, at
high anodic potential.

The electrocatalytic peak currents of NADH were calculated from
difference between anodic peak currents of modified electrode in the absence and
presence of 0.4 mM NADH. The peak currents of NADH corresponding to each
modified electrode were plotted versus anodic upper potential limit during
electropolymerization process (Figure 3.10B). This curve showed that the applied
potential during electropolymerization of NR should be chosen at least at 1.0 V, in
order to obtain a good electrocatalytic current for NADH oxidation.

As a result, the optimum conditions used during the electropolymerization
process of NR were established as being: supporting electrolyte, 0.1 M H,SO,
containing 0.1 M NaNOs; monomer concentration, 0.01 mM; cycle numbers, 8;
and potential range, -0.6 to +1.0 V vs. Ag/AgCI/KCl.
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Figure 3.11. Repetitive cyclic voltammograms (10 cycles) of 0.01 mM NR at GCE in 0.1 M
H,SO, + 0.1 M NaNOj; at 100 mVs™ in the range of A) -0.6 to 0.6 V C) and -0.6 to
1.6 V B) and D) Cyclic voltammograms of a poly-NR/GCE obtained from A and C,
respectively, in the absence (a) and in the presence (b) of 0.4 mM NADH, (c) cyclic
voltammogram of 0.4 mM NADH at a bare GCE. Supporting electrolyte: 0.1 M PBS
(pH 7.0); scan rate: 50 mVs™.

Electropolymerization mechanism of NR

The electropolymerization mechanism of NR has been reported in some
studies (Bauldreay and Archer, 1983; Chen and Gao, 2007a; Karyakin et al.,
1995; 1999b; Barsan et al., 2008). The proposed mechanism for MG shown in
Figure 3.8 can also be proposed for NR. The first step in the sequence of
electropolymerization reactions of NR is the oxidation of —NH, group in the
monomer and formation of a radical cation. Then, this radical can be delocalized
to the aromatic structure and finally the radicalic dimerization can take place via
carbon-nitrogen coupling. The formed dimers are strongly adsorbed on the
electrode surface. It was reported in the above mentioned refrences, that more
radicals were formed by continuously cycling of potential and thus the insoluble
polymeric form of poly-NR was gradually produced.
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3.1.4. Poly-Meldola Blue modified glassy carbon electrode
(Poly-MdB/GCE)

MdB is another important redox mediator for electrocatalytic oxidation of
NADH. The various electrode materials such as GCE, carbon paste electrode,
especially graphite electrode, etc. were modified with this phenoxazine dye and
these modified electrodes were used for electrocatalytic oxidation and also
construction of biosensor dependent on NAD*/NADH redox couple (Canevari, et
al., 2011; Maroneze, 2008; Ladiu et al. 2007a; 2007b; 2005; Zhu, et al., 2007;
Pereira, et al., 2006; Santos, et al., 2002b, 2003; Kubota, et al., 1996; Gorton et
al., 1984). In this section, we also tried to use MdB modified electrode for
electrocatalytic and also photoelectrocatalytic oxidation of NADH. For this aim,
firstly the electropolymerization of MdB on the GCE was performed by recording
cyclic voltammograms of 0.01 mM MdB in 0.1 M phosphate solutions containing
0.1 M NaNO;3; with various pH values (between 2 and 10) and then the cyclic
voltammogram of NADH was recorded in PBS of pH 7.0, using each modified
electrode. As a represantive, Figure 3.12A shows the cyclic voltammograms of
the polymer film growth of 0.01 mM MdB in 0.1 M pH 10.0 phosphate solutions.
In the first cycle, one oxidation peak was observed at about -30 mV, which is
attributed to the oxidation of monomeric MdB. In the second cycle, the current of
this peak decreased. After the third cycle, the peak current began to grow slowly
with increasing cycle numbers and peak potential was shifted to about +10 mV.
Cathodic peak was observed at about -170 mV and increased slowly with
increasing scan cycles. These results (Figure 3.12A) demonstrated that a good
electropolymerization for MdB was not observed onto GCE.

In order to test electrocatalytic activity of poly-MdB/GCE towards NADH
oxidation, cyclic voltammograms of modified electrode were recorded in the
absence and in the presence of NADH. Figure 3.12B, curve a shows the cyclic
voltammogram of poly-MdB/GCE in PBS (pH 7.0) at 50 mV/s™ in the absence of
NADH. It can be seen that only an anodic peak and cathodic peak were observed
at -150 mV and -280 mV, respectively. Figure 3.12B, curve b shows the cyclic
voltammogram of poly-MdB/GCE in the presence of 0.5 mM NADH. While a
part of the NADH oxidation was broadly observed at 170 mV, the other part of
the NADH oxidation was observed at 550 mV, which is near the oxidation peak
potential of NADH (about 500 mV) at bare GCE (Fig 6B, curve c). These results
indicate poly-MdB/GCE does not have an efficient electrocatalytic effect towards
NADH oxidation. Thus, photoelectrocatalytic oxidation of NADH with this
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modified electrode was not tried. Although a few reports on electropolymerization
of MB for sensor of some biologically important molecules such as dopamine,
glucose and choline (Mao and Yamamoto, 2000; Yamaguchi, et al., 2006) have
been discussed in the literature, our results show that electropolymerization of
MdB on GCE was not successfully obtained. In addition, Karyakin et al., (1999a)
reported that “Several attempts to electropolymerize MdB were done from
different aqueous solutions in a wide range of pH. However, in every case only a
minor amount of electroactive polymer was obtained. If we compare the chemical
structures of MB and MdB, the latter contains only one benzene ring substituted
with a tertiary amino group. The absence of a second similar aromatic ring
substituent, able to delocalize the positive charge, could be a reason for the lack of
electropolymerization observed.” (Karyakin, et al., 1999a). These comments also
support our results.
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Figure 3.12. A) Repetitive cyclic voltammograms (10 cycles) of 0.01 mM MdB at GCE in 0.1 M
phosphate solutions with pH 10 containing 0.1 M NaNOj; at 100 mVs™, in the range
of -0.7 to +1.2 V vs. Ag/AgCIl. B) Cyclic voltammograms of poly-MdB/GCE
obtained from A in the absence (a) and in the presence (b) of 0.4 mM NADH c) the
cyclic voltammograms of 0.4 mM NADH at bare GCE. Supporting electrolyte:
0.1 M PBS (pH 7.0); scan rate: 50 mVs™.

3.2. Electrochemical Characterization of Prepared Modified Electrodes
3.2.1. Electrochemical behavior of poly-HT/GCE

The electrochemical behavior of the poly-HT modified GCE was
investigated by recording cyclic voltammograms in a 0.1 M PBS (pH 7.0) at
various scan rates (Figure 3.13A). Two redox pairs were observed in the cyclic
voltammogram at low scan rates (Appendix 2). For example, the anodic and
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cathodic peak potentials of polymeric form (Couple 11) at 50 mVs™ were clearly
found to be +260 mV and +240 mV, respectively. However, the anodic and
cathodic peaks of monomeric form (Couple I) were observed to be very small, at
+170 mV and +110 mV, respectively. The anodic and cathodic peaks of these
couples overlapped through increasing the scan rates. The anodic peak current
(ipa) and the cathodic peak current (i,c) of Couple Il corresponding to polymeric
form of HT are linearly proportional to the scan rate (v) between 50-3200 mVs™
(Figure 3.13B). The equations and their regression coefficients for anodic and
cathodic peaks of Couple Il were found to be as follow:

in=0032v+0879 (R*=0.9976)
i =-0.028 v+154  (R®=0.9967)

These results indicated that surface reaction process occurred at poly-HT/GCE.

In order to determine the effect of pH on the formal standard potential, E*
of modified electrodes, the cyclic voltammograms of poly-HT/GCE were
recorded in phosphate solutions of pH values between 2 and 9 at a 50 mVs™ scan
rate. The E” value of polymeric form (Couple 11) was calculated as the average of
anodic and cathodic peak potentials (E° = (Epa + Epc)/2) and was used as an
approximation of the formal potential, E° (Appendix 2). Figure 3.13C shows that
the E® value of redox couple dependent on pH and E® values decreasing linearly
with increasing of phosphate solution pH. The slope of this curve was found to be
about -58.2 mV/pH unit at room temperature, which was equal to the anticipated
Nernstian value for two electrons and two protons attending the electron transfer
process.

In order to test the stability of poly-HT/GCE, the cyclic voltammograms of
the modified electrode were recorded by successive scans (300 cycles) in 0.1 M
PBS (pH 7.0), at a scan rate of 50 mVs™. Figure 3.13D shows the repetitive cyclic
voltammograms of modified electrode with 300 cycles. At the first cycle, two
redox pairs were observed. The anodic and cathodic peak potentials of the first
couple were found to be +170 mV and +110 mV respectively, which can
correspond to adsorbed monomeric form of HT. However, the anodic and
cathodic peaks of the second couple were observed at +260 mV and +240 mV
respectively, which can be attributed to polymeric form of HT. After a few scans
(about five cycles), the peak currents of couples | and Il decreased quickly on the
continuous scanning. After 50 repetitive scans, change in height of the peaks
became very small.
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Figure 3.13. A) Cyclic voltammograms of poly-HT/GCE in 0.1 M PBS (pH 7.0) at a scan rates of
50, 100, 160, 200, 400, 640, 800, 1280, 1600, 2560, 3200 mVs™. B) The plot of the
anodic (i) and cathodic (iyc) peak currents versus the scan rates for redox couple I1.
C) The plot of formal potential versus pH which was calculated from cyclic
voltammograms of poly-HT/GCE recorded at 50 mVs™ in the potential range of -0.8
to +0.8 V vs. Ag/AgCI. D) Repetitive cyclic voltammograms of poly-HT/GCE with
300 cycles in 0.1 M PBS (pH 7.0) at scan rate of 50 mVs™.

3.2.2. Electrochemical behavior of poly-MG/GCE

The electrochemical behavior of the poly-MG modified GCE was also
investigated by recording its cyclic voltammograms in a 0.1 M PBS (pH 7.0) at
various scan rates (Figure 3.14A). Two redox pairs were observed in the cyclic
voltammogram at low scan rates. The anodic and cathodic peaks of these couples
were overlapped through increasing of the scan rates. The anodic peak current
(ipa) and the cathodic peak current (i,c) of Couple Il corresponding to polymeric
form of MG are linearly proportional to the scan rate (v) between 20-6400 mVs™
(Figure 3.14B). The equations and their regression coefficients for anodic
and cathodic peaks of polymeric form were found to be as folllow:

ipa = 0.0098 v + 0.6701 (R? = 0.9985)
ipc =-0.0087 v +0.1006  (R?=0.9993)

These results indicated that surface reaction process occurred at poly-MG/GCE.
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In order to determine the effect of pH on the formal standard potential, E*
of modified electrodes, the cyclic voltammograms of poly-MG/GCE were
recorded in phosphate solutions of pH values between 2 and 10 at a 50 mvs
scan rate. Figure 3.14C shows that the E° values of redox couples for polymeric
and monomeric form of MG dependent on pH and these values decreased linearly
with increasing of the pH. The slopes of these curves were found to be about
-53.2 mV/pH and -56.9 mV/pH for polymeric and monomeric forms of MG,
respectively which were equal to the anticipated Nernstian value for two electrons
and two protons attending the electron transfer process for monomeric and
polymeric forms.

In order to test the stability of poly-MG/GCE, the cyclic voltammograms of
the modified electrode were recorded by successive scans (250 cycles) in 0.1 M
PBS (pH 7.0) at a scan rate of 50 mVs™. Figure 3.14D shows the repetitive cyclic
voltammograms of modified electrode with 250 cycles. At the first cycle, two
redox pairs were observed. After about 100 repetitive scans, change in height of
peaks became very small.
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Figure 3.14. A) Cyclic voltammograms of poly-MG/GCE in 0.1 M PBS (pH 7.0) at a scan rates
of 1: 20, 50, 100, 160, 200, 400, 640; 11: 800, 1280, 1600, 2560, 3200, 5120, 6400
mVs?, B) The plot of the anodic (ipa) and cathodic (i) peak currents versus the scan
rates for redox couple 1, C) The plot of formal potential versus pH which was
calculated from cyclic voltammograms of poly-MG/GCE recorded at 50 mVs™ in
the potential range of -0.8 to +0.8 V vs. Ag/AgCl, D) Repetitive cyclic
voltammograms of poly-MG/GCE with 250 cycles in 0.1 M PBS (pH 7.0) at scan
rate of 50 mVs™.
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3.2.3. Electrochemical behavior of poly-NR/GCE

The electrochemical behavior of the poly-NR modified GCE was also
investigated by recording its cyclic voltammograms in a 0.1 M PBS (pH 7.0) at
various scan rates (Figure 3.15A). Two redox pairs were observed in the cyclic
voltammogram at low scan rates. The anodic and cathodic peaks of these couples
were overlapped through increasing the scan rates. The anodic peak current (i)
and the cathodic peak current (ipc) of Couple Il corresponding to polymeric form
of NR are linearly proportional to the scan rate (v) between 20-6400 mVs™.
(Figure 3.15B). The equations and their regression coefficients for anodic and
cathodic peaks of polymeric form (Couple 1) were found to be as follow:

i, =0.0056 v +0.3382  (R?=0.9965)

ipc =

—0.0053 v +0.2115  (R*=0.9982)

These results indicated that surface reaction process occurred at poly-NR/GCE.
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Figure 3.15. A) Cyclic voltammograms of poly-NR/GCE in 0.1 M PBS (pH 7.0) at a scan rates

of 1: 20, 50, 100, 160, 200, 400, 640; 11: 800, 1280, 1600, 2560, 3200, 5120, 6400
mVs™. B) The plot of the anodic (ipa) and cathodic (iyc) peak currents versus the scan
rates for redox couple 1. C) The plot of formal potential versus pH which was
calculated from cyclic voltammograms of poly-NR/GCE recorded at 50 mVs™ in the
potential range of -0.8 to +0.8 V vs. Ag/AgCI, D) Repetitive cyclic voltammograms
of poly-NR/GCE with 200 cycles in 0.1 M PBS (pH 7.0) at scan rate of 50 mVs™.
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In order to determine the effect of pH on the formal standard potential (E°)
of modified electrodes, the cyclic voltammograms of poly-NR/GCE were
recorded in phosphate solutions of pH values between 2 and 9 at a scan rate of 50
mVs™. Figure 3.15C shows that the E° values of redox couple for polymeric and
monomeric form of NR dependent on pH and these values decreased linearly with
increasing pH. The slopes of these curves were found to be about -55.1 mV/pH
and -58.2 mV/pH for polymeric and monomeric forms of MG, respectively which
wereequal to the anticipated Nernstian value for two electrons and two protons
attending the electron transfer process for monomeric and polymeric forms.

In order to test the stability of poly-NR/GCE, the cyclic voltammograms of
the modified electrode were recorded by successive scans (200 cycles) in 0.1 M
PBS (pH 7.0) at a scan rate of 50 mVs™. Figure 3.15D shows that the repetitive
cyclic voltammograms of modified electrode with 200 cycles. At the first cycle,
two redox pairs were observed. After about 100 repetitive scans, change in height
of peaks became very small.

3.3. Photoelectrocatalytic Studies

3.3.1. Photoelectrocatalytic oxidation of NADH using poly-HT/GCE
i. With cyclic voltammetry

Although the HT modified carbon paste electrode was found to be an active
electron transfer mediator for the electrocatalytic oxidation of NADH (Zare et al.,
2006a), poly-HT/GCE has not yet been reported for electrocatalytic and especially
photoelectrocatalytic oxidation of NADH in the literature. Thus, it was expected
that poly-HT/GCE can be used for the photoelectrocatalytic oxidation of NADH
since the photoelectrocatalytic method has better sensitivity than electrocatalytic
method for the determination of NADH (Dilgin et al., 2009; Gligor et al., 2009).
In this context, a fiberoptic halogen lamp with 250 W was used for recording data
during photoelectrochemical experiments.

Firstly, the effect of light on the poly-HT/GCE was examined prior to any
experiments with photoelectrochemical oxidation of NADH. Cyclic voltammograms
of the poly-HT/GCE were recorded with/without the irradiation of the electrode
surface in the 0.1 M PBS (pH 7.0). When the surface of the poly-HT/GCE was
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irradiated, a small increase in the peak currents was observed from the cyclic
voltammograms (Figure 3.16 curves a and b).

It was found that poly-HT/GCE which prepared in the optimization
conditions of electropolymerization process gives a good electrocatalytic response
towards NADH (See Section 3.1.1). A similar result was also seen in Figure
3.16c¢; and c,. If the peak potential of NADH at the unmodified GCE (about +550
mV, see Figure 3.1B) is compared with that of the poly-HT/GCE (about +230
mV, Figure 16¢), it was observed that the overpotential for the electrochemical
oxidation of NADH decreased by 320 mV. As can be seen in Figure 3.16, the
electrocatalytic oxidation of NADH was observed at about +230 mV (Figure
3.16c;) and the peak current decreased in the second cycle (Figure 3.16c¢,).
However, the peak current at +250 mV attributed to electrocatalytic oxidation of
NADH increased with irradiation of electrode surface (Figure 3.16d;) and
especially, the peak current of second cycle (Figure 3.16d,) was two times higher
than that of obtained without irradiation for the same concentration of NADH
(Figure 3.16c,). The increase in the electrocatalytic peak current of NADH in the
presence of light may depend on the excitation of the poly-HT on the electrode
surface and its excited form can more rapidly react with NADH. Thus, it can be
concluded that irradiation of the surface of poly-HT/GCE causes a faster
photoelectrochemical oxidation of NADH than that of electrochemical.

20
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Figure 3.16. Cyclic voltammograms of poly-HT/GCE in the absence (a, b) and in the presence (c,
d) of 0.8 mM NADH without (a, ¢) and with (b, d) irradiation of the electrode
surface (in 0.1 PBS (pH 7.0); scan rate: 50 mV/s™). ¢, and d: first cycle; c, and da:
second cycle.



85

The mechanism of the photoelectrochemical oxidation of NADH with poly-
TB modified GCE was explained by the fact that initially the oxidized redox
mediator was excited by light, followed by the fact that the excited redox mediator
rapidly reacts with NADH, and finally the obtained leuco form of the mediator
was reoxidized at the electrode surface (Dilgin et al., 2007). This mechanism was
firstly reported by Compton’s research group for the electrocatalytic oxidation of
ascorbic acid with TB and MB (Cooper et al., 1998, 1999). A similar photo ECE
mechanism (Equations 3.1 - 3.4) can also be proposed for the photoelectrochemical
oxidation of NADH with poly-HT/GCE.

poly —HT .~ —— poly -HT o, +2¢~ +2H " (Electrode reaction) (3.1)

poly — HT 4,y ——> poly - HT o (Photoexciation reaction) (3.2)

poly — HT o + NADH +H " —— poly - HT o, + NAD * (Chemical reaction) (3.3)

poly — HT gy —> poly - HT o, +2e~ +2H * (Electrode reaction) (3.4)

NADH —— NAD *+2 +H" (Total reaction) (3.5)
Ii. With amperometric methods

In order to perform amperometric studies, initially the optimum applied
potential was optimized. For this aim, the current-time curves were recorded at
various applied potential between 0 and 800 mV for 0.2 mM NADH in the 0.1 M
PBS (pH 7.0) using GCE with and without irradiation of electrode surface. Same
procedure was repeated for poly-HT/GCE at various applied potential between -
100 and + 600 mV.

Figure 3.17A shows the plot of amperometric and photoamperometric
currents versus applied potential for 0.2 mM NADH at bare GCE. As can be seen
in this figure, the maximum current of NADH oxidation was obtained at applied
potential of 400-500 mV. It was seen that the currents obtained from the
photoamperometric studies was higher two times than that from amperometric
methods.

The current for NADH oxidation using bare GCE was monitored versus
NADH concentration (Figure 3.17B) at 150 mV, which was generally found
as the optimum applied potential for modified electrodes (Figure 3.17A).


http://www.sciencedirect.com/science/article/pii/S0956566310004951#bib0045
http://www.sciencedirect.com/science/article/pii/S0956566310004951#bib0015

86

According to this curve, the current values for NADH with various concentrations
were found to be lower than that of modified electrodes, but the current also
increased with irradiation of electrode surface. On the other hand, it was observed
that the linearity range for bare electrode was very narrow.

A B Without irradiation

® Without irradiation ® With irradiati
ith irradiation

® With irradiation

Current (nA)
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Applied Potential (mV) Concentration of NADH (mmol.L")

Figure 3.17. A) The plot of current for 0.2 mM NADH versus applied potential and B) the plot of
current response versus the concentration of NADH at +150 mV applied potential in
0.1 M PBS (pH 7.0) using bare GCE with /without irradiaiton conditions.

Figure 3.18A shows the plot of electrocatalytic current versus applied
potential for 0.2 mM NADH using poly-HT/GCE. As can be seen from this
figure, the best reponse was obtained at applied potential of 200 mV. However,
the photoamperometric current was 2.2 times higher than the amperometric
current. Thus, the applied potential for both methods was selected as +200 mV for
further investigations.

Current versus time responses for 0.2 mM NADH were recorded in 0.1 M
PBS (pH 7.0) at 200 mV (Figure 3.18B). When the poly-HT/GCE surface was
irradiated after obtaining a steady state background, a small current increase was
observed. However, a large increase in the photoamperometric response was
obtained when adding 0.2 mM NADH, which indicates that the electrochemical
oxidation of NADH was greatly influenced by irradiation of the electrode surface.

Figure 3.18C shows the linear dependence of the electrocatalytic and
photoelectrocatalytic current responses to concentrations of NADH in a 0.1 M
PBS (pH 7.0). A linear calibration graph for NADH was obtained between
1.0x10°® and 1.0x10° M for both methods. The linearity of these methods is
described by the equations as follow:

i (MA)=1.18C (mmolL™Y) +0.021 (R*=0.9926)
i (WA) =2.66 C (mmolL™?) +0.034 (R*=0.9933)
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for amperometric and photoamperometric studies, respectively, where i is current,
C is the concentration of NADH and R is the regression coefficient. Although the
steady state current increased with an increase in the NADH concentration for
both the amperometric and the photoamperometric method, the slope of the
current-NADH concentration curve of the photoelectrocatalytic procedure
improved about 2.25 times compared with that obtained without irradiation.
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Figure 3.18. A) The plot of electrocatalytic and photoelectrocatalytic current for 0.2 mM NADH
versus applied potential, B) Current versus time curve of a poly-HT/GCE in the
absence (a, b) and in the presence (c, d) of 0.2 mM NADH without (a, ¢) and with
(b, d) irradiation of the electrode surface in 0.1 M PBS (pH 7.0). Applied potential:
+200 mV, C) Plot of electrocatalytic and photoelectrocatalytic current response vs.
the concentration of NADH at +200 mV applied potential in 0.1 M PBS (pH 7.0)
using poly-HT/GCE.

3.3.2. Photoelectrocatalytic oxidation of NADH using poly-MG/GCE
i. With cyclic voltammetry

Photoelectrocatalytic oxidation of NADH was also observed for poly-
MG/GCE. The cyclic voltammograms of NADH using poly-MG/GCE with and
without irradiation of electrode surface are given in Figure 3.19. This figure
shows that irradiation of the surface of poly-MG/GCE causes a faster
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photoelectrochemical oxidation of NADH than that of electrochemical. The
photoelectrocatalytic oxidation mechanism can be explained a photo ECE
mechanism, was already discussed in the section of 3.3.1.

If the peak potential of NADH at the unmodified GCE (about +500 mV, see
Figure 3.5B) is compared with that of the poly-MG/GCE (about +80 mV, Figure
3.19c), it was observed that, the overpotential for the electrochemical oxidation of
NADH decreased by 420 mV. However, the peak current at 20 mV attributed to
electrocatalytic oxidation of NADH increased with irradiation of electrode surface
(Figure 3.19d) and peak current was two times higher than that of obtained
without irradiation for the same concentration of NADH (Figure 3.19c¢).

-
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Figure 3.19. Cyclic voltammograms of a poly-MG/GCE in the absence (a, b) and in the presence
(c, d) of 0.4 mM NADH without (a, ¢) and with (b, d) irradiation of the electrode
surface. Supporting electrolyte: 0.1 M PBS (pH 7.0); scan rate: 50 mVs™.,

ii. With amperometric methods

Figure 3.20A shows the plot of electrocatalytic current versus applied
potential for 0.2 mM NADH using poly-MG/GCE. As can be seen from this
figure, the best reponse was obtained at applied potential of +100 mV. The
photoamperometric current was 2 times higher than the amperometric current.
Thus, the applied potential for both methods was selected as +100 mV for further
investigations.

Current versus time responses for 0.2 mM NADH were recorded in 0.1 M
PBS (pH 7.0) at +100 mV (Figure 3.20B). When the poly-MG/GCE surface was
irradiated after obtaining a steady state background, a small current increase was
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observed. However, a large increase for the photoamperometric response was
obtained when adding 0.2 mM NADH, which indicates that the electrochemical
oxidation of NADH was highly influenced by irradiation of the electrode surface.
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Figure 3.20. A) The plot of electrocatalytic and photoelectrocatalytic current for 0.2 mM NADH
versus applied potential, B) Current versus time curve of a poly-MG/GCE in the
absence (a, b) and in the presence (c, d) of 0.2 mM NADH without (a, ¢) and with
(b, d) irradiation of the electrode surface in 0.1 M PBS (pH 7.0). Applied potential:
+100 mV, C) Plot of electrocatalytic and photoelectrocatalytic current response vs.
the concentration of NADH at +100 mV applied potential in 0.1 M PBS (pH 7.0)
using polyMG/GCE.

Figure 3.20C shows the linear dependence of the electrocatalytic and
photoelectrocatalytic current responses to the concentrations of NADH ina 0.1 M
PBS (pH 7.0). A linear calibration graph for NADH was obtained between
1.0x10° and 1.0x10° M for both methods. The linearity of these methods is
described by the equations as follow:

i (WA) = 1.31C (mmolL™Y) +0.011  (R?=0.9973)
i (WA) =3.50 C (mmolL™)) +0.021  (R? = 0.9974)

for amperometric and photoamperometric studies, respectively, where i is current,
C is the concentration of NADH and R is the regression coefficient. Although the
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steady state current increased with an increase in the NADH concentration for
both the amperometric and the photoamperometric method, the slope of the
current-NADH concentration curve of the photoelectrocatalytic procedure
improved by about 2.67 times compared with that obtained without irradiation.

As previously mentioned, the mechanism of the photoelectrochemical
oxidation of NADH was explained by the fact that initially the oxidized redox
mediator was excited by light, followed by the fact that the excited redox mediator
rapidly reacts with NADH, and finally the formed leuco form of the mediator was
reoxidized at the electrode surface (Cooper et al. 1998; Cooper et al. 1999; Dilgin
et al. 2007).

3.3.3. Photoelectrocatalytic oxidation of NADH using poly-NR/GCE

i. With cyclic voltammetry

Although NR modified electrodes were used as an active electron transfer
mediator for the electrocatalytic oxidation of NADH (Barsan et al., 2008;
Karyakin et al., 1999b), our literature search demonstrated that poly-NR/GCE had
not yet been used for photoelectrocatalytic oxidation of NADH.
Photoelectrocatalytic oxidation of NADH was also investigated for poly-
NR/GCE. Firstly, the cyclic voltammograms of poly-NR/GCE electrodes were
recorded with and without irradiation of electrode surface. When the electrode
surface was irradiated, a small increase of peak currents was observed (Figure
3.214a, b).

For studying the photoelectrocatalytic properties of poly-NR/GCEs towards
NADH oxidation, cyclic voltammograms were recorded in the presence of 0.4
mM NADH, with and without irradiation of electrode surface. If the peak
potential of NADH at the unmodified GCE (about +500 mV, see Figure 3.9B) is
compared with that of the poly-NR/GCE (about +140 mV, Figure 3.21c), it was
observed that the overpotential for the electrochemical oxidation of NADH
decreased by 360 mV. However, the peak current at +120 mV attributed to
electrocatalytic oxidation of NADH, increased with irradiation of electrode
surface (Figure 3.21d) and peak current was two times higher than that obtained
without irradiation for the same concentration of NADH (Figure 3.21c). It can be
stated that the rate of reaction between NADH and poly-NR increases when the
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irradiation of electrode surface takes place. As a conclusion, the irradiation of
poly-NR/GCE surface leads to the photoelectrochemical oxidation of NADH.

Current {pA)
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Figure 3.21. Cyclic voltammograms of a poly-NR/GCE in the absence (a, b) and in the presence
(c, d) of 0.4 mM NADH without (a, ¢) and with (b, d) irradiation of the electrode
surface Supporting electrolyte: 0.1 M PBS (pH 7.0); scan rate: 50 mVs™.

Ii. With amperometric methods

Figure 3.22A shows the plot of electrocatalytic current versus applied
potential for 0.2 mM NADH using poly-NR/GCE. As can be seen from this
figure, the best reponse was obtained at applied potential of +150 mV. The
photoamperometric current was 2 times higher than the amperometric current.
Thus, the applied potential for both methods was selected as +150 mV for further
investigations.

Current versus time responses for 0.2 mM NADH were recorded in 0.1 M
PBS (pH 7.0) at +150 mV (Figure 3.22B). When the poly-NR/GCE surface was
irradiated after obtaining a steady state background a small current increase was
observed. However, a large increase for the photoamperometric response was
obtained when adding 0.2 mM NADH, which indicates that the electrochemical
oxidation of NADH was greatly influenced by irradiation of the electrode surface.
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Figure 3.22C shows the linear dependence of the electrocatalytic and
photoelectrocatalytic current responses to concentrations of NADH in a 0.1 M
PBS (pH 7.0). A linear relationship between the NADH concentration and the
peak current was obtained over the concentration range 1.0x 10° - 1.0x10° M by
the photoamperometric and amperometric method at the poly-NR/GCE. The
linearity of these methods is described by the equations as follow:

i (MA) = 2.99C (mmolL™) +0.037 (R*=0.994)
i (MA) = 1.50C (mmolL™) +0.003 (R*=0.998)

for photoamperometric and amperometric studies, respectively, where i is the
peak current and C is the concentration of NADH. When these equations are
compared in terms of their slopes, it is clear that the sensitivity of the
photoelectrocatalytic procedure is better than that of the amperometric method
and the ratio of improvement is about two times more.
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Figure 3.22. A) Plot of electrocatalytic and photoelectrocatalytic current for 0.2 mM NADH
versus applied potential, B) Current versus time curve of a poly-NR/GCE in the
absence (a, b) and in the presence (c, d) of 0.2 mM NADH without (a, ¢) and with
(b, d) irradiation of the electrode surface in 0.1 M PBS (pH 7.0). Applied potential:
+150 mV, C) Plot of electrocatalytic and photoelectrocatalytic current response vs.
the concentration of NADH at +150 mV applied potential in 0.1 M PBS (pH 7.0)
using poly-NR/GCE.
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3.4. Photoelectrocatalytic Studies in Flow Injection Analysis System
3.4.1. Photoamperometric detection of NADH using poly-HT/GCE in FIA

In order to obtain the best amperometric and photoamperometric response
of poly-HT/GCE towards NADH in FIA system, the effect of the applied
potential, flow rate, sample loop and tubing length on the current of 0.1 mM
NADH were investigated by recording current-time curves. Firstly, the applied
potential was optimized in the conditions of 1.3 mL min™ flow rate, 100 uL
sample loop, 25 cm tubing length and 0.1 M PBS (pH 7.0) containing 0.1 M KCI
as carrier stream. Thus, the current-time curves were recorded at various applied
potentials using both poly-HT/GCE and also bare GCE. After a steady
background current was obtained, 0.1 mM NADH solution was injected into the

carrier stream.

By using amperometric and photoamperometric methods the obtained
electrocatalytic and photoelectrocatalytic currents were individually measured
from current-time curves obtained at various applied potential at poly-HT/GCE
(Figure 3.23) and bare GCE (Figure 3.24). Figure 3.25 shows the plot of
electrocatalytic and photoelectrocatalytic currents versus the applied potential.
The response currents for electrocatalytic and photoelectrocatalytic oxidation of
NADH in FIA system became apparent at 400 mV and reached a maximum value
at about 650 mV at bare electrode (Figure 3.25 a and b). However, at poly-
HT/GCE, the currents became apparent at -100 mV and reached a maximum value
at about 300 mV (Figure 3.25 c and d). In addition, the current values obtained at
the same potential values from the photoamperometric method were higher
about by 50-40% than that obtained from amperometric method. Thus an applied

potential of +300 mV was selected as optimum applied potential.
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Figure 3.23. The fiagrams of 0.1 mM NADH at various applied potential using Poly-HT/GCE.
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Figure 3.25. The effect of applied potential on a) amperometric and b) photoamperometric peak
currents obtained fiagrams using bare GCE and c) amperometric and d)

photoamperometric peak currents obtained fiagrams using poly-HT/GCE. Injected:
0.1 mM NADH solution.
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Secondly, the effect of flow rate on electrocatalytic and photoelectrocatalytic
currents was investigated. For this purpose, the current-time curves were recorded
at various flow rates using poly-HT/GCE in 0.1 M PBS (pH 7.0) containing 0.1 M
KCI using 100 uL sample loop and 25 cm tubing length. Figure 3.26 shows the
plot of the electrocatalytic and photoelectrocatalytic currents of 0.1 mM NADH
versus flow rate. The peak currents were increased by increasing the flow rate
from 0.3 mLmin™ to 1.3 mLmin™. After the flow rate of 1.3 mLmin™, the peak
currents slowly decreased by increasing flow rates. However, the decrease in the
photoamperometric currents (Figure 3.26b) was higher than amperometric
currents (Figure 3.26a) at high flow rates. This can be attributed to the fact that
time is not enough for the interaction between injected NADH and the excited
mediator on the electrode surface.
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Figure 3.26. The effect of flow rate on a) amperometric, and b) photoamperometric peak currents
of 0.1 mM NADH obtained fiagrams using poly-HT/GCE.

In addition, the peak height increased linearly by increasing the sample
volume (20, 50, 100 pL) while the peak width was broadened. The effect of
transmission tube length on currents was also examined. The smallest
transmission tube length was used (10 cm) because there was no chemical
reaction in the tube and the dispersion of injected NADH must be limited along
the tube. When the transmission tube length was increased, both
photoamperometric and amperometric current peaks were broadened, therefore
sample frequency was decreased.

From optimization studies, the applied potential, the flow rate, the sample
volume, and the transmission tube length were determined as +300 mV vs.
Ag/AgCl, 1.3 mLmin™, 100 pL and 10 cm, respectively.
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Both amperometric and photoamperometric currents versus various
concentration of NADH were recorded using poly-HT/GCE in these optimum
conditions. Figure 3.27 shows the current-time curves for amperometric and
photoamperometric FI responses for various concentrations of NADH. Although
the peak current increased depending on NADH concentration for both the
amperometric and the photoamperometric methods, the responses of
photoamperometric method were higher than that of amperometric method in all
concentrations (Appendix 3).
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Figure 3.27. Current-time curves of NADH with different concentrations a) 10, b) 40, ¢)100, d)
400, e) 1000 uM NADH using poly-HT/GCE in FIA system (Carrier stream:
0.1 M PBS (pH 7.0) containing 0.1 M KCI, Applied potential: +300 mV; Flow rate:
1.3 mL min!, sample loop: 100 pL; transmission tubing length: 10 cm).

Figure 3.28 shows a plot of catalytic current versus NADH concentration
(Appendix 3). A linear relationship between the NADH concentration and the
peak current was obtained over the concentration range 2.0x10™'—1.5x10™* M by
amperometric FIA and 2.0x107" — 2.5x10™ M by the photoamperometric FIA
methods at the poly-HT/GCE. The linearity of these methods is described by the
equations as follow:

i (WA) =11.96 C (mM) +0.029  (R? = 0.9908)
i (LA) = 18.51 C (mM) +0.048  (R?=0.9956)

for amperometric and photoamperometric studies, respectively, where i is the
peak current and C is the concentration of NADH. When these equations are
compared in terms of their slopes, it is clear that the sensitivity of the
photoelectrocatalytic FIA procedure is better than that of the amperometric
method and the ratio of improvement is about 55%.
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Figure 3.28. Dependence of the catalytic currents on NADH concentration for a) amperometric
and b) photoamperometric analysis of NADH using poly-HT/GCE in FIA system.
(Carrier stream: 0.1 M PBS (pH 7.0) containing 0.1 M KCI, applied potential: +300
mV; flow rate: 1.3 mL min™; sample loop: 100 pL; transmission tubing length: 10 cm).

The repeatability of the method was investigated by repeated injections (n=8,
100 puL) of the 6.0x10> M NADH and the relative standard deviation (RSD) was
found to be 2.2% and 4.3% for the amperometric and photoamperometric FIA method,
respectively. These results show that the proposed methods have acceptable
repeatability because obatined RSD values were lower than 10%. The limit of
detection (LOD) values were found to be 4.0x10® and 3.0x107® M (signal/noise = 3)
and the limit of quantification (LOQ) value were found to be 1.2x107 and 1.0x10”" M
(signal/noise = 3) for amperometric and photoamperometric determination of NADH
in FIA system, respectively.

The electrocatalytic oxidation of NADH was reported by Zare et al. (2006a)
using HT modified carbon paste electrode. A decrease in overpotential of NADH
was found to be ca. 280 mV, while in present study it was found to be 310 mV.
They reported that the limit of detection was estimated to be order of 0.08 uM,
which was obtained from differential pulse voltammetric determination. However,
in photoamperometric FIA method using poly-HT/GCE the detection limit was
found to be 0.03 uM. Thus, it can conclude that the sensitivity for NADH
determination was significantly improved in the present study.

3.4.2. Photoamperometric detection of NADH using poly-MG/GCE in FIA

In order to obtain the best amperometric and photoamperometric response
of poly-MG/GCE towards NADH in FIA system, the effect of the applied
potential, flow rate, sample loop and tubing length on the current of 0.1 mM
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NADH was also investigated by recording current-time curves. Firstly, the applied
potential was optimized under the conditions of 1.3 mLmin™, flow rate, 100 uL
sample loop, 10 cm tubing length and 0.1 M PBS (pH 7.0) containing 0.1 M KClI
as carrier stream. Thus, the current-time curves were recorded at various applied
potentials using both poly-MG/GCE and bare GCE. After a steady background
current was obtained, 0.1 mM NADH solution was injected into the carrier
stream. The electrocatalytic and photoelectrocatalytic currents were measured
from current-time curves obtained at various applied potential using poly-
MG/GCE (Figure 3.29).
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Figure 3.29. The fiagrams of 0.1 mM NADH at various applied potential using poly-MG/GCE.
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Figure 3.30 shows the plot of electrocatalytic and photoelectrocatalytic
currents versus the applied potential. As above mendioned, the response currents
for electrocatalytic and photoelectrocatalytic oxidation of NADH in FIA system
became apparent at 400 mV and reached a maximum value at about 650 mV at
bare electrode (See Figure 3.25 a and b). However, at poly-MG/GCE, the currents
became apparent at -100 mV and reached a maximum value at about 150 mV
(Figure 3.30 a and b). In addition, the current values obtained from the
photoamperometric method were higher by about 30% than those obtained from
amperometric method. Thus an applied potential of +150 mV was selected as
optimum applied potential.

1500

1200

900

Current / nA

300+

100 o0 100 200 300 400 500 600
Applied Potential {(mV vs. Ag/iAgCl)

Figure 3.30. The effect of applied potential on a) amperometric and b) photoamperometric peak
currents obtained fiagrams using poly-MG/GCE. Injected: 0.1 mM NADH solution.

Secondly, the effect of flow rate on electrocatalytic and photoelectrocatalytic
currents was investigated. For this purpose, the current-time curves were recorded
at various flow rates using poly-MG/GCE in 0.1 M PBS (pH 7.0) containing 0.1
M KCI using 100 pL sample loop and 25 cm tubing length. Figure 3.31 shows the
plot of the electrocatalytic and photoelectrocatalytic currents of 0.1 mM NADH
versus flow rate. The peak currents increased by increasing the flow rate from 0.3
mLmin™ to 1.3 mLmin™. After the flow rate of 1.3 mL min™, the peak currents
slowly decreased by increasing flow rates. However, the decrease in the
photoamperometric currents (Figure 3.31b) was higher than amperometric
currents (Figure 3.31a) at high flow rates. This can be attributed to the fact that
time was not enough for the interaction between injected NADH and the excited
mediator on the electrode surface.
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In addition; the peak height increased linearly by increasing the sample
volume (20, 50, 100 uL) while the peak width was broadened. The effect of
transmission tube length on currents was also examined. The smallest
transmission tube length was used (10 cm) because there was no chemical
reaction in the tube and the dispersion of injected NADH must be limited along
the tube. When the transmission tube length was increased, both photoamperometric
and amperometric current peaks were broadened, therefore sample frequency was
decreased.

1500

1200+

=]

900+

Current / nA

- 3004

0 05 10 15 20 25 30
Flow rate / mL.min""

Figure 3.31. The effect of flow rate on a) amperometric b) photoamperometric peak currents of
0.1 mM NADH obtained fiagrams using poly-MG/GCE.

From optimization studies, the applied potential, the flow rate, the
sample volume, and the transmission tube length were determined as +150
mV, 1.3 mLmin™, 100 pL and 10 cm, respectively.

Both amperometric and photoamperometric currents versus various
concentration of NADH were recorded using poly-MG/GCE in these optimum
conditions. Figure 3.32 shows the current-time curves for amperometric and
photoamperometric FI responses to various concentrations of NADH. Although
the peak current increased depending on NADH concentration for both the
amperometric and the photoamperometric methods, the responses of
photoamperometric method were higher than that of amperometric in all
concentrations.

Figure 3.33 shows a plot of catalytic current versus NADH concentration.
From this figure, a linear relationship between the NADH concentration and the
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peak current was obtained over the concentration range 5.0x107" = 5x10°* M by
the photoamperometric and also amperometric FIA method at the poly-MG/GCE.
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Figure 3.32. Current- time curves of NADH with different concentrations a) 10, b) 50, ¢)100, d)
500, e) 1000 uM NADH using poly-MG/GCE in FIA system (Carrier stream: 0.1 M
PBS (pH 7.0) containing 0.1 M KCI, Applied potential: +150 mV; Flow rate: 1.3
mLmin™, sample loop: 100 pL; transmission tubing length: 10 cm).

The linearity of these methods is described by the following equations:

i (WA) =9.82C (mM) +0.015  (R?=0.999)
i (WA) =12.39 C (mM) +0.074  (R?=0.998)

for amperometric and photoamperometric studies, respectively, where i is the
peak current and C is the concentration of NADH. Linearity criteria were also
satisfied for the proposed methods since R-squared values of calibration curves
were better than 0.995. When these equations are compared in terms of their slopes, it
is clear that the sensitivity of the photoelectrocatalytic FIA procedure is better
than that of the amperometric method and the ratio of improvement is about 26%.

The repeatability of the method was investigated by repeated injections (n = 8,
100 pL) of the 1.0x10™* M NADH and the RSD was found to be 3.4% and 5.6% for
the amperometric and photoamperometric FIA method, respectively. These results
show that the proposed methods have acceptable repeatability because obatined
RSD values were lower than 10%. LODs were found to be 3.0x10” and 2.5x10”’
M (signal/noise = 3) and LOQs were found to be 9x10” and 8x10"" M for amperometric
and photoamperometric determination of NADH in FIA system, respectively.
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Figure 3.33. Dependence of the catalytic currents on NADH concentration for a) amperometric
and b) photoamperometric analysis of NADH using poly-MG/GCE in FIA system.
(Carrier stream: 0.1 M PBS (pH 7.0) containing 0.1 M KCI, applied potential: +150
mV; flow rate: 1.3 mLmin™; sample loop: 100 pL; transmission tubing length: 10 cm).

The electrocatalytic oxidation of NADH and alcohol biosensor dependent
on NADH/NAD" was reported by Dai et al. (2008) using MG modified GCE.
They reported that the limit of detection was estimated to be in the order of 3.8 uM,
which was obtained from amperometric method. However, in photoamperometric
FIA method using poly-MG/GCE, the detection limit was found to be 0.3 uM.
Thus, it can conclude that the sensitivity for NADH determination was improved
more than ten times in the present study.

Also noting that the obtained results at the poly-HT/GCE were better than
those of obtained at the poly-MG/GCE using the photoamperometric FIA
method. In other words, the sensitivity of FIA procedure increased about 1.55-
fold at the poly-HT/GCE with irradiation but increased 1.26-fold at the poly-
MG/GCE. For this reason, it was decided to use the poly-HT/GCE in the
biosensor studies.

3.5. Biosensor and Photoelectrochemical Biosensor Studies
3.5.1. Cyclic voltammetric studies

Electrocatalytic and photoelectrocatalytic oxidation of glucose at GDH
based poly-HT modified GCEs were investigated using cyclic voltammetric
techniques. Firstly, the electrochemical and photoelectrochemical response of
dehydrogenase immobilized GCE (GDH/GCE without poly-HT) and PAMAM
modified GCE (GDH/PAMAM/GCE without poly-HT) to glucose was
investigated by recording cyclic voltammograms. For this, cyclic voltammograms
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of GDH/GCE and GDH/PAMAM/GCE were recorded in 0.1 M PBS (pH 7.0)
containing 10 mM NAD" in the absence and in the presence of 10 mM glucose at
5 mVs™ scan rate, respectively. The obtained cyclic voltammograms are given in
Figures 3.34 and 3.35.

In the first voltammograms (Fig. 3.34a and Fig. 3.35a), no peak was
observed because the supporting electrolyte did not include any substrate
(glucose). When the substrate was added to supporting electrolyte, a reversible
peak at about +800 mV at GDH/GCE (Fig. 3.34b) and at about +760 mV at
GDH/PAMAM/GCE (Fig. 3.35b) was observed, which was attributed to the
oxidation of enzymatically produced NADH to NAD" at bare and PAMAM
modified GCEs (Reactions 3.6 and 3.7). When the electrode surface was
irradiated with the light source, the peak current increased a little for both
electrodes (Figures 3.34c and 3.35c).
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Figure 3.34. Cyclic voltammograms of GDH/GCE in the presence of 10 mM NAD" and a) in the
absence, b) in the presence of 10 mM glucose without irradiation and c) b with
irradiation. Supporting electrolyte: 0.1 M PBS (pH 7.0); scan rate: 5 mVs™.
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Figure 3.35. Cyclic voltammograms of GDH/PAMAM/GCE in the presence of 10 mM NAD*
and a) in the absence, b) in the presence of 10 mM glucose without irradiation and c)
b with irradiation. Supporting electrolyte: 0.1 M PBS (pH 7.0); scan rate: 5 mV/s™.
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GDH
Glucose + NAD © ————— NADH + Glucanolac tone (3.6)

NADH —— NAD "+ H " +2e" (3.7)

In order to see the effect of mediator, HT was electropolymerized onto GCE
and PAMAM/GCE (electropolymerization conditions: HT  monomer
concentration, 0.3 mM; cycle numbers, 20; scan rate, 100 mVs™; potential range,
(-0.5) — (+2.1) V; supporting electrolyte, 0.1 M PBS (pH 7.0) containing 0.1 M
NaNOs3). Then GDH was immobilized onto those electrode surfaces after they
were washed with water and dried in argon atmosphere. Before the response of
modified electrodes towards glucose, some parameters such as cycle numbers
during electroplymerizaiton of HT and scan rate during recording cyclic
voltmmaograms of glucose which especially affect the cyclic voltmmograms with
irradiation. Firstly, the cyclic voltmamograms of glucose were recorded at various
scan rates using GDH/poly-HT/PAMAM/GCE (Fig. 3.36) which was prepared by
electropolymerizaiton of HT with 10 cycles. Fig. 3.36 showed that the
electrocatalytic oxidation peak current of enzymatically produced NADH not
increased by increasing of scan rate in the irradiation of electrode surface.
Therefore, a scan rate of 5 mVs™ was selected an optimum value for recording
cyclic voltmamograms of glucose with and without irradiation. In order to see the
effect of cycle number during electropolymerization of HT on glucose reponse,
poly-HT/PAMAM/GCEs were prepared at various cyle numbers such as 10, 20
and 30 cycles and the cyclic voltammograms of glucose were recorded by using
these electrodes with and without irradiation (Fig. 3.37). While scan cycle was
optimized as 10 cycle for electrocatalytic oxidation of NADH (see Section 3.1.1),
cyclic voltmamograms of glucose in Fig. 3.37 showed that poly-
HT/PAMAM/GCE with 20 scan cycles offered the best response to glucose
detection for biosensing studies. Obtained cyclic voltammograms with 20 cycles
for electropolymerization process on GCE and PAMAM/GCE are shown in
Figures 3.38 and 3.39, respectively. As can be seen in these figures, the
oxidation peak at +385 mV with a shoulder at +285 mV and reduction peak at
about —480 mV observed in the first scan cycle were gradually increased by
increasing the scan cycle after the second cycle. Electropolymerization
mechanism was proposed in Section 3.1.1. However, it was observed that increase
of monomeric peaks by increasing the scan cycle at PAMAM/GCE was found to
be better than at GCE. This result shows that PAMAM dendrimer has a good
surface for electropolymerization of HT.
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Figure.3.36. Cyclic voltammograms of GDH/poly-HT/PAMAM/GCE, which obtained from
electropolymerization of HT on PAMAM/GCE using 10,cycles, in the presence of
10 mM NAD" and 10 mM glucose without irradiation (1) and with irradiation (2) at
various scan rates A) 5 B) 10, C) 20 and D) 50 mVs™. Supporting electrolyte: 0.1 M
PBS (pH 7.0).
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Figure 3.37. Cyclic voltammograms of GDH/poly-HT/PAMAM/GCE, which obtained from
electropolymerization of HT on PAMAM/GCE using 10, 20 and 30 cycles, in the
presence of 10 mM NAD" and 10 mM glucose without (1) and with (2) irradiation.
Supporting electrolyte: 0.1 M PBS (pH 7.0); scan rate: 5 mVs™.
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Figure 3.38. Repetitive cyclic voltammograms (20 cycles) of 0.3 mM HT at GCE in 0.1 M PBS
(pH 7.0) containing 0.1 M NaNOj; at 100 mVs™, in the range of -0.5 to +2.1 V vs.
Ag/AgCI.
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Figure 3.39. Repetitive cyclic voltammograms (20 cycles) of 0.3 mM HT at PAMAM/GCE in
0.1 M PBS (pH 7.0) containing 0.1 M NaNO3 at 100 mVs™, in the range of -0.5 to
+2.1 V vs. Ag/AgCl.

After polymerization, GDH was immobilized onto these electrodes (poly-HT/GCE
and poly-HT/PAMAM/GCE). The electrochemical and photoelectrochemical
response of both electrodes to glucose was investigated by cyclic voltammetric
technique. The above mentioned (for GDH/GCE and GDH/PAMAM/GCE) cyclic
voltammetric procedures for biosensing and photobiosensing of glucose were also
repeated for these electrodes. The obtained cyclic voltammograms are given in
Figures 3.40 and 3.41 for GDH/Poly-HT/GCE and GDH/Poly-HT/PAMAM/GCE,
respectively.
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Figure 3.40 Cyclic voltammograms of GDH/poly-HT/GCE in the presence of 10 mM NAD" and
a) in the absence, b) in the presence of 10 mM glucose without irradiation and ¢) b with
irradiation. Supporting electrolyte: 0.1 M PBS (pH 7.0); scan rate: 5 mV/s™.
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Figure 3.41. Cyclic voltammograms of GDH/poly-HT/PAMAM/GCE in the presence of 10 mM
NAD"® and a) in the absence, b) in the presence of 10 mM glucose without
irradiation and c¢) b with irradiation. Supporting electrolyte: 0.1 M PBS (pH 7.0);
scan rate: 5 mVs™,

In the first cyclic voltammograms of both electrodes, only an anodic peak at
about +210 mV with a shoulder at +120 mV was observed in the presence of
NAD" (Fig. 3.40a and 3.41a). These peaks can be attributed to oxidation of
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polymeric form of HT. In the presence of glucose, the current of this peak
increased at both electrodes, which is attributed to the electrocatalytic oxidation of
enzymatically produced NADH to NAD" (Figures 3.40b and 3.41b). When the
electrode surfaces were irradiated with the light source, a large enhancement in
this peak current was observed for both electrodes (Figures 3.40c and 3.41c).
However, increase in peak current of glucose at GDH/Poly-HT/PAMAM/GCE
with irradiation of electrode surface was observed to be better than that at
GDH/poly-HT/GCE.

If it was compared the peak potential of glucose at GDH/GCE (about +800
mV, see Figure 3.34b) and GDH/PAMAM/GCE (about 760 mV, see Figure
3.35b) with that of the GDH/poly-HT/GCE (about +250 mV, Figure 3.40b) and
GDH/poly-HT/PAMAM/GCE (about 300 mV, Figure 3.41Db), the overpotential
for the electrochemical oxidation of NADH produced by enzymatic reaction of
glucose decreased by 550 mV and 360 mV at GDH/poly-HT/GCE and GDH/poly-
HT/PAMAM/GCE, respectively. Moreover, the peak current at 300 mV
(GDH/poly-HT/PAMAM/GCE) and 250 mV (GDH/poly-HT/GCE) attributed to
electrocatalytic oxidation of NADH increased with irradiation of electrode surface
(Figure 3.40c and 3.41c). However, the peak shape and increase in peak current of
NADH related to glucose concentration at GDH/Poly-HT/PAMAM/GCE with
irradiation of electrode surface was observed to be better than that at GDH/poly-
HT/GCE. The increase in the electrocatalytic peak current of NADH with light
depends on excitation of poly-HT on the electrode surface and its excited form
can more rapidly react with NADH. Thus, it can be concluded that irradiation of
the surface of poly-HT/GCE causes a faster photoelectrochemical oxidation of
NADH than that of electrochemical. The mechanism can be explained by
reactions between 3.6 and 3.9. These results showed that the photoelectrochemical
biosensor dependent on NAD*/NADH redox couple and dehydrogenase enzyme
can be constructed for glucose detection. A similar result was also obtained for
thionine modified multiwalled carbon nanotube and gold nanoparticle
functionalized indium tin oxide electrode (Deng et al, 2008). However, in this
cited study FIA system was not used. As distinct from this, the proposed method
in present study also includes photoelectrochemical biosensor in FIA system.

NADH + poly - HT o, ——— NAD " + poly — HT ¢ (3.8)

poly — HT gy ———> pOly - HT ) +2¢~ +2H * (3.9
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3.5.2. Amperometric studies in FIA system

3.5.2.1. Optimization of the Experimental Parameters

After the investigation of biosensing and photoelectrochemical biosensing
of glucose using cyclic voltammetric technique, it was also investigated using
amperometric techniques in FIA system. However, only GDH/Poly-HT/PAMAM/GCE
was used in FIA amperometric studies. In order to obtain the best amperometric
and photoamperometric response of GDH/Poly-HT/PAMAM/GCE towards
glucose in FIA system, the effect of the applied potential and flow rate on the
current of 0.8 mM glucose containing 10 mM NAD® was investigated by
recording fiagrams. Firstly, the applied potential was optimized under the
conditions of 1.1 mL min™ flow rate, 100 uL sample loop, 10 cm tubing length
and 0.1 M PBS (pH 7.0) containing 0.1 M KCI as carrier stream. Then, the
current-time curves were recorded at various applied potential. After a steady
background current was obtained, 0.8 mM glucose containing 10 mM NAD" was
injected into the carrier stream. The amperometric and photoamperometric
currents were measured from current-time curves obtained at various applied
potential (Appendix 4). Figure 3.42 shows the current-time curves of GDH/Poly-
HT/PAMAM/GCE for 0.8 mM glucose containing 10 mM NAD® obtained at
various applied potential.
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Figure 3.42. Current-time curves of 0.8 mM glucose containing 10 mM NAD" at various applied
potential using GDH/Poly-HT/PAMAM/GCE. (Carrier stream: 0.1 M PBS (pH 7.0)
containnig 0.1 M KCI; flow rate: 1.1 mLmin™; sample loop:100 uL; tubing
length:10 cm).
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Figure 3.43 shows the plot of electrocatalytic and photoelectrocatalytic currents of
glucose versus the applied potential (Appendix 4). The best currents for
electrocatalytic and photoelectrocatalytic oxidation of NADH produced by
enzymatic reaction of glucose in FIA system were found at about 300 mV. In
addition, the current values obtained from the photoamperometric method were
about 50-40% higher than that obtained from amperometric method. Thus an
applied potential of +300 mV was selected as optimum in order to minimize
interference effects.
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Figure 3.43. The effect of applied potential on m) amperometric and ®) photoamperometric peak
currents obtained fiagrams using GDH/Poly-HT/PAMAM/GCE. Injected: 0.8 mM
glucose containing 10 mM NAD".

In the second optimization step, the effect of flow rate on electrocatalytic
and photoelectrocatalytic currents of glucose was investigated. For this purpose,
the current-time curves were recorded at various flow rates using GDH/Poly-
HT/PAMAM/GCE in 0.1 M PBS (pH 7.0) containing 0.1 M KCI using 100 pL
sample loop and 10 cm tubing length. Figure 3.44 shows the fiagrams of
GDH/Poly-HT/PAMAM/GCE for 0.8 mM glucose containing 10 mM NAD"*
obtained at various flow rates. Figure 3.45 shows the plot of the electrocatalytic
and photoelectrocatalytic currents of 0.8 mM glucose containing 10 mM NAD”
versus flow rate (Appendix 5). As can be seen in this figure, the maximum peak
current was observed at the lowest flow rate, 0.125 mL, because, biosensors and
photoelectrochemical biosensors could find enough time for the occurrence of
enzymatic reaction and also photoexcitation of mediator in the low flow rate. The
peak currents decreased by increasing the flow rate from 0.125 mLmin™to 2.2 mL
min™t. Thus, the lowest flow rate, 0.125 mL min™ was selected as optimum flow rate
even though sample frequency is very low.
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Figure 3.44. The fiagrams of 0.8 mM glucose containing 10 mM NAD" at various flow rate using
GDH/Poly-HT/PAMAM/GCE. (Carrier stream: 0.1 M PBS (pH 7.0) containnig 0.1 M
KCI; applied potential: 300 mV; sample loop: 100 uL; tubing length: 10 cm).

The effect of other parameters such as the sample volume, and the
transmission tube length on electrocatalytic and photoelectrocatalytic currents of
glucose was also similarly investigated. From all these studies, the applied
potential, the flow rate, the sample volume, and the transmission tube length were
determined as +300 mV, 0.125 mLmin™, 100 uL and 10 cm, respectively. Both
amperometric and photoamperometric currents versus various concentration of
glucose were recorded using GDH/Poly-HT/PAMAM/GCE in these optimum
conditions.
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Figure 3.45. The effect of flow rate on m) amperometric and ®) photoamperometric peak
currents obtained fiagrams using GDH/Poly-HT/PAMAMY/GCE. Injected: 0.8 mM
glucose containing 10 mM NAD".



113

3.5.2.2. Calibration curve and amperometric response in FIA

To establish that a reliable analytical response could be achieved for the
glucose, under optimized conditions using a GDH/Poly-HT/PAMAM/GCE,
a calibration study was carried out over the range 5x10° — 1x10® M glucose
concentration, with two injections of each concentration being made via a
100 pL sample loop. Figure 3.46 shows the fiagrams for amperometric and
photoamperometric FI responses to various concentrations of glucose. Although
the peak currents increased depending on glucose concentration for both the
amperometric and the photoamperometric methods, the responses of
photoamperometric method were higher than those of amperometric in all
concentrations.
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Figure 3.46. Current-time curves of glucose with different concentrations in the range from
0.005 mM to 10 mM glucose containing 10 mM NAD® using GDH/Poly-
HT/PAMAM/GCE in FIA system (Carrier stream: 0.1 M PBS (pH 7.0) containing
0.1 M KClI, applied potential: +300 mV; Flow rate: 0.125 mL min™; sample loop:
100 pL; transmission tubing length: 10 cm).
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Both amperometric and photoamperometric currents versus various
concentrations of glucose were also recorded using GDH/PAMAM/GCE (without
HT) in the optimized conditions. Figure 3.47 shows current-time curves obtained
from GDH/PAMAMI/GCE for various glucose concentrations. No enzymatically
produced NADH oxidation peaks were observed until 8 mM glucose
concentration. Only small peaks were observed up to 8 mM glucose.

GDHPAMAM/GCE
Ilﬂﬂ nA S mM 10 mM
with irradiation
500 s Mt AU - m without irradiation

Figure 3.47. Current-time curves of glucose with various concentrations containing 10 mM
NAD" using GDH/PAMAM/GCE in FIA system (Carrier stream: 0.1 M PBS (pH
7.0) containing 0.1 M KCI; applied potential: +300 mV; flow rate: 0.125 mL min;
sample loop: 100 pL; transmission tubing length: 10 cm).

Figure 3.48A shows a plot of catalytic current versus glucose concentration
(Appendix 6). From this figure, a linear relationship between the glucose
concentration and the peak current was obtained over the concentration range
1.0x107° - 1.0x107* M and 5x10° — 1x102 M by the photoamperometric FIA and
amperometric FIA method, respectively, at the GDH/Poly-HT/PAMAM/GCE
(Figure 3.48B). The linearity of these methods is described by the following
equations:

i (WA) = 0.76 C (mM) +0.0035  (R? = 0.995)
i (WA) = 1.90 C (mM) +0.0027  (R®=0.998)

for amperometric and photoamperometric studies, respectively, where i is the
peak current and C is the concentration of glucose. When these equations are
compared in terms of their slopes, it is clear that the sensitivity of the
photoelectrocatalytic FIA procedure is better than that of the amperometric
method and the ratio of improvement is about 2.5. The limit of detection (LOD)
was calculated as 3x10° and 1.5x10° M glucose for amperometric and
photoamperometric glucose biosensors, respectively, based on 3s,/m where sy is
the standard deviation of the blank response and m is the slope of the calibration
curve. Limit of quantification (LOQ) was calculated as 1x107° and 5x10° M
glucose for amperometric and photoamperometric glucose biosensors, respectively,
based on 10s,/m.



115

2 4 6 8 10

5 -
H without irradiation A
& with irradiation . »
44 *
.
3 4
i [ . u
T, u
[ ®
= |
= L
o [
11 »
. [
ol
T r
0

Glucose concentration / mM

[ ] wi.t:c?ut idr.ral:.liation y =1.90x + 0.0027
2.04| @ with irradiation R’=0 998
i 1.5 1
=
c
@ 1.04 y=0.76x + 0.0036
1
=] 1
o R'=0.995
0.5 -
0.0 S
T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Glucose concentration / mM

Figure 3.48. A) Dependence of the catalytic currents on glucose concentration, B) calibration
curve for m) amperometric and ®) photoamperometric analysis of glucose using
GDH/Poly-HT/PAMAM/GCE in FIA system. (Carrier stream: 0.1 M PBS (pH 7.0)
containing 0.1 M KCI, applied potential: +300 mV; flow rate: 0.125 mL min™; sample
loop: 100 pL; transmission tubing length: 10 cm).

The precision of electrochemical and photoelectrochemical biosensor was
investigated by making 5 repeat injections of 3x10™* and 1x10® M glucose
solution. The obtained fiagram was shown in Figure 3.49. The RSD for
electrochemical and photoelectrochemical biosensors were calculated to be
1.8% and 2.3% for 3.0x10™ and 1.4% and 3.5% for 1x10° M, respectively. These
results indicate GDH/Poly-HT/PAMAM/GCE has very good repeatability for
electrochemical and photoelectrochemical biosensing of glucose.
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Figure 3.49. Repeat injections of 3x10™ and 1x10™ M glucose using the proposed biosensor in
with and without irradiation. (Carrier stream: 0.1 M PBS (pH 7.0) containing 0.1 M
KClI, applied potential: +300 mV; flow rate: 0.125 mL min'*; sample loop: 100 pL;
transmission tubing length: 10 cm).

3.5.2.3. Investigation of interfering substances

There are various species that interfere with glucose detection in the
real samples, including ascorbic acid (AA), dopamine (DA), uric acid (UA),
L-cysteine (L-Cyst) and other monosaccharides such as galactose, saccarose, and
fructose. With this aim, the fiagrams of glucose in the presence of these
interfering compounds without irradiation were recorded in the optimum
condiitons. Figure 3.50 shows the obtained fiagram of 3x10™ M glucose in the
presence of possible interfering compounds with various concentrations. As can
be seen, in the presence of AA, DA, UA and L-Cyst, serious interferences were
occured with the amperometric enzyme glucose sensors because the oxidation
potentials of their were close to that of glucose (300 mV at GDH/Poly-
HT/PAMAM/GCE). It was reported that generally, using the Nafion membrane
effectively removes the interference of AA because it is negatively charged and
repels negatively charged organic species, such as AA (Kim et al.,, 2013).
However, it is difficult to remove the interference caused by neutral or positively
charged, very small organics, such as DA and UA, etc. These interfering species
cannot be removed using only a Nafion membrane. Another possible way to
eliminate the interference effect of AA, is to use ascorbate oxidase (Pariente, et
al., 1997; Tzang et al., 2001). While ascorbate is selectively oxidized to
dehydroascorbate in the presence of ascorbate oxidase and molecular oxygen,
NADH produced by enzymatic reaction was not influenced by this medium.
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Figure 3.50. Electrochemical biosensing of 3x10™ M glucose (a) in the presence of 3x10™* M
fructose (b), galactose (c), saccarose (d); 3x102 M fructose (e), galactose (f),
saccarose (g) and 3x10™ M ascorbic acid (h), dopamine (i), uric acid (j) and L-
cysteine (k). (Carrier stream: 0.1 M PBS (pH 7.0) containing 0.1 M KCI, applied
potential: +300 mV; flow rate: 0.125 mL min™; sample loop: 100 uL; transmission tubing
length: 10 cm).

In order to remove the interfering effect of these compounds, very small
amount of lead(IV) acetate as an oxidizing agent can be added to Nafion layer due
to preoxidation reaction of these interfering compounds before they reach the
electrode surface (Kim et al., 2013). Moreover, no interference in the presence of
other monosaccharides including galactose, saccarose and fructose was observed
because the GDH is very selective for glucose against other monosaccharides. In
order to reduce the interfering effect of AA, DA, UA and L-Cyst, the fiagrams of
3x10™ M glucose were also recorded in the absence and in the presence of these
interfering compounds at applied potential of 100 mV. Although interference
effect of UA and L-Cyst was reduced, the reducing of interfering effect of AA and
DA has not been achieved in this potential also. On the other hand, the peak
current of glucose at 100 mV decreased about two folds in comparison with 300
mV.

3.5.2.4. Storage stability of the biosensor

The storage stability of the biosensor has been studied over a period of 15
days. The sensor was stored in 0.1 M PBS (pH 7.0) at 4°C when not in use. The
catalytic current response with and without irradiation could maintain about 15%
and 50% of the initial signal, respectively. The first reason of decrease in
photoelectrochemical biosensor responses was the effect of light on
dehydrogenase enzyme. The other reason was defects and deformations occurring
on modified electrodes day by day.
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4. CONCLUSION

In this thesis, it was aimed investigation of electrocatalytic and
photoelectrocatalytic oxidation of NADH and construction of electrochemical and
photoelectrochemical biosensor using modified GCEs. The thesis experiments
consist of seven steps i) preparation of modified electrodes, ii) voltammetric
behavior of modified electrodes, iii) electrocatalytic and photoelectrocatalytic
oxidation of NADH at these modified electrodes using cyclic voltammetric
technique, iv) amperometric and photoamperometric detection of NADH at these
modified electrodes, v) amperometric and photoamperometric detection of NADH
in FIA system, vi) construction of electrochemical and photoelectrochemical
biosensor dependent on NAD*/NADH-dehydrogenase enzyme, vii) electrochemical
and photoelectrochemical biosensor in FIA system.

i) Preparation of modified electrodes: In the preparation of modified

electrodes, four different dyes, HT, MG, NR and MdB, were selected as redox
mediator. Because quinolic and especially azine type dyes show a good
electrocatalytic effect towards the oxidation of NADH. In the modification
procedure, electropolymerization of these redox mediators onto GCE was carried
out because electropolymerized modified electrodes has some advantages high
stability and reproducibility, good electrocatalytic effect etc. in comparison with
other modification procedures. Electropolymerization conditions for each
modified electrode such as pH of supporting electrolyte, monomer concentration,
cycle number and especially anodic potential limit were optimized dependent on
their optium response for the electrocatalytic oxidation of NADH. All optimized
parameters are shown in Table 2.1 for each mediator. Electropolymerization of
MdB has not been succeeding due to its chemicals structure which hinders its
electropolymerization, although MdB is very efficient mediator for electrocatalytic
oxidation of NADH. The most important parameter is anodic upper
potential because the formation of cationic radicalic species which initiate
electropolymerization of mediators is dependent on this potential value.

ii) Voltammetric behavior of modified electrodes: In the investigation of

electrochemical behavior of each modified electrode, their cyclic voltammograms
were recorded dependent on scan rate in 0.1 M PBS (pH 7.0) and pH. In addition,
200-300 repetitive cyclic voltammograms of each modified electrode were
recorded for their stability. The anodic peak current (iy,) and the cathodic peak
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current (ipc) of polymeric form of all modified GCEs are linearly proportional to
the scan rate (v) (Table 3.1) indicated that surface reaction process occurred at
electropolymerized modified electrodes surface. E° value of redox couple of
polymeric form of all modified electrodes dependent on pH and E° values
decreasing linearly with increasing of supporting electrolyte pH. The slope of
curves (Table 3.1) was found to near the anticipated Nernstian value indicated that
two electrons and two protons attend the electron transfer process of all mediators.
In addition, after about 50 or 100 repetitive scans, change in height of peaks of
polymeric form of all modified electrodes became very small indicating the good
stability of electrodes.

Table 3.1. Equations obtained from the current-scan rate (v) and the formal potential-pH
curves for the polymeric form of modified GCEs with different redox mediators.

Equations from i - v curves Equations from

Electrode E”—pH curves
>CaN KA1\ Anodic Peak (uA) | Cathodic peak (1A) 25pH<10
(mVs™)

Poly- ipa = 0.032v +0.879 | iy =-0.028v + 1.54 E”=-58.21pH + 617.68
50-3200 | ) )

HT/GCE R*=0.9976 R*=0.9967 R*=0.9946

Poly- ipa = 0.0098v + 0.6701| i, =-0.0087 v +0.1006 | E”= -53.17pH + 352.33
20-6400 | \ )

MG/GCE R%=0.9985 R?=0.9993 R*=0.9907

Poly- ipa = 0.0056v + 0.3382| iy =-0.0053 v + 0.2115 | E”=-55.12pH + 433.78
20-6400 | \ )

NR/GCE R%=0.9965 R?=0.9982 R*=0.9962

iii) Electrocatalytic and photoelectrocatalytic oxidation of NADH at these
modified electrodes using cyclic voltammetric technique: In order to see the
electrocatalytic and photoelectrocatalytic oxidation of NADH, cyclic
voltammograms of each modified electrode were recorded in 0.1 M PBS (pH 7.0)
in the absence and in the presence of NADH with and without irradiation of
electrode surface. Peak currents of modified electrodes in the absence of NADH
were slightly increased with irradiation. When the peak potential of NADH at the
unmodified GCE (about +500 - 550 mV,) is compared with that of modified
electrodes, it was observed that the overpotential for the electrochemical oxidation
of NADH shifted to negative direction (between 50 and 200 mV dependent on
mediator type). However, the peak current attributed to electrocatalytic oxidation
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of NADH increased with irradiation of electrode surface. The increase in the
electrocatalytic peak current of NADH in the presence of light may depend on the
excitation of redox mediators on the electrode surface and its excited form can
more rapidly react with NADH. Thus, it can be concluded that the irradiation of
the surface of modified electrodes causes faster photoelectrochemical oxidation of
NADH than that of electrochemical.

iv)Amperometric and photoamperometric detection of NADH at these modified
electrodes: In order to perform amperometric and photoamperometric studies the

current-time curves of each modified electrodes were recorded dependent on
NADH concentration with and without irradiation of electrode surface at an
applied potential which was optimized for each electrode. Obtained results were
summarized in Table 3.2. As can be seen, the slope of concentration curve (for
NADH) of the photoelectrocatalytic procedure improved by about 2-3 times
compared with that obtained without irradiation for all modified electrodes. In
addition, the best result among the slope ratios of photoamperometric curves to
amperometric curves was optained for poly-HT/GCE (about 2.67).

Table 3.2. Analytical characteristics of modified electrodes for amperometric and
photoamperometric determination of NADH.

Modified Applied | Linear
Potential | concentration | Equation of calibration curve* my/m,”
electrode
(mV) range (M)
| :i(uA) = 1.18C(mM) + 0.021
i R?=0.9926
Poly +200 | 1x10°-1x10° 2.25
HT/GCE I1: i(uA) = 2.66C(mM) + 0.034
R?=0.9933
| :i(uA) = 1.31C(mM) + 0.011
5 R?=0.9973
Poly +100 | 1x10°-1x10° 2.67
MG/GCE I1: i(uA) = 3.50C(mM) + 0.021
R%=0.9974
| :i(uA) = 1.50C(mM) + 0.003
i R?=0.998
Poly +150 | 1x10°-1x10? 2.00
NR/GCE 112 i(uA) = 2.99(mM) + 0.037
R? =0.994

*1 and 11 equation of amperometric and photoamperometric curves, respectively.
**m, and m,;. slope of amperometric and photoamperometric curves, respectively.
m,/m, represents improvement in calibration sensitivity
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v) Amperometric and photoamperometric detection of NADH in FIA system:

FIA experiments were performed using a new home-made flow cell in which only
working electrode surface was irradiated with the light source. After some
parameters such as flow arte, applied potential, sample loop and tubing length
were optimized, the current-time curves in FIA (fiagrams) were recorded
dependent on NADH concentration with and without irradiation of electrode
surface. In this step, only poly-HT/GCE and poly-MG/GCE was used because the
stable results were not obtained at poly-NR/GCE. The obtained results were given
in Table 3.3. As can be seen, the sensitivity of the photoelectrocatalytic FIA
procedure is better than that of the amperometric method. In addition, the results
obtained from poly-HT/GCE are better than that from poly-MG/GCE.

Table 3.3. Analytical characteristics of poly-HT/GCE and poly-MG/GCE for amperometric
and photoamperometric detection of NADH in FIA system.

Poly-HT/GCE Poly-MG/GCE
Applied Potential +300 +150
(mV)
Linear concentration | 1 : 2.0x107 - 1.5x10" | : 5.0x107-5.0x10"*
range (M) I1*: 2.0x107 — 2.5x10™ II: 5.0x107 —5.0x10™

| : 4.0x10%1.2x10” | : 3.0x107/9.0x10”
LOD/LOQ (M) . , , ,

I1:  3.0x10°%1.0x10° II: 2.5x107/8.0x10°

I:i(uA) =11.96C (MM) +0.029 | | : i(nA)= 9.82C(mM) + 0.015
Equation of R?=0.9908 R?=0.999
calibration curve 11 i(uA) = 18.51C(mM) + 0.048 | II: i(uA) = 12.39C(mM) + 0.074

R?=0.9956 R?=0.998

Improvement in
calibration sensitivity | 1.55 1.26
(mpy/m**)

*1 and Il equation of amperometric and photoamperometric curves, respectively.
**m, and m,;. slope of amperometric and photoamperometric curves, respectively.

vi) Construction of electrochemical and photoelectrochemical biosensor

dependent on NAD*/NADH-dehydrogenase enzyme: For the biosensor studies,

HT, which was selected more stable redox mediator for electrocatalytic oxidation
of NADH, was electropolymerized onto PAMAM-modified GCE and then GDH
was immobilized onto poly-HT/PAMAM/GCE by the cross-linking method using
glutaraldenyde. PAMAM dendrimer represents a friendly environment for the
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immobilization of enzymes as well as for the good electropolymerization of HT.
When the peak potential of enzymatically produced NADH at the GDH/PAMAM
(about +800 V) GDH/PAMAM/GCE (about +760 mV) is compared with that of
GDH/poly-HT/PAMAM/GCE (about 300 mV), it was observed that the
overpotential for the electrochemical oxidation of NADH shifted to negative
direction. While direct oxidation of NADH at bare electrode was observed at
about 500 mV, the oxidation of the enzymatically produced NADH was observed
at 800 mV. It can be dependent on the decreasing effect of GDH on the
conductivity of electrode surface. When the enzyme modified electrode surface
was irradiated with the light source, the peak current attributed to electrocatalytic
oxidation of enzymatically produced NADH increased about two times. This
results show that photoelectrochemical biosensor can be constructed using
mediator and enzyme modified electrodes.

vii) Electrochemical and photoelectrochemical biosensor in FIA system:

The most important part of this thesis is the constructing photoelectrochemical
biosensor in FIA system. Although, photoelectrochemical biosensor dependent on
NAD*/NADH redox couple-dehydrogenase enzymes (Deng et al., 2008; Schubert
et al., 2009) has been reported, according to our search of the literature,
photoelectrochemical biosensor in FIA system have not been reported, yet.
Therefore, photoelectrochemical biosensing of glucose in the FIA system using
GDH/Poly-HT/PAMAM/GCE was proposed for the first time in this thesis.

After some parameters such as flow rate, applied potential, sample loop
and tubing length were optimized, fiagrams were recorded dependent on glucose
concentration with and without irradiation of electrode surface. When the
electrochemical biosensor was performed, the anodic current increased linearly
with the glucose concentration over the range from 0.01 to 1.0 mM with the
sensitivity of 0.76 pA mM™ and detection limit 3.0 uM. After the irradiation,
the linear range of the photoelectrochemical biosensor was from 5x10° to 1.0 mM
with the sensitivity of 1.90 pAmM™ and detection limit 1.5 pM. The sensitivity
increased nearly 2.5 folds while the detection limit decreased 2.0 folds,
in contrast to the reaction without irradiaiton. The various analytical
detection parameters such as detection potential of glucose, linearity ranges and
calculated LOD were compared with other modified electrodes in previously
published reports for the biosensing of glucose. The results are illustrated in Table 3.4.
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Table 3.4. Comparison of analytical parameters obtained from GDH/poly-HT/PAMAM/GCE with
different electrodes in the literature for electrochemical biosensing of glucose dependent

on NAD*/NADH redox couple and dehydrogenase enzyme.

Electrode type Method DP LR LOD References
FePhenTPy modified 0.55Vvs. | 30-600 g/dL 12 mg/dL| Kim et al.,
AMP
SPCE C electrode | (17-330 uM) (6.7 uMm) | 2013.
- 0.05V vs. Piano et al.,
MdB modified SPCE | FIA AMP Ag/AGCI 0.075-30 mM - 2010a.
CNTP modified with 0.2V vs. Antiochia and
Os —redox polymers AMP Ag/AgCI Upto 0.8 mM 10uM Gorton, 2007.
Au modified ;
. 0.2 V vs. Hoshino et al.,
SWCNT-a nonothin AMP Ag/AgCI 4.9-19 mM - | 2012b.
PPF
0.25V vs. Bai et al.,
CNTs-IL/GCE cv Ag/AGC 0.02-1.0 mM 9uM | 5915
NB SWCNT 0V vs. Saleh et al.,
modified GCE AMP SCE 0.1-1.7mM 0.3 uM 2011.
Poly-NB modified 0.05 V vs. Duetal.,
SWCNT/GCE AMP Ag/AGC 0.01-8.5mM S5uM | 5908,
0.02 V vs. Silber et al.,
Poly- MB on Au FIA AMP Ag/AGCI 1.0-4.0 mM = | 1996
Poly-TB on graphite Zhou et al.,
electrode AMP - 0.05-3.0 mM = | 1998.
Th cross-linked AMP 0.01-2.56 mM 5 LM
.01-2.56 m w
I\Nﬂll/;/rcnﬁl-lt—lsl:;fr Au 0.2V vs. Deng et al.,
L Ag/AgCl 2008.
functionalized ITO AMP under 1x107-3.250 mM | 0.7 uM
e|ectrode |rrad|at|0n
FIA AMP 0.01-1.0 mM 3 uM
GDHY/poly- 0.3V vs. .
This work
HT/PAMAM/GCE FIAAMP | Ag/AgCI
under 5x10%-1.0mM | 1.5 uM
irradiation

FePhenTPy: 5-[2,5-di (thiophen-2-yl)-1H-pyrrol-1-yl]-1,10-phenanthroline iron(l11) chloride, PPF:
Plasmon polymerized film, SPCE: Screen printed carbon electrode, LR: linearity range, DP:
Detection potential, LOD: Limit of detection, CNTP: Carbon nanotube paste, AMP:
Amperometry, NB: Nile Blue, SWCNT: Single walled carbon nanotube, IL lonic liquid, TB:
Toluidine blue, ITO: Indium tin oxide, NPs: Nanoparticles, GDH: Glucose dehydrogenase,

As can be seen, the electrocatalytic detection potential of glucose (DP) at the
GDH/poly-HT/PAMAM/GCE was better than DP of 5-[2,5-di (thiophen-2-yl)-
1H-pyrrol-1-yl]-1,10-phenanthroline iron(l1l) chloride modified screen printed
carbon electrode (SPCE). Although the DP results for the modified electrodes
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were better than the GDH/poly-HT/PAMAM/GCE, the LOD and linearity range
of proposed electrode was better than that of the compared modified electrodes.

In the study, linearity criteria were satisfied for the proposed methods
since R-squared values of calibration curves were better than 0.995 in general and
the calculated RSD values were lower than 10%.

As a result, this thesis represented the successful dehydrogenase-based
electrochemical and photoelectrochemical biosensors in FIA system at GDH/poly-
HT/PAMAM/GCE. The biocatalytical performance of the biosensor was greatly
improved by the photovoltaic effect of the dye using as mediator.
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Some data obtained in the study were given in this section as a table
according to figure number. However, only data for HT were presented because
the biosensor studies were performed by using HT modifie electrodes.

Appendix 1. Data for Figure 3.2A, B, Cand D

3.2A 3.2B 3.2C 3.2D
Current® | Anodic upper | Current Monomer | . o+ Cycle | Current®
PH | “(wA) | potential (V) | (uA) Conc(%‘lt\;‘;‘t'on (MA) | number | (uA)
2 7.0 0.50 5.0 0.10 7.2 3 5.8
3 7.5 0.75 5.6 0.20 7.8 5 1.7
4 7.8 1.00 3.8 0.30 8.3 8 8.4
5 8.0 1.25 2.5 0.40 8.2 10 8.3
6 8.1 1.50 2.4 0.50 8.1 15 8.2
7 8.3 1.75 5.7 0.75 8.2 20 8.2
8 8.3 2.00 8.9 1.00 8.2
9 1.7 2.25 9.6
10 7.5 2.50 10.0

* . Electrocatalytic current for 0.8 mM NADH

Appendix 2. Data for Figure 3.13B and C

3.13B 3.13C
Scan rate | Anodic peak current | Catodic peak current Formal potential
(mvs?) (nA) (nA) PH (mV)
50 1.3 2 505
100 2.8 -1.5 3 445
160 4.8 -2.8 4 385
200 6.5 -4.1 5 335
400 13.5 -10.0 6 255
640 21.7 -16.2 7 195
800 29.0 -19.7 8 150
1280 41.7 -32.7 9 110
1600 54.6 474
2560 80.1 -72.6
3200 100.8 -86.8




Appendix 3. Data for Figure 3.28

Concentration of NADH

Current for electrocatalytic oxidation

(nA)
(nM) : . .
Without irradiation With irradiation

0.2 3 4
0.4 6 8
0.6 8 11
0.8 12 18
1 16 24
2 32 47
4 64 92
6 94 136
8 131 187
10 156 221
20 298 408
40 596 857
60 799 1212
80 1011 1621
100 1316 2140
150 1700 2980
200 1870 3620
250 2122 4536
300 2306 4880
400 2586 5602
600 3091 6990
800 3435 7973
1000 3590 8590

Appendix 4. Data for Figure 3.43

Applied Potential

Current (nA) for 0.8 mM glucose

Without irradiation

With irradiation

0 17 110
50 19 140
100 48 180
150 83 220
200 120 260
250 155 300
300 190 360
400 240 440
500 290 450
600 270 470




Appendix 5. Data for Figure 3.45

Current (nA) for 0.8 mM glucose
Flow rate (mL min™)
Without irradiation With irradiation
0.125 427 1255
0.25 332 978
0.45 282 700
0.6 248 540
0.8 235 437
1.0 231 378
1.1 225 346
1.2 211 312
S1.4 208 280
15 204 260
1.8 195 237
2.0 180 200
2.2 170 180
Appendix 6. Data for Figure 3.48
Current (nA)
Glucose concentration (mM)
Without irradiation With irradiation
0.005 - 0.007
0.01 0.007 0.03
0.05 0.04 0.11
0.1 0.09 0.22
0.3 0.23 0.52
0.5 0.36 0.95
0.8 0.65 1.55
1.0 0.75 1.90
2.0 1.26 2.70
3.0 1.73 3.20
5,0 2.27 3.90
8.0 2.60 4.30
10.0 2.78 4.50




