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Chapter 1

Chemically Modified Electrodes for Electroanalytical

Applications: A Literature Review



1.1 INTRODUCTION

Chemically modified electrodes (CMEs) represent a modern approach to
electrochemical systems, i particular, electroanalytical systems. Compared with
other electrode concepts in electrochemustry, the distingwshing feature of a CME 1s
that quite a thin film (from monomolecular to perhaps a few micrometers in
thickness) of a selected substance is bonded to or coated to the electrode surface, to
impart the behaviour of that substance to the electrode. This behaviour may be
chemical, electrochemical, optical or electrical in nature The ability to control and
manipulate the properties of the bonded or coated substance leads to a tailoring of the
electrode that can benefit many applications such as electroanalysis and other sensing
devices. These include acceleration of electron-transfer reactions, prevention of
electrode fouling, selective binding, preferential accumulation and selective
membrane permeation. Such steps can impart higher selectivity, sensitivity or stability
to electrochemical devices. Other mmportant applications of CMEs include energy
conversion and storage, controlled release of drugs, electrochromnc displays,
corrosion protection and electro-organic synthesis (Wang, 2000).

In this chapter, a brief introduction to some of the techniques that are
commonly used 1n electroanalysis will first be presented and discussed 1n relation to
chemically modified electrodes An insight into the processes that can occur at CMEs,
specifically for electroanalytical applications will then be discussed as well as their
preparation routes. Considering the scope of the CME field and the amount of
publications over the years, this review focuses on research and application of CMEs

in the past three years, with key issues relating to electroanalytical chemistry



1.2 ELECTROANALYTICAL TECHNIQUES

Electroanalytical techniques are concerned with the measurement of
electrical quantities such as current, potential, or charge, and their relationship to
chemical parameters Such use of electrical measurements for analytical purposes, 1n
conjunction with CMEs has found a vast range of applications including
environmental monitoring, industrial quality control, and biomedical analysis (Wang
et al, 2000).

This section describes some of the techniques used to monitor both
electroactive bulk solution species and attached films, and also how these techmques,
m conjunction with CMEs, are applied to quantitative analysis, or sensing. The

methods are divided up 1nto three main categones.

I Voltammetry
2 Potentiometry
3 Conductimetry

L2.1 Voltammetry

Voltammetry functions by measurement of a current response (1) at a
working electrode as a function of applied potential (£) with respect to a reference
electrode, usually a silver/silver chlonde (Ag/AgCl) or a saturated calomel electrode
(SCE), by means of a potentiostat. When a potential is applied between the working
and reference electrodes, the current that is produced then passes between the working
electrode and a third auxihary electrode. Platinum is frequently used as the material
for this auxiliary electrode A schematic of this setup 1s given in Figure 1 1.

Potential excitations that can be applied to the working electrode in the
solution of interest include ramps, potential steps, pulse trains, sine waves, and
various combinations thereof. These excitations survey the potential range of interest
Under certain conditions, when a potential is reached where a species present m the
bulk electrolyte is oxidised or reduced, current flows between the working and

auxiliary electrode at a rate proportional to the concentration of electroactive species.



The current, measured by the potentiostat, as well as giving quantitative information,
gives information concerning a large number of physical and chemical parameters

about the species of interest.

rotmttosua

N

Figure 1.1. A three-electrode electrochemical cell set-up for a typical voltammetric

experiment.

1.2.1.1 Cyclic Voltammetry

Of all the electrochemical methods available for studying electrode
processes, cyclic voltammetry is probably the most widely used. It offers a rapid
location of redox potentials of the electroactive species of interest and convenient
evaluation of the effect of the media upon the redox process.

Cyclic voltammetry (CV) consists of linearly scanning the potential of a
stationary working electrode at a particular scan rate in the forward direction, and then
reversing over the same scan range but in the opposite direction. In CVs of reversible
reactions, i.e. those with fast electrode kinetics relative to the timescale of the
experiment, the product of the initial oxidation or reduction is then reduced or
oxidised, respectively, on reversing the scan direction. A schematic of a cyclic
voltammogram at a planar electrode for a reversible redox species in solution is given
in Figure 1.2a. Theoretical analysis of the wave shape leads to the Randles-Sevcik

equation for peak current in cyclic voltammetry:

ip=2.69x10V '2AD0" Xvl2 Equation 1.1



where 7 1s the number of electrons transferred, 4 is the electrode area (cm®), D' 1s the
diffusion coefficient (cm® s™'), C 1s the concentration of the redox active spectes 1n
bulk solution (mmol cm™), and v is the scan rate (V s™)

Of particular note 1s the proportionality between peak current and v' for a
reversible system In practice, however, the systems examined are not always 1deally
reversible due to slower kinetics, and hence the CVs are not as symmetric as those
given in Figure 1 2a. These systems are termed quasi-reversible systems For
completely irreversible systems, only the oxidation or reduction corresponding to the
imtial sweep direction appears, since no re-reduction or re-oxidation can occur, i.c.
there is no reverse peak. By measuring peak potentials foi: forward and reverse scans
it 1s possible to deduce standard rate constants from values of peak separation for
simple electrode processes, O + ne’ — R, where O 1s the oxidized form of an
electrochemically active species, and R is the reduced form of the same species. A
method for calculation of these rate constants (Nicholson, 1965) is given m Chapter
2. In addition to this computational method, there also are computer simulation and
fitting procedures which fit the whole curve, and not just the peak potentials (Bard &
Faulkner, 2001).

Electroactive layers immobilised on the electrode surface lead to changes
in the shape of the cyclic voltammogram, since they do not have to diffuse to the
electrode surface In particular, in the case of fast kinetics, the CV is symmetncal,
with oxidation and reduction peak potentials coincident (Figure 1 2b). As the kinetics
become slower, some peak separations begin to occur. In contrast to Equation 1 1,
current should be directly proportional to scan rate for an adsorbed, reversible species
that shows no intermolecular interactions and fast electron transfers (Brett & Oliveira-
Brett, 1993). The behaviour and performance of CMEs based on surface-confined
modifiers and conducting polymers are commonly investigated by cyclic
voltammetry The blocking/barner properties of insulating films such as insulating
self-assembled monolayers are often momtored by changes in the CV response using

a redox marker (e.g. ferrocyanide) in solution (Vergheese & Berchmans, 2004).
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Figure 1.2. Cyclic voltammogram for (a) a reversible redox species in solution at a
planar electrode and (b) a reversible redox species in an electroactive layer
immobilised on an electrode. E,, and E,. represent the anodic and cathodic peak
potentials, respectively, and 1,, and 1, represent the anodic and cathodic peak current

heights, respectively.

Cyclic voltammetry 1s an excellent tool for investigating the mechanism of
electrode reactions but in terms of quantitative measurements, limits of detection are
not very low (10° mol dm™) (Wang et al, 2000) This is due to the relative
contributions to the total cell current of the faradaic and non-faradaic (or capacitive)
currents As such, cychc voltammetry 1s generally not used for chemical sensing, but

rather for characterisation purposes.
1.2.1.2 Chronoamperometry

Chronoamperometry involves stepping the potential of the working
electrode from a value at which no faradaic reaction occurs, to a fixed potential where
oxidation or reduction of some species 1n solution can occur (Wang et al , 2000) This
results in a flow of current between the working and auxihary electrodes that 1s
proportional to parameters, such as concentration of redox active species and the

diffusion coefficient, D°, of this species, as governed by the Cottrell equation



ol/2
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1/2,1/2
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where n, A, D’ and C are as before, F 1s Faraday’s Constant (C) and / s time.

Equanon 12

In terms of analysis, chemically modified electrodes may be employed to
mduce reduction or oxidation of analyte in solution For instance, when conditions of
steady state are reached (i e. when current is independent of scan direction and time),
analyte may be added to the electrochemical cell which generates a current flow
proportional to the concentration of analyte. Additionally, the CME may serve as a
platform for binding of analyte, such as in immunosensors (Moore ef al, 2003).
Bound analyte, usually labelled with a redox active marker, can subsequently be

oxidised or reduced and measured quantitatively.
1.2.2 Potentiometry

Potentiometry 1s another quantitative techmique wherein measurements
involve the determination of an equilibrium potential generated under conditions of
zero current flow, between an indicator and reference electrode (Wang ez a/, 2000)
The ndicator electrode 1s modified with a suitable membrane selective to the 10n of
mterest. On the inside of this electrode is an inner solution containing the 1on of
interest at a constant activity. The equlibrium potential, E,,, corresponds to a
potential difference across the membrane and is a function of the activity of the 10ns
present 1n solution, due to the gradient of activity of analyte ions in the inner and bulk
solutions. By careful choice of membrane, the selectivity of the response can be
increased with minimal interference from other 1ons. E,, is loganthmically related to

the activity of the ion for which the membrane 1s selective, via the Nernst equation-

E,=E+ (%) loga, Equation 1.3
where E °1s the standard electrode potential, R is the universal gas constant (JK 'mol’
M, T 1s the temperature (K) and a, refers to the activity of the ion The 10n activity can
then be related to concentration using the following equation

a,=y.c, Equation 1.4

where 7 1s the activity coefficient of the 10n and ¢, 1s concentration.



Selective electrodes using this measurement principle include primary 10n-
selective electrodes and multiple membrane electrodes (including gas-sensing and
enzyme electrodes) Glass electrodes are examples of 10n-selective electrodes that are
mainly used to measure pH. The functioning of this glass electrode 1s by exchange of
protons in solution with sodium ions at the surface region of the glass membrane The
potential difference generated at this interface is proportional to the concentration of
protons 1n solution.

Multiple membrane electrodes are simple selective electrodes, the
membrane of which 1s covered by a second membrane. This membrane could be gas-
permeable (for gas sensing) or contan enzyme (for enzyme sensors) Luo & Do
(2004) have developed a potentiometric urea sensor based on the degradation of urea
by urease leading to the formation of ammonium ions, which can be detected at an

ammonium-selective polyaniline-Nafion membrane-modified working electrode

1.2.3 Conductimetry

Conductimetry 1s a voltammetric technique used for electroanalytical
sensing. It involves the application of an a c. or d ¢ potential between two electrodes
immersed 1n solution. Addition of an ionic species to the solution can lead to a change
1n the electrical impedance (a.c.) or conductivity (d.c ) of the electrode pair. Chemical
modification of the electrodes is necessary to make this sensing technique selective.
This type of sensor 1s most commonly constructed by coating a planar interdigitated
electrode array with a thin film of material designed to respond to the analyte of
interest. Electrical conductivity changes in this film as a result of interaction with the
analyte are monitored, and are proportional to concentration.

Conductimetnc gas sensors make use of 1norganic or organic films whose
electrical conductivity changes 1n the presence of organic vapours Sahm et al. (2004)
used a nanoparticulate SnO, thick film for conductimetric sensing of propanal and
NO;. Enzyme-based biosensors use an enzyme immobilised in proximity to the
electrode surface in order to achieve specificity for a particular analyte. The catalytic
enzymatic reaction leads to the formation of ionic products, which increases the
conductivity of the solution proximal to the electrodes (Sheppard ef a/, 1996). An
alternative approach to construct conductimetric biosensors exploits the pH-dependent

conductivity of conducting polymers. Kim et al (2002) constructed a membrane strip



immunosensor based on conductimetric detection using polyaniline-bound gold
colloids as the signal generator. Human albumin 1n buffer solution was used as a
model system Important matrices such as blood and urine pose serious problems for
conductimetric techmques due to the large fluctuations n ionic activity. As such, a
blank electrode 1s required. One commercial system for the measurement of urea in
serum, plasma and urine 1s the BUN analyser (Beckman-Coulter) based on the
enzyme urease. The mtial rate of change in conductivity is measured to compensate
for the background conductivity of the sample. The instrument is limted to the
measurement of analytes at relatively high concentration due to the small changes m

conductivity produced by low levels of analyte.



1.3 PROCESSES AT MODIFIED ELECTRODES

To prepare a CME, a thin film of a selected chemical 1s either bound or
coated onto the electrode surface to endow the desirable properties of the film to the
electrode m a chemically designed manner This can be done in order to facilitate an
electrode process that can otherwise only be carried out at a };gh over-potential, n,
(such as the electrocatalytic oxidation of methanol), or to mhibit a reaction (such as
metallic corrosion), or to produce selectivity toward a particular process (such as
enzyme-catalysed oxidative determination of glucose m blood) These ends are
achieved by developmg within the structure of the CME a favourable interplay of the
dynamics by which electrons are conveyed between the electrode and the species
whose oxidation or reduction is ultimately required to achieve that goal (Bard &
Faulkner, 2001). This section classifies some the electrochemical processes, desirable

for electroanalysis, that can occur at suitably modified electrodes.
131 Accumulation

From dilute solutions, accumulation (or preconcentration) of analyte from
bulk solution can be performed at an electrode modified with a suitable layer This
analyte accumulation at the CME 1s followed by detection, and its main purpose 1s to
mprove detectability. If this accumulation is preferential, because of selective
interactions between the analyte and immobilised reagent, then it can serve
additionally as a separation step and hence improve the selectivity Yantasee et al
(2004) developed a highly selective voltammetric method for detection of Cd**, Cu?*
and Pb*, based on a carbamoylphosphonic acid self-assembled monolayer on
mesoporous silica (SAMMS) Preconcentration allowed detection limits of 0.5 ppb to

be reached.
132 Electrocatalysis

For electroanalytical purposes, electrocatalysis is used to amplify a

detection signal. Slow electrode reactions for many important analytes require a
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potential greatly exceeding their formal redox potentials in order that these reactions
proceed at desirably high rates. The acceleration of such kinetically hindered
electrode reactions by electrode-confined mediators permits the quantification of
these analytes at less extreme potentials, because catalysed electrode reactions usually
occur near the formal potential of the mediator (Kutner et al., 1998). By applying less
extreme potentials, both sensitivity and selectivity can be improved significantly. This
type of CME is not only selective and sensitive, but also fast and reusable in
analytical measurements.

Examples of mediated processes (that may or may not be electrocatalytic)
within electroactive films are given in Figure 1.3. Primary reactant, A, in the external
solution can be converted to product B using the reversible redox mediator P/Q where
electron transfer can occur by electron diffusion or electron hopping (Figure 1.3a) or
by movement (or mass transfer) (Figure 1.3b) within the film. Electron transfer from
Q to A can then occur in order to produce product B. The mediator Q contained

within the film is renewed electrochemically resulting in a cyclic mechanism.

=)

Electrode 4 Film - »Solution

Figure 1.3. Schematic diagram of mediated electrode processes that can occur at a
modified electrode, (a) Electron transfer from primary reactant A to product B using

immobilised redox mediator P/Q, by electron diffusion and (b) by movement.

The theory of mediated charge transfer has been widely studied by many
authors. The electrocatalytic signal dependcncc on the analyte and/or mediator
concentration is governed by four conceivable rate determining steps (or their

combination) (Kutner et al., 1998):
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1 Convective diffusion of analyte from bulk solution to the film-solution
interface

2 Diffusion of analyte through the film

3 Diffusion-like propagation of charge within the film by self-exchange
redox reaction

4 Mediator/analyte cross-exchange redox reaction in the film

Several different CMEs have been fabricated for electrocatalysis including
mediators attached to monolayer films such as a ferrocene—tethered B-cyclodextrin
self-assembled monolayer (Favero et al, 2004), conducting polymers such as
polyaniline (Grennan ef al, 2003), and metal or semi-conducting nanoparticles
dispersed n a host matrix such as carbon nanoparticles in polyaniline (Zimer et al,
2003).

Electrocatalysis 1s commonly used in biosensmg applications where
electrochemically active biomolecules (e.g. redox enzyme) are used as the mediator.
Usually electrocatalyﬁc biosensors operate amperometrically. However,
potentiometric detection has also been used (Rotarmu et al/, 2004). The charge
exchange between the electrode and the immobilised biomolecule involved in a
catalytic sequence with brological analyte i solution is either direct (Rotariu ef al,
2004) or it is aided by an additional surface-bound mediator (Grennan et a/ , 2003).

The improvements in sensitivity and selectivity that accrue from
electrocatalytic CMEs have been illustrated for numerous analytical problems
including the sensing of nicotinamide-adenine dinucleotide (NADH) using a
Meldola’s Blue modified electrode (Pneto-Simon & Fabregas, 2004), detection of
sulphur dioxide on a silver-dispersed self-assembly (Shankaran et a/, 2002), and
DNA hybridisation detection using methylene blue and zirconia thin films (Zhu et al ,
2004)

133 Permeability
Permeability provides discnmmative transport through a membrane

coating that controls access of analyte and interfering substances to the electrode

surface (Kutner et al, 1998) Mechanisms of the permeability transport are based on
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differences in properties, such as charge, size, polarity, shape, or chirality of the
analyte from interfering substances. For instance, a cation exchange polymer film on
an electrode is a membrane barrier to anions in solution while cations freely partition
into it (Figure 1.4). Polyanionic periluorosulphonated ionomers, e.g., Nation and
poly(estersulphonic acid) of the Kodak AQ series are examples of widely used cation-
exchange permselective membranes. The permeability of membranes can be
combined with other properties such as electrocatalysis. For example, a conducting
polymer, polycarbazole modified with tyrosinase was used for electrocatalytic
detection of D- and L-norepinephrine, where the polymer could exhibit a chiral

differentation, due to a better permeation of the D-form (Cosnier et at, 2003).

Electrode «------- Film « Solution

Figure 1.4. Schematic ofa CME using a negatively charged polymer film to exclude

anionic interferences.
1.3.4 lonic equilibria

CMEs with selective ion-exchange (ionophore) films are used as
asymmetric ion-selective electrodes. That is, an electrolyte solution containing analyte

ion is on one side of the membrane and a solid electrode on the other. These CMEs

are predominantly used as potentiometric sensors (Section 1.2.2).
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1.4 MODIFICATION METHODS AND THEIR
APPLICATIONS

Methods to modify electrodes with behaviours such as these discussed 1n
Section 1 3 mclude adsorption and covalent attachment of monolayers, deposition of
polymer (by methods such as casting, spin-coating, or electropolymerisation), and
bulk modification of carbon composite materials For the case of adsorption-based
CMEs, physical and chemical interaction properties are utilized as the modifying
procedures to form monolayer structures. Thiol self-assembled monolayers (SAM) on
Au are a well-known example. Easy surface modification and functional group
attachment are the chief advantages of this approach. Covalent modification of the
electrode surface that uses a specific functional group 1s also of particular interest in
the preparation of CMEs. For example >C=0 and >C-O" functional groups formed on
glassy carbon electrodes and —OH groups from oxide electrodes are often utilised for
monolayer modification 1n various applications (Zen et al, 2003) Alternatively,
thicker polymer-based layers can be used for formation of CMEs. A wide variety of
polymers have been used for this approach such as 10onomers, redox polymers and
morganic polymers. CMEs are also constructed in supports such as clay, zeolite, S10,,
carbon paste, and other epoxy resins (Zen ef al, 2003).

This section discusses the different types of CMEs according to the nature
of the modification method Recent applications of these methods relating to

analytical chemustry are discussed.

1.4.1 Adsorption

1.41.1  Physisorption

Many substances spontaneously adsorb on a substrate surface from
solution, generally because the substrate environment 1s energetically more favourable
than 1n solution (Bard & Faulkner, 2002) Physisorption from solution onto substrates
by drop-coating followed by solvent evaporation 1s a simple route for monolayer

CME fabrication Several redox mediators such as potassium hexacyanoferrate (II),
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Meldola’s Blue (MB) and dichlorophenolindophenol (DCPIP) have been adsorbed on
to glassy carbon electrodes for the electrocatalysis of the oxidation of NADH (Prieto-
Simon & Fabregas, 2004) However, the modified electrodes were found to generate
continuous desorption of the mediator from the surface resulting 1n electrode fouling
and high standard deviations. Techniques such as mediator-entrapped composites and
electrodeposition were found to be more suitable for prevention of leaching.

Carbon nanotubes (CNT), a new promising electrode support materal, can
be phystsorbed onto substrates such as gold (Guo ef al, 2004) or carbon (Gong et al,
2004). Both single-walled nanotubes (SWNT) and multi-walled nanotubes (MWNT)
exist They have a hollow-like cylindrical structure, which has appreciable adsorption
ability for unique application in electroanalytical sensors, 1n particular gas sensors
(Wang et al, 2004) Cantalini ef al (2003) have developed a carbon nanotube NO,
gas sensor based on resistance measurements. The electrical resistance of the
nanotubes was found to decrease on adsorption of NO,, due to the electron
withdrawing properties of this gaseous molecule. A detection limit of 10 ppb for NO,
was reached with this method Other important sensor applications of the CNTs are
NADH (Musameh et al , 2002) and DNA (Gong et al , 2004) sensors.

14.1.2  Chemisorption

Even though physisorbed systems are useful for analytical applications,
stability 1s always a critical problem for such electrodes Chemisorbed routes provide
more thermally stable CMEs. A good example 1s self-assembled monolayers (SAMs)
of organosulphur compounds with long chain groups on Au. The thiol group binds
tightly to the gold electrode, and the lateral interactions between neighbouring chains
create a regular structure in which the chains are extended in parallel at an angle from
the normal. The well-ordered monolayers formed by alkanethiols can be used to
mmmobilise proteins close to an electrode surface with a high degree of control over
the molecular architecture of the recognition interface (Gooding & Hibbert, 1999) As
a consequence of this ability, SAMs have been used for fundamental investigations of
the interactions of proteins and electrodes (Faucheux er al., 2004) and for the
fabrication of biosensors (Campuzano ef al., 2002). Further literature on SAM

technology and a novel electroactive SAM for catalysis in a biosensor 1s presented 1n
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Chapter 5 Other applications of SAMs include corrosion prevention, chemical

catalysis and controlling of surface energy.
14.2 Covalent Attachment

Stronger attachment to the substrate surfaces can be accomplished by
covalent linking of the desired component to surface groups present on, or formed on,
the substrate to form a monolayer The surface functional group of base electrodes can
be derivatised either by synthetic route or by controlling the oxidation/reduction
potentials in a suitable medium. Carbon surfaces are found to be efficient for covalent
modifications due to their alterable functionalities. Ammo, aryl, diazonium and
acrylacetate-based compounds have all been used for the development of stable,
compact films. The compounds may then be suitably coupled with redox groups for
further electroanalytical applications. Components linked to electrode surfaces in this
way nclude various ferrocenes, viologens and M(bpy),* species (M = Ru, Os, Fe, bpy
= bipyndyl), as they show easily detectable electrochemical reactions, These
mediators have been used extensively in electroanalytical applications. An
electrochemically stable monolayer of Ru(bpy)32+ was obtained on glassy carbon for
the first tune by Wang et a/. (2001) It was based on the electrostatic attachment of
Ru(bpy);>* to benzene sulphonic acid monolayer film covalently bound to glassy
carbon electrode by the electrochemical reduction of diazobenzene sulphonic acid
using cyclic voltammetry. The good stability of this Ru modified electrode allowed
the sensitive determination of tripropylamine (TPA) in a flow injection analysis (FIA)
system.

Covalent attachment of protein monolayers on electrode surfaces has also
been carried out. With intimate contact between the redox active biomolecule and the
electrode using covalent attachment, direct electron transfer can be observed This
electronic coupling between the protein and the electrode can be used for the
construction of biosensors that elimmate the need for mediation (Gorton et al., 1999).
Quan et al (2004) have examined several covalent immobilisation methods for
laccase on both glassy carbon and platinum. In the case of glassy carbon, the surface
was modified by electrochemical oxidation of 1,5-pentanediol or by direct
electrochemical oxidation to introduce the carboxylic acid functional group Peptide

coupling between laccase and the functional groups of the modified surface was done
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by the use of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
and N-hydroxysuccimmide (NHS). In the case of platinum, the surface was modified
to introduce hydroxyl functional groups, followed by coupling the enzyme with
cyanuric chloride Another method tested was the modification of the surface by
silanization with 3-amunopropyltriethoxysilane (APTES), which was followed by
coupling the enzyme with glutaraldehyde. The silanization method was the most
effective with respect to long-term stability (60 successive measurements) and fast
response times (< 2 s) for p-phenylenediamine (PPD) detection. Covalent attachments
have also been successfully carned out for glucose oxidase (GOD) on indum tin
oxide (ITO) (Fang et al., 2003), and oligonucleotides on silicon (Yin ef al., 2004).
Covalent attachment of enzymes to vertically orientated carbon nanotubes was
reported for the first time by Yu er al. (2003). Quast-reversible Fe(III)/Fe(II)
voltammetry was observed for the iron heme enzymes myoglobin and horseradish

peroxidase coupled to the carboxylated ends of the nanotubes by amide linkages

1.4.3 Modification with polymers

Polymeric modifying layers result in fairly thick films, typically a few
micrometers Polymer films can be formed on an electrode surface from solutions of
erther the polymer or the monomer Methods that start with dissolved polymer include
casting, spin-coating, electrodeposition and covalent attachment via functional
groups. Starting with the monomer, one can produce films by thermal, chemical,

electrochemical, plasma or photochemical polymerisation

1.4.3.1 Conducting Polymers

Conducting polymers have attracted much interest in recent years.
Conducting polymers contain n-electron backbones responsible for their unusual
electronic properties such as electrical conductivity, low energy optical transitions,
low 10nisation potential and high electron affinity. The n-conjugated system of these
polymers have single and double bonds alternating along the polymer chain which
make them capable of functioning as electron transfer mediators. With these

materials, redox changes are not localised at a specific centre but rather delocalised
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over a number of conducting polymer groups (Gerard et al., 2002). Examples of these
species are polyacetylene, polypyrrole (PPy), polyamline (PANI), and polythiophene
(Figure 15) Electropolymerisation of monomer onto electrodes 1s the most
commonly reported method to develop this type of CME in electroanalytical
applications. Incorporation of modifiers such as biomolecules can be achieved by

encapsulation, adsorption or covalent attachment at a functional group (Cosmer &

Lapellec, 1999).
gy W
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Polyaniline Polythiophene

Figure 1.5. Structures of electronically conducting polymers

Conducting polymers can be synthesised by both electrochemical and
chemical oxidative polymerisation (Gerard et al., 2002). Electrochemical synthesis 1s
rapidly becoming the preferred method because of its simphcity and increased
reproducibility (the mechanism of which will be discussed in Section 2 I 1 in relation
to polyamline). Electrochemical polymerisation 1s generally employed by
galvanostatic, potentiostatic or potentiodynamic methods.

The ability to synthesise some of these polymers, such as PPy, under mild
conditions enables a range of biological moieties (enzymes, antibodies and even
whole hving cells) to be encapsulated into the polymer structure (Mailley ef al.,
2004). Polythiophene, another conducting heterocyclic polymer, cannot be synthesied
from aqueous media due to the mnsolubility of 1ts monomer. Substitutions to thiophene
with flexible alkyl or alkoxy side chains have served to mcrease the solubility of the
monomer (Udum ef al, 2004). Vedrine et al. (2003) used the functionalised
polythiophene, poly 3,4-ethylenedioxythiophene (PEDOT), m an enzyme-based
biosensor. PEDOT was synthesised electrochemucally from an aqueous medium,
providing stable, homogenous films. PEDOT served both as an electrocatalytic non-

diffusional mediator and as an entrapment matrix for the enzyme. Polyaniline can be
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synthesised readily from aqueous media However, acidic conditions are required for
formation of the most highly conductive form Because of this, entrapment 1s not
generally used, as the activity of the biomolecule may be affected. A novel
polyaniline uricase biosensor prepared by a template process was recently reported by
Kan et al (2004). Electrochemical polymerisation was carried out in an acidic aniline
solution containing uricase. The electrode was then hydrolysed in acid to remove the
uricase to form cavities Active uricase was then doped into the uricase cavities
available Biomolecules can also be doped onto the surface of the polymer (e.g
polyamline) by electrostatic interactions with the polymer backbone (Grennan ef al.,
2003) In this way, diffusion of substrates and biorecognition molecules does not have
to take place mnto and out of a polymer matrix as traditionally occurs in polymer
entrapment systems which is important when dealing with high molecular weight
specles as often occurs with biosensors.

Abtech Scientific Inc (Pennsylvama, USA) market polymer-modified
mterdigitated microsensor electrode array devices possessing surface-available groups
for the specific covalent attachment of biomolecules such as enzymes, NA and
antibodies. These microsensors are amenable to conductimetric, potentiometric and

amperometric formats.

1.43.2  Ion-exchange polymers

Ion-exchange polymers (polyelectrolytes) contain charged sites that can
bind ions from solution via an 10n-exchange process Typical examples are Nafion,
Toflex, polystyrene sulphonate and protonated poly(4-vinylpyridine) These types of
polymer-modified electrodes are generally prepared by the drop-coating technique
Solid electrodes coated with thin films of ion-exchange polymers allow the quick
preconcentration and simultaneous voltammetric detection of small electroactive
inorganic and organic ions This approach can also be used for incorporation of
electroactive species within the polymer. In addition to incorporation capabilities, the
ionic 1teractions between the ion-exchanger and enzymes can promote the direct
electrochemistry of the enzyme without requiring mediator Ugo et al (2002)
demonstrated this principle for cytochrome ¢ using a polyestersulphonated 10onomer-

coated glassy carbon.
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1.43.3  Encapsulation polymers

Sol-gel polymers are another new and attracive material for tailoring
electrode surfaces for electroanalytical applications Low temperature encapsulation
of the recognition species and/or redox mediator can be achieved with the sol-gel
technmque Such ceramic films are prepared by the hydrolysis of an alkoxide precursor
such as Si(OCHj3)4 under acidic or basic condensation, followed by polycondensation
of the hydroxylated monomer to form a three-dimensional interconnected porous
network. The resulting porous glass-like matenal can physically retain the desired
modifier but permits interaction with the analyte that diffuses into the matrix Besides
their ability to entrap modifier, sol-gel processes offer tunability of their physical
characteristics such as permselectivity, thermal stability and mechanical rigidity Sol-
gel derived composite electrodes have also been prepared by dispersing carbon or
gold powders 1n the 1nitial sol-gel mixture (Salimi & Abdi, 2004) Non-conducting
polymers such as polyphenol, polyphenylenediamines and overoxidised polypyrrole
have also been used for encapsulation of desired modifiers (Iwuoha et al, 2004,
Yuqing et al , 2004).

1.4.4 Bulk madification of carbon composite materials

Carbon paste electrodes (CPEs) have been extensively used for
electroanalytical applications since therr introduction by Adams in 1958. These
electrodes can be fabricated under mild conditions consisting of blending a carbon
powder with a hydrophobic binder. Entrapment of modifiers such as enzymes and
inorganic catalysts within the paste during the fabrication process to develop another
type of CME has been effectively used 1n recent years. The electrodes are nonporous
and their surfaces can be renewed mechanically. Thus the electrode surfaces can be
restored reproducibly after fouling or loss of catalytic activity. Calvo-Marzal et al.
(2004) used a carbon paste electrode chemically modified with tetrathiafulvalene-
tetracyanoquinodimethane (TTF/TCNQ) for amperometric detection of reduced
glutathione. Serban & El Murr (2004) have shown that bulk modification of a carbon
composite with zeolites of the type NaY (Y = yttrium), can effectively lower the
overpotential required for oxidation of NADH. This was attnbuted to higher
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hydrophulicity of the electrode surface when these zeolite particles were dispersed 1n
it, favouring electron transfer. The utility of CPEs modified with cobalt(II)
phthalocyanine for electrocatalytic oxidation of guanine and single stranded DNA 1n
aqueous solution has also been demonstrated (Abbaspour et al., 2004).

Although there have been many electroanalytical apphications of this CME
technique, it has been argued that the modification method is mechanically unstable
leading to leakage of modifier and hence, rreproducibility. Proposals to prepare a
carbon paste electrode by n situ electropolymerisation of polypyrrole within a paste
containing enzyme, pyrrole monomer, carbon particles, and Nujol by Mailley et al
(2004) has been shown to remarkably mumprove the mechamcal stability of the
modifier. With this 1# situ generated polymer network, leaching of enzyme can be
prevented. Over a 72 h period of immersion, 0.1 pg of enzyme leached from a CPE 1n
the presence of polypyrrole, while 150 g leached from a CPE containing no polymer
network, showing the remarkable effect of this iz sifu generated polymer. In the case
of Calvo-Marzal et al (2004), Nafion was incorporated into the carbon paste
electrode m order to retain the mediator Other stabilising agents that have been used

include epoxy resin, Kel-F and Teflon.
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1.5 SUMMARY

The absence of any molecular character of a ‘naked’ electrode which
results n a lack of molecular selectivity and specificity has been a major shortcoming
of electrochemustry and, in particular, its application 1 analytical chemo- and bro-
sensor development. Modification of electrode surfaces for CME fabrication 1s used
to improve response to analyte compared with that obtained at an unmodified surface,
to create a novel, selective response to analyte.

CME:s have potential for commercial application in many fields such as
healthcare, environmental monitoring, and the food industry However, despite the
voluminous fundamental research over the past years on this technology, only a few
commercial uses of CMEs for analytical applications have been described These
include for instance, amperometric glucose sensing ¢lectrodes (Johnson & Johnson),
based on a disposable format, and an ‘electronic nose’ (MOSES), comprised of up to
64 selective gas sensors for bench-top use

The ideal sensor should be easy to use, sensitive, selective and free from
interferences. Simplification and short analysis times are also important Present
research 1s focusing on the long-term stability and reproducibility of CMEs 1n order to
develop superior CMEs for reliable use in analytical applications Amenability of
CMEs to cheap mass-production is another important criterion that must be met
before their widespread commercialisation Modifications of electrodes with SAMs,

carbon nanotubes and conducting polymers all have potential in this respect.
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1.6 THESIS OUTLINE

The purpose of this research was to mvestigate different electrode types
and modifications to their surfaces for development of disposable electrochemical
bio- and chemical sensors Various approaches are described which encompass
technologies such as screen-printing, conducting polymers, and self-assembled
monolayers. Moves towards mass production of these sensors is descnibed, with the
ultimate goal being the development of disposable electrodes that could be produced
at large scales

Chapter 2 of this thesis reports on commercial screen-printed electrodes
(SPEs) and SPEs designed and fabricated in-house using various carbon inks They
were characterized through electrochemical and microscopic techniques to yield
electrodes with optimal properties for electrochemical sensing applications. The in-
house design was pursued and the most suitable carbon ink chosen and optimized.
The behaviour of electrochemically grown polyaniline films on these SPE surfaces
was also described. Primarily, the thickness of this film was examined with a view to
developing a more in-depth understanding of its charge transfer properties.
Amperometry was the main experimental techmque used where horseradish
peroxidase (HRP) was incorporated into the system and hydrogen peroxide used as
substrate.

Chapter 3 mvestigates the protein binding capacity of this polymer-
modified SPE using electrostatic adsorption. Both colorimetric and electrochemical
techmques were employed to establish optimum working concentrations of bound
protein to determine absolute mass of protein binding to the surface of the polymer,
and a theory 1s put forward to connect the physical structure of the electrode with the
optimum experimental characteristics

The properties of nanoparticulate conductmg polyaniline are examined 1n
Chapter 4 as an alternative to the monomer solution previously used for deposition of
polyaniline (Chapter 2). Biosensor fabrication processes by means of
electrodeposition and drop-coating were explored, and their application in an enzyme
biosensor Long-term objectives of this work would be to develop a mass-producible

sensor 1n a single fabrication step.
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Chapter 5 describes another electrocatalytic sensing platform using a
novel spontaneously adsorbed cyclopentadienylmckel(I) thiolato Schiff base
compound on gold The electrochemistry of this layer was explored, and the redox
active layer was successfully applied as a novel electron transfer mediator n
biosensmg. The redox active layer was shown to effectively mediate the reaction of
surface-bound HRP with substrate hydrogen peroxide, demonstrating another feasible
sensor fabrication strategy.

Chapter 6 reports on research 1nto chemical sensors involving
cyclopentadienylnickel thiolate complexes as sensing materials for sulphur dioxide.
These redox active complexes form electrochemically stable SO, adducts A shift in
formal potential upon the formation of this SO, adduct shows that the compounds are
suitable for application as orgamic phase amperometric SO, sensor materals.
Electrochemical, UV-Vis and 'H NMR spectroscopic analyses show that the
formation of SO, adducts causes the perturbation of the electronic density of the
nickel metal centre, indicated by the shifts in the formal potentials of the redox couple
that is dependent on SO; concentration.

Modifications of surfaces of electrodes in this research provides new and
interesting properties in order for creation of new technological possibilities for both
biochemical and chemical sensors in the future Recommendations for future work

ansing from this thesis are given in Chapter 7
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Chapter 2

Characterisation and Optimisation of Screen-Printed
Carbon Paste Electrodes and their Modification with

Polyaniline



2.1 INTRODUCTION

Conducting polymer-modified electrodes have attracted much interest in
recent times for application in molecular electrorucs for drodes, field-effect transistors
and sensors The considerable flexibility of conductmg polymers m their chemical
structures and their reversible redox characteristics make them attractive matenals for
sensing, in particular biosensing (Sharma et al., 2003). They can act as excellent
matenials for immobilisation of biomolecules and have rapid electron transfer
properties for the fabrication of efficient biosensors

Modification of electrodes such as carbon with conducting polymer is
generally straightforward, and most commonly done by electrochemical synthesis.
Traditionally, electrode modification experiments have used pyrolytic graphite and
glassy carbon; surfaces that can be regenerated easily. Today, the sensing field
demands further development of carbon as a cheap electrode platform for disposable,
reproducible sensors, obviating the need for regeneration. Screen-printing of carbon
pastes meets these criteria It holds many advantages over the other forms of carbon
for electrode mass production in sensing applications

The aim of this work was to prepare and characterise screen-printed
carbon electrodes and to examine their behaviour when modified with the conducting
polymer, polyaniline/polyvinylsulphonate (PANI/PVS), for application in a biosensor
format The electroactivity of both commercial electrodes and electrodes fabricated
in-house from various commercial inks were examined in order to find the electrode
most suited to amperometric sensor work The nature of the PANI/PVS film and 1ts
relationship with the electrode was then examined using electrochemical and physical
techniques, to further elucidate the behaviour of the polymer as a non-diffusional
mediator

A brief introduction into the theory behind screen printed electrodes and
the conductmg polymer, polyamline is given in the following section. The general
areas are introduced and discussed m relation to previous work carried out by this,

and other groups

32



2.1.1 The screen-printed electrode

Research on carbon electrodes and theirr modifications for analytical
purposes has undergone much activity in recent years (Huang et al., 1993, Garjontye
& Malinauskas, 1998, Gorton & Dominguez, 2002, Lu, 2004, Jin ef al, 2004).
Carbon electrodes can be obtained 1n a huge vanety of forms. pyrolytic graphite,
highly oriented pyrolytic graphite (HOPG), glassy carbon, powders, fibre, paste, and
most recently, nanotubes and diamonds. There is a huge variation in the properties of
these carbons as a result of differences in carbon crystalline size, orientation and
extent of cross-linking between trigonally bonded regions. However, all these
materials have a high chemical inertness and provide a wide range of anodic working
potentials with low electrical resistivity. They also have a very pure crystalline
structure that provides low residual currents and a high signal to noise ratio (Zhang et
al., 2000), making them 1deal for electroanalytical applications. Carbon electrodes in
general, are attractive for sensing applications. Specifically, screen-printing of carbon
ks for the fabrication of electrodes has realised commercial success 1n the glucose
sensing field (Hart ef al., 1997) Developed for the printing industry, this thick-film
technology has been adapted for the electronics industry and biosensor research.
Screen-printed electrodes have low unit costs and are capable of undergoing mass
production, while still maintaining adequate levels of reproducibility. They also have
the advantages of miniaturisation and versatility. A schematic of the screen-printing
process is shown in Figure 2 1.

A wide range of substrates and inks are used to produce these electrodes
Substrates may be flexible plastics such as polyethylene terephthalate (PET),
polyvinyl chlonde (PVC), or ceramic-based matenals such as aluminium oxide or
glass Carbon and metal inks are commonly used for printing working electrodes, and
silver-based nk 1s usually used for obtaining reference and auxiliary electrodes and
for forming conductive paths Insulating inks are often used in the fabrication of
electrode strips for defiming electrode areas, insulation and separating conductive

components
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Substrate

Table

Vacuum

Figure 2.1. The screen printing process. The screen itself is composed of a mesh of
silk, synthetic or steel threads woven together, stretched tightly and mounted on a
frame. The pores of the mesh are blocked in non-image areas and left open where the
image is to be transferred. This is called a stencil. A rubber or metal squeegee is used
to pass ink at a fixed speed and pressure over the screen, thereby transferring the

image onto a substrate held in place underneath it by a vacuum.

Carbon ink used for the working electrode must contain a binder, solvent
and graphite particles. What is still of some concern with screen printing, is the level
of reproducibility in electrode production. This is mainly due to the nature of the
carbon inks, the composition of which are proprietary and the lack of control of the
microscopic structure of individual electrodes. Grennan et al. (2001) presented the
effects of the curing temperature on the physical and electrochemical characteristics
of the carbon paste. Improved sensor performance and decreased variability was
demonstrated at elevated curing temperatures and this was associated with
morphological changes to the carbon electrode surface. Wang et al. (1998) compared
the electrochemical behaviour and electroanalytical performance of thick film carbon
sensors on ceramic substrates fabricated from four different commercially available
carbon inks. It was found that C10903D 14 (supplied by Gwent Electronic Materials)
was optimal for amperometric sensing. This ink possessed an attractive
electrochemical reactivity but was found to have high residual currents. This would
render it most suited to amperometric work as this method is not dependent on
background contributions. It would be less suited, however, to voltammetric or

stripping voltammetry work.
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Killard ef al. (1999) developed a carbon screen-printed working electrode
comprising a silver conducting track, a carbon working electrode and an insulation
layer This electrode was used in conjunction with external reference and auxihary
electrodes Cui et al. (2001) characterised a screen-printed strip comprising working,
reference and auxiliary electrodes Silver acted as the conducting path Erlenkotter er
al (2000) used a similar format with on-board reference and auxiliary electrodes
However, the difference was that carbon acted as the conducing path for the working
and auxilhary electrodes, and a platinum mnk was printed to act as the working
electrode. It 1s not just the interfacial region between solution and electrode that is
important in determiming the electrode’s characteristics, but also the rest of the
electrode, includmg the properties of the conducting path Carbon ks may have
higher resistivities than other types of conducting inks and so may not be suitable as a
conductive layer. Both strips described potentially have different charge transfer
properties due to their very different compositions, and although both strips were
successful for their respective applications, they may not necessarily be suited to other
applications. It is important when designing any type of screen-printed electrode that

the charge transfer properties are suited to the end-use application.

2.1.2 Polyaniline and its use as a non-diffusional type mediator

Modifications of solid electrodes with conducting polymers is creating
new technological possibilities 1n the development of chemical and biochemical
sensors During the last two decades, polyaniline (PANI) has been studied
extensively, a polymer that possesses nteresting electrical, electrochemical and
optical properties (Chiang & MacDiarmud, 1986; Cao ef al, 1989) Modification of
electrodes such as carbon with PANI 1s generally straightforward, and most
commonly done by electrochemical synthesis The polymer can acts as a non-
diffusional mediating species in enzyme biosensors, coupling electrons directly from
the enzyme active site to the electrode. It can also be used as an effective substrate for
immobilisation of biomolecules In this format, 1t allows direct electrical
communication between the biomolecule and the electrode surface

PANI films are usually grown on electrode surfaces potentiodynamically
or potentiostatically. The generally accepted mechanism for the electropolymerisation

of aniline (Zott ef al., 1988) 1s presented 1n Figure 2 2. Formation of the radical
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cation of anline by oxidation on the electrode surface (step 1) 1s considered to be the
rate-determining step This 1s followed by coupling of radicals, mainly (N- and para-
forms), and elimination of two protons The dimer (oligomer) formed then undergoes
oxidation on the electrode surface along with aniline The radical cation of the
ohgomer couples with an amiline radical cation, resulting in propagation of the chain.
The formed polymer is doped by the acid (HA) present m solution (step 4).

Electrochemical polymerisation 1s routinely carried out in an acidic
aqueous solution of aniline as a low pH 1s required to solubilise the monomer. It may
be electrochemically grown on electrode surfaces using potentiostatic or
potentiodynamic techmques, although the latter result 1n more homogeneous films
(Iwuoha et al , 1997).

Figure 2 3 shows the cyclic voltammogram for the first cycle at a glassy
carbon electrode in monomer solution. During this cycle, an mcrease in the anodic
current 1s observed at about 0.8 V. This initial increase of current corresponds to the
formation of the aniline radical cation (Figure 2 2, Step 1). These radicals couple to
form dimers and eventually the mnsoluble conducting polymer precipitates onto the
electrode surface. The current peaks at about 0 95 V, and the current decreases until
the direction of the sweep 1s reversed at 1.2 V. On the return scan, the current
continues to grow as a loop. This 1s characteristic of nucleation and growth
phenomena as the current 1s larger on the return scan. The nucleation loop 1s due to
the fact that the surface area of the electrode 1s increasing due to the electrochemical
polymensation of a high surface area polymer onto the glassy carbon surface (Naudin
et al., 1998)
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Figure 2.2. Electropolymensation of amiline (Wallace et al , 2003)
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The addition of polyelectrolytes, such as polyvinylsulphonate (PVS), to
the monomer solution for electropolymerisation can result 1n the incorporation of
these larger molecules as dopants. This helps maintain electrical neutrahity in the
oxidised form of the polymer as well as leading to increases in structural stability and
conductivity (Iwuoha et al., 1997). A typical cyclic voltammogram for the
electropolymerisation process of aniline from acidic media in the presence of PVS 1s
shown in Figure 2 4. The oxidation peaks were assigned to the oxidation of
leucoemeraldine (LM) to 1ts radical cation, (LM™) (a), and LM™ to emeraldine (EM)
(b). The reduction peaks were assigned to the reduction of EM to its emeraldine
radical cation (EM™) (c) and EM™ to LM (d).

Electroactive PANI/PVS has been used as the mediator 1n a reagentless
peroxide biosensor and operates at a pH of 6 8 (Killard ef al , 1999). There has been
previous research showing that polyamlme films are only efficient conductors under
acidic conditions (Casella & Guascito 1997). However, Pekmez et al. (1994) have
explamned that reduced LM and the oxidised EM species exist 1n basic and neutral
solutions, albeit with reduced conductivity Partial reduction of oxidised PANI films
occur when the electrode 1s held at negative potentials and the polymer 1s thus a
mixture of reduced and oxidised species, and their radical cations protonated to
varying degrees, depending on the reaction medium. Thus, 1t is possible to use
PANLI/PVS in its reduced form as the electron transfer mediator 1n neutral buffer
solutions. For all steady state amperometric experiments, the oxidised
PANVPVS/protein electrode was polarised at a potential of -100 mV vs. Ag/AgCl
which allows for the presence of the reduced polyleucoemeraldine species.

Killard et al. (1999) have described a biosensor format where
polyvinylsulphonate-doped amiline was electropolymerised onto the surface of a
screen-printed carbon paste electrode. Biomolecules were then doped onto the surface
of the polymer by electrostatic interactions with the polymer backbone. This effective
biosensor format has examined the amperometric behaviour of immobilised
horseradish peroxidase (Iwuoha et al , 1997), and has since been extended to develop
rapid, single-step separation-free immunosensors for real-time monitoring (Killard et
al., 1999 and 2001) and incorporating multi-calibrant measurement (Grennan ef af ,
2003).
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Figure 2.3. Cyclic voltammogram for the first cycle at a glassy carbon electrode in an

acidic aniline solution at a scan rate of 100 mV s'l
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Figure 2.4. Electrosynthesis of the PANI/PVS film in HC1 (1 mol dm ’) on an
electrode surface. Successive polymerisation cycles are shown which correspond to
increases in thickness of the film during deposition. The oxidation peaks were
assigned to the oxidation of (a) LM to LM’\ and (b) LM* to EM. The reduction
peaks were assigned to the reduction of (¢) EM to its EM*" and (d) EM** to LM.

39



2.2 MATERIALS AND METHODS

221 Materials

Aniline was purchased from Aldrich (13,293-4), vacuum distilled and
stored frozen under mtrogen Polyvinylsulphonate (PVS, 27,842-4), potassium
hexacyanoferrate (II) (22,768-4) (potasstum ferrocyamde trihydrate) and potassium
hexacyanoferrate (III) (20,801-9) (potasstum ferricyamide) were purchased from
Aldnch Euroflash™, Ultra™, Ercon (661901) and LRH (C2010201R15) carbon paste
mks were donated by Inverness Medical Ltd Gwent (C10903D14) carbon paste ink
was donated by Gwent Electronic Matenals Ltd (Gwent, UK) Electrodag® PF-410S
and Lifescan™ silver silver chlonde conductive inks were purchased from Acheson
and donated by Inverness Medical Ltd , respectively Electrodag® 452 SS BLUE and
Ercon nsulation inks were purchased from Acheson or donated by Inverness Medical
Ltd Poly(ethylene) terephthalate (PET) substrates were purchased from HiFi
Industrial Film Ltd (Dublin, Ireland) Senwash umiversal screen wash (ZT639) was
obtained from Sericol Ltd , (Kent, UK) Horseradish peroxidase (HRP, 1,100 U/mg
P8672), anti-biotin (B3640) and peroxidase biotmamidocaproyl conjugate (P9568)
were purchased from Sigma-Aldrich (Poole, Dorset, UK) 30% (v/v) hydrogen
peroxide solution was purchased from Merck Glassy carbon and silver/silver chloride
(Ag/AgCl) electrodes were purchased from Bioanalytical Systems Ltd (Cheshire,
UK) The platinum mesh (29,809-3) was purchased from Aldrich

222 Buffers and solutions
Unless otherwise stated, all electrochemical measurements were carred
out 1n phosphate buffered saline (PBS), (0 1 mol dm™ phosphate, 0 137 mol dm>,

NaCl and 2 7 mmol dm> KCl), pH 6 8 Unless otherwise stated, all immunochemicals

were prepared in PBS
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223 Instrumentation

Screen-pnnting of n-house (non-commercial) electrodes was performed
either with a semi-automated DEK 247 or DEK 248 printing machine (Weymouth,
UK) Polyester screens with varying mesh thickness were used, and mounted at 45° to
the print stroke Blade rubber squeegees were employed, and a flood blade was
utilised on the DEK 248 All ks were cured m a conventional oven, apart from
Electrodag® 452 SS BLUE which was cured with the UV lamp cunng system from
UV Process Supply, Inc (Cortland, Chicago, IL, USA)

All electrochemical protocols were performed either on a BAS100/W
electrochemical analyser with BAS100/W software, or a CH1000 potentiostat with
CH1000 software, using either cyclic voltammetry or time-based amperometric
modes An Ag/AgCl pseudo reference electrode and a platinum mesh auxiliary
electrode were used for bulk electrochemical experiments Electrochemical batch and
flow cells were constructed according to Kallard ef @/ (1999) They were composed of
polycarbonate, and designed to house the screen-printed electrodes Both cells
mcorporated 1nternal Ag/AgCl reference and platinum wire auxiliary electrodes
(Figure 25) Cell volumes of the batch and flow cells were 2 ml and 26 pl,
respectively

Scanning electron microscopy (SEM) was performed with a Hitachi S
3000N scanning electron microscope An acceleration voltage of 20 KV was
employed Energy Dispersive X-ray analysis (EDX) was carried out with an Oxford
Instruments EDX system (Oxford Instruments Analytical Ltd, Bucks, UK) with
LINK ISIS software and an SiL1 detector
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Figure 2.5. Batch and flow cell configurations (a) The polycarbonate batch cell
comprised an upper reaction vessel and a lower base, between which was clamped the
screen-printed electrode Platinum wire auxiliary and pseudo silver/silver chlonde
wire reference electrodes were incorporated into the reaction vessel with external
connections as shown (b) The flow injection cell was composed of polycarbonate
into which had been dnlled holes for inflow and outflow Platinum and silver/silver
chloride electrodes were placed at the base of the cell to come nto close association
with the screen-printed working electrode The flow chamber was formed by the use
of a PET spacer (170 um) The screen-printed electrode was clamped into place

between the upper and lower sections as shown (Adapted from Killard er al, 1999)

42



2.24 Screen-printed electrode configuration and fabrication

Six electrode types were fabricated for this study Two were manufactured
commercially (Euroflash™ and Ultra'™) and four by in-house screen-printing
(designated Ultra-inH, Ercon-inH, LRH-inH and Gwent-inH, according to the
working electrode carbon used) Their structural characteristics are summarised 1n
Table 21 and their fabrication 1s discussed m the following section The curing

conditions for all inks are summarised in Table 2 2

2241  Euroflash™ fabrication procedure

h™ electrode

Figure 2 6 depicts a schematic of the commercial Euroflas
Electrodes were screen-printed onto a pre-shrunk substrate Initially, a layer of two
Ag/AgCl tracks were deposited as part of the conductmg paths from electrodes to
contacts for the pseudo-reference and working electrodes (a) A layer of Euroflash™
carbon was deposited 1n three segments Two of which completed the conducting
paths, and the third formed the working electrode (b) No further depositions were
required for the reference electrode (a segment of the mutial Ag/AgCl layer was
defined for the pseudo-reference electrode) In the manufacturing process, a glucose
oxidase layer 1s usually deposited at this stage However, this was not carried out for

our purposes Finally, an insulation layer was deposited to eliminate cross-talk and to

define the working electrode area (8 mm?) ©)

224.2 Ultra™ fabrication procedure

Figure 27 depicts a schematic of the commercial Ultra™ electrode
Electrodes were screen-printed onto a pre-shrunk substrate (a) Imtially a layer of
three Ultra™ carbon paths were deposited as the conductmg paths from electrodes to
contacts for the two working electrodes and the pseudo-reference electrode (b)
Finally, an insulation layer was deposited to eliminate cross-talk and to define the

working electrode area (10 mm®) (c)
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2243 In-house fabrication procedure (three electrode strip)

Figure 2 8 depicts a schematic of an in-house screen-printed electrode
with onboard pseudo-reference and auxiliary electrodes (Ultra-inH, Ercon-inH and
LRH-inH) Electrodes were screen-printed onto a pre-shrunk PET substrate Imtially,
a layer of three Ag/AgCl tracks were deposited as the conducting paths from
electrodes to contacts for the pseudo-reference, auxihary and working electrodes (a)
A layer of carbon was deposited as the working electrode (b) The Ag/AgCl acted as
both reference and auxiliary electrodes Finally, an insulation layer was deposited to

eliminate cross-talk and to define the working electrode area (9 mm?) (c)
2.2.4.4  In-house fabrication procedure (one electrode strip)

Figure 2 9 depicts a schematic of an in-house screen-printed working
electrode (Gwent-inH) Electrodes were screen-printed onto a pre-shrunk PET
substrate Initially, a layer of silver was deposited as the conducting path from the
working electrode to contact (a) A layer of Gwent carbon was deposited as the
working electrode (b) Finally, an nsulation layer (c) was deposited to eliminate

cross-talk and to define the working electrode area (9 mm?)
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Plastic substrate Carbon tracks ~ Waorking electrode layer
\ Silver tracks

@ (b) ©
Figure 2.6. Components of the EuroflashiM electrode strip: (a) Substrate with
Ag/AgClI conducting path, (b) carbon print on top of (a), and (c) insulation layer
printed on top of (b). (Working electrode area: 8mm2)

Auxiliary electrode

Worthing electrode (2)

Plastic substrate Carbon tracks ~ Workihg electrode (1)

linsulation laver

— I
(@) 0 ©
Figure 2.7. Components of the Ultra'Nelectrode strip: (a) Substrate, (b) carbon tracks

on lop of (a) and (c) insulation layer on top of (b). (Working electrodc (1) was utilised

for all work described, working area: 10 mm2).
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Reference electrode

(@) (b) ©
Figure 2.8. Components of the in-house screen-printed electrode: (a) Substrate with

Ag/AgCI conducting path, (b) carbon print on top of (a), and (c) insulation layer
printed on top of (b). (Working electrode area: 9mm?2)

Plastic substrate Working electrode

(a) (b) (©
Figure 2.9. Components of the in-house screen-printed electrode: (a) Substrate with

Ag/AgCl conducting path, (b) carbon print on top of (a), and (c) insulation layer
printed on top of (b). (Working electrode area: 7.07 mm2)
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Table 2.1. Summary of the composition of all electrodes used

Electrode Fabrication Conducting e’:/eocrtfg:li Z;c;’;;':ige Insulation Name
type method layer layer area layer
Euroflash™ Section | Lifescan silver | Euroflash ™ 8mm* Ercon | Euroflash
2241 & carbon ™
Euroflash™
carbon
Ultra™ Section | Ultra™ carbon |  Ultra™ 10 mm? " Ultra™
2242 carbon
Ultra n- Section | Lifescansilver | Ultra™ 9mm’ " Ultra-inH
house 2243 carbon
Ercon in- Section Lifescan silver Ercon " " Ercon-
house 2243 661901 mH
LRH mn- Section Lifescan silver LRH " " LRH-mmH
house 2243 C2010201R
15
Gwent n- Section Acheson silver Gwent 707mm’® | Electrodag | Gwent-
house 2244 C10903D14 ® 452 SS inH
Blue

Table 2 2 Curing conditions for all screen-printing 1nks used

Ink type

Curing conditions

Lifescan silver ink

Electrodag ® PF-410 silver ink

Carbon ks donated by
Inverness Medical Ltd
Euroflash™
Ultra™
Ercon 661901
LRH C2010201R15
Carbon Paste No C10903D14
(Gwent Electronic Matenals Ltd)

Ercon msulation ink

Electrodag® 452 SS BLUE
msulation ink

Conventional oven @ 70°C for 6
minutes

Conventional oven @ 120°C for 5
minutes

Conventional oven @ 70°C for 13
mmutes

Conventional oven @ 150°C for
15 mmutes

Conventional oven @ 700C for 15
minutes

UV curing 6 rpm, 762 W cm ', 2
cycles
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2.25 Electrode pre-treatment procedure

Glassy carbon electrodes were cleaned by successive polishing on aqueous
slurries of 1 um, 03 pm and 005 pum alumina powder, followed by ultrasomc
cleaning in Milhi-Q water for ten minutes The electrodes were then placed in a
solution of 0 2 mol dm™ H,SO4 A single voltammetric cycle was carried out between
~1200 mV and +1500 mV at 100 mV s’ vs Ag/AgCl The same voltammetric

procedure was employed for cleaning the screen-printed electrodes
226 Cyclic voltammetry

Glassy carbon or screen-printed electrodes were cycled in equimolar
amounts of potassium ferrocyanide and potassium ferricyamde (1 x 107 mol dm 3)

usmg 1 mol dm’

KCl as supporting electrolyte, unless otherwise stated
Voltammograms were obtained using scan rates ranging from 10 to 100 mV s !and at

a sensitivity of 1 x 10° A V ' vs Ag/AgCl under diffusion limited conditions
227 Determination of heterogeneous electron transfer rate constants

Heterogeneous electron transfer rate constants (ko) were calculated using

the method of Nicholson (1965) according to Equation 2 1

1 o

~(D.\2
kK9=a|D nv(—rf—) 21 _R FEquation 2 1
0" ART D

0

where @ refers to a kinetic parameter, Dy 1s the diffusion coefficient for the
ferricyamde (7 6 x 10 cm® s "), Dy 1s the diffusion coefficient for the ferrocyamde
(63 x 10 6 em?s™) (von Stackelberg ef al, 1953) and « 1s the transfer coefficient
(0 5), R 1s the umversal gas constant (8 314 J K mol™), T 1s the absolute temperature
(K), n 1s the number of electrons transferred and F 1s Faraday’s constant (96,485 C)
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228 Polymerisation of aniline on the electrode surface

A solution of 186 pl aniline, 7 8 ml 1 mol dm™ HCI, and 2 ml PVS, was
degassed for 10 mm Anline was polymerised from this solution, onto the surface of
the working electrode using cyclic voltammetry A platinum mesh auxihary and a
Ag/AgCl reference electrode were used The potential was cycled between —500 and
+1100 mV at 100 mV 5™, for the required number of scans, or until the current
associated with the LM™ radical cation (see peak (a) in Figure 2 4) reached the

required current height
2.2.9 Immobilisation of protein

Following polymensation of anmiline, the electrode was transferred to a 2
ml batch cell The surface of the polymer was reduced in 2 ml of PBS (degassed for
10 min under nitrogen or argon) at —500 mV vs Ag/AgCl, sample interval of 500 ms,
over 1500 s at a sensitivity of 1 x 10* A V"' Protemn was prepared 1in PBS pnor to
use Very quickly after reduction was complete, PBS buffer was removed from the
cell and quickly replaced with the protein solution, not under stirnng or degassing
Oxidation was then performed immediately at +700 mV vs Ag/AgCl for 1500 s
During this oxidation, the protemn becomes electrostatically attached to the polymer
surface The protem solution was carefully recovered from the cell and re-stored for

later use

2210 Real-time monitoring of immunoaffinity interactions in the flow cell

After the immobilisation of antibody (Section 2 2 9), the electrode was
housed 1n the flow cell according to Section 223 Amperometric experiments were
performed at —100 mV vs Ag/AgCl wire electrode, with a sample nterval of 100 ms
and a sensitivity of 1 x 10* A V! PBS was passed over the surface of the electrode at
a flow rate of 10 ul sec” When a steady state was reached, HRP-labelled biotin (15
ug ml™) and H,0; (1 mmol dm™) were passed over the surface of the electrode and

the amperometric response monitored
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2.3 RESULTS AND DISCUSSION

23.1 Electrochemical analysis of screen-printed electrodes fabricated from

different inks

Screen-printing technology 1s widely used for the mass-production of
disposable electrochemical sensors The practical utility of screen-printed electrodes
has been exploited, despite the fact that little 1s known about the nature of the
electrode reactions (Wang ef al , 1996) Given the complexity of carbon electrodes n
general, and differences 1n the composition of commercial carbon inks, the question
anses as to how such differences and complexity affect their electrochemical
reactivity The aim of this work was to compare the electroactivity of both
commercial electrodes and electrodes fabricated in-house from various commercial
ks, 1n order to find the electrode most suited to amperometric sensor work Methods
of analysis include cyclic voltammetry, amperometry and linear sweep voltammetry

Two commercially manufactured screen-printed working electrodes (WE)
were examined, Euroflash™ and One Touch Ultra™ (Figures 26 & 27) These
electrodes are manufactured by Inverness Medical Ltd, for glucose testing The WE of
the Euroflash™ strip 1s composed of a silver and carbon conducting path, a carbon
working electrode and an msulation layer to define the electrode area The Ultra™
WE electrode, contains only carbon and insulation layers It depends on only carbon
to act as the conductor and the electrode The advantage of using less silver, or none
at all, 1s to allow for reduced cost manufacturing A glucose oxidase layer 1s normally
printed on top of the carbon layers of each of the electrodes, which allows for glucose
measurements 1 blood The electrodes analysed for these purposes were withdrawn
from the manufacturing process after the carbon prnint Electrochemical analyses were
mitially carried out on the commercial electrodes However, subsequently an in-house
artwork was designed as a result of finding that the commercial electrodes suffered
from severe charge transfer problems and were not suitable to this amperometric
sensor work This 1n-house electrode design (Figure 2 8) did not encounter charge
transfer difficulties as the conducting tracks were composed solely of silver It was
used for the analysis of Ultra™, Ercon and LRH inks and these electrodes are referred

to 1n this section as Ulira-inH, Ercon-inH and LRH-1nH, respectively Summaries of
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all inks used for fabrication and their respective curing conditions are given 1n 7ables

21&22
23.11  Voltammetne performance of screen-printed electrodes

The ferri/ferrocyamide redox couple was the redox system used for
comparing the voltammetric behaviour of screen-printed electrodes Figure 2 10
displays the cyclic voltammograms of the redox couple at a glassy carbon electrode

h™ and

for comparison purposes, the commercial carbon strip electrodes (Euroflas
Ultra™) and the commercial inks printed mn-house (Ercon-inH, LRH-nH, and Ultra-
inH) The mean peak separations and anodic (j,a) and cathodic (jp¢) peak current
densities are also 1illustrated in Figure 211 (n=3) The commercial electrodes,
Euroflash™ and Ultra™, yielded very poor reversibility with AE, values of 471 (=
56) mV and 416 (+ 37) mV, respectively and jp,, values of —12 313 (= 2 025) pA cm”
and —15 107 (= 2 638) pA cm?, respectively This behaviour was attributed to the
poor bulk charge transfer of the electrodes The conducting paths (composed of
segments of siver and carbon for Euroflash™ and fully carbon for Ultra™
electrodes) from WEs to contacts had resistive properties that may have become a
sigmficant hmiting factor 1n bulk charge transfer It resulted in the poor reversibility
of the redox couple and low j,, values This imtial work motivated the in-house
electrode artwork to be designed where the conducting tracks were composed solely
of silver Each in-house thick-film carbon electrode exhibited different electron-
transfer reactivities towards Fe?*/Fe®*, with the Ultra-inH electrode yielding the most
reversible behaviour For example, the redox couple gave a AE, value of 264 (+ 7)
mV for Ultra-inH, as compared to 314 (£ 25) mV and 562 (+ 52) mV for Ercon-inH
and LRH-nH, respectively The Ultra-inH also offered the highest j, values and
lowest overvoltage of all the in-house electrodes (1¢, anodic peak potentials for
ferrocyanide of 392 mV, compared to 452, 460, 410 and 439 mV for Ultra™,
Euroflash™, Ercon-mH and LRH-1nH, respectively) Of all the electrodes examined,
the Ultra-inH electrode exhibited the best behaviour towards the redox couple It was
observed immediately that the commercial electrodes, manufactured by Inverness
Medical Ltd , were not suited to present purposes because of high resistive properties

The m-house design had more optimal bulk charge transfer properties, and n

51



conjunction with the Ultra™ commercial ik as the WE, behaved as the best screen-
printed electrode This work demonstrates the importance of optimusing both the
conducting path and the carbon of the WE when desigming a new screen-printed
electrode Both parameters have profound effects on the behaviour of the electrode
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Figure 2.10. Cyclic voltammograms for different electrodes m 1 x 107 mol dm™
ferr/ferrocyamde (a) Glassy carbon, (b) Euroflash™, (c) Ultra™, (d) Ultra-inH, (e)
Ercon-inH and (f) LRH-inH The commercial electrodes ((b), (c)) showed very poor
reversibility Using the in-house design, ((d), (e), (f)), reversibility improved, with the
Ultra-inH exhibiting the best behaviour
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Figure 2.11. (a) Cyclic voltammetric peak separations (AHP) and (b) anodic and
cathodic peak current densities (jp) for 1 x 10" mol dm'3 ferri/ferrocyanide for each of

the screen-printed electrodes (n=3).

Table 2.3. Kinetic parameter constants (O) for varying AEPvalues.

AEP (mV) 0 AEp (mV) 0
61 20 92 0.75
63 7 105 0.5
64 6 121 0.35
65 5 141 0.25
66 4 212 0.1
68 3 250 0.065
72 2 300 0.036
84 1 350 0.019
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In order to measure both the bulk resistance of the electrodes and the
interfacial charge transfer, apparent heterogencous electron transfer rate constants
(k) were calculated for each of the electrodes using the method of Nicholson (1965)
This apparent rate constant should reflect both of these characteristics Working
curves relating AE, values to kinetic parameters (@) are shown in Table 2 3 ® values
for the electrode systems were calculated with the aid of a solver program that
generated the sixth polynomial plot of AE, vs log (®)

All k° values are given 1n Table 24 Recalling that for all the screen-
printed electrodes the AE, values were considerably greater than the 59 mV value
expected for Nernstian one-electron reactions, k” values are then also mevitably low
compared to glassy carbon Commercial electrodes (EuroﬂashTM and Ultra™)
extbited k° values 2000-fold and 1,250-fold lower than that obtaned for glassy
carbon, respectively The LRH-inH electrode proved the poorest with regard to K,
being 3,500-fold lower than glassy carbon Ercon-inH and Ultra-inH both had the best
k" values of the screen-printed electrodes, yielding k° values only 300-fold and 200-
fold lower than glassy carbon, respectively Thus, Ultra-imH exhibited the best k°
value, even 1f this was still two orders of magnitude lower than glassy carbon Such
decreases 1n the electron-transfer rJeactmty may be consistent with the composition of
the 1k, being composed only partly of conductive carbon particles Attempts were
made to fit the cyclic voltammetric data using CHI1000 software Thus fitting package
uses the Butler-Volmer model and did not adequately fit this data (data not shown)
This may be due to the capacitance present n the CVs, or 1t may be that the data tends
towards the Marcus model, where the kinetics are affected by such factors as the
nature and structure of the reacting species, the solvent, the electrode material and
adsorbed layers on the electrode surface (Bard & Faulkner, 2001)

In view of the proprietary composition of all the inks, 1t 1s difficult to
explain why the Ultra-inH electrode displayed the most favourable redox behaviour
Observed changes in redox behaviour may be dictated by varying graphite content
(good redox behaviour suggests a high graphite loading), the nature of the graphite
particles, and the presence or absence of an adherent (inhibitory) organic layer An
attempt to elucidate the physical properties of the inks 1s given n Section 2 3 2

Although Ultra-inH was shown to have the best behaviour of all the

screen-printed electrodes to ferri/ferrocyamde, 1ts behaviour was still far from 1deal
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Attempts to improve 1ts behaviour (by electrochemcal pre-treatment and optimisation

of curing conditions) were carried out and these are outlined m Section 2 3 3

Table 2.4. Table of heterogeneous electron transfer rate constants (k°) for glassy
carbon and each of the screen-printed electrodes
Electrode K (cms”)
Glassy Carbon | 59 x 10~
Euroflash™ | 28 x 107
Ultra™ 47 %107
Ercon-inH 17x10*
LRH-inH 17x10°
Ultra-inH 31x10"

2312  Performance of screen-printed electrodes in a biosensor format

The electrochemical performance of the screen-printed electrodes was
investigated by incorporating them 1nto the batch cell set-up shown n Figure 2 5(a)
PANI/PVS was deposited on the surface of the electrode and the potential was cycled
until the current associated with the LM ™ peak reached an anodic value of approx
2 8 mA (peak (a), Figure 2 4) No protemn was immobilised onto the surface of the
polymer Ultra-inH, Ercon-inH and LRH-1nH electrodes were subjected to successive
additions of 0 5 mmol dm™ added freshly hydrogen peroxide to a solution of 2 mg
ml" horseradish peroxidase and the amperometric response was monitored at —100
mV All three sensors responded to the changes in peroxide concentration (Figure
2 12) Simular response times and noise levels were observed (data not shown) Ultra-
inH offered the hghest sensitivity (4 pA (mmol dm?)" peroxide), with Ercon-inH
exhibiting a slightly lower sensitivity (3 2 pA (mmol dm?y! peroxide) LRH-inH
showed the poorest sensttivity (1 8 pA (mmol dm™)" peroxide) This correlates with
the voltammetnic behaviour seen 1n Section 2 3 1 1 Ultra-inH exhibited the highest

sensttivity n terms of j, values while LRH-1nH exhibited the lowest values
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Figure 2.12. Amperomelric sensor responses for successive additions of 0.5 mmol

dm'3 H202 to a solution containing 2 mg mI'L HRP. Electrodes used were (a) Ultra-

inH, (b) Ercon-inH and (c) LRH-inH. Electrodes were held at -100 mV vs. Ag/AgCI

wire electrode.

Amperometric experiments could not be carried out on either of the
commercial electrodes as the charge transfer properties of the electrodes hindered
deposition of adequate polymer. For example, the in-house strips required seven
cycles to immobilise polymer to the required thickness (LM peak height 2.8 mA, peak
(a) in Figure 2.4), whereas the commercial electrodes needed twenty cycles in order
to reach only one fifth the required thickness (LM peak height 0.56 mA. peak (a) in

Figure 2.4). The experiments on these strips were abandoned at this point.

2.3.1.3 Linear sweep voltammetric performance of screen-printed electrodes

ITie background current of thick-film carbon electrodes is strongly
alTectcd by the carbon ink employed (Wang et al.. 1998). Figure 2.13 compares the
background voltammograms for the different carbon electrodes in degassed phosphate
buffer (pH 6.8). Several electrodes of each type were analysed and Figure 2.13 shows

data representative of all analyses.
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Figure. 2.13. Linear sweep voltammograms in degassed PBS buffer (pH 6 8)
Electrodes used were (a) Ultra-inH (green) (b) Ercon-inH (red) and (¢) LRH-inH
(blue)

LRH-1nH exhibited the widest potential window particularly with respect
to the cathodic potential limit (1e high hydrogen overvoltage) Its potential window
had a range of +1150 to -300 mV, where the non-faradaic current remained constant
( 52 pA) 1 this electrolyte solution The background current of Ercon-inH was
narrow and poor, exhibiting a lot of interference Ultra-inH also had a narrow
potential window (+1097 to +60 mV) but was not affected by major interferences
The non-faradaic current was of the same magnitude as for LRH-inH The anodic
potential limits (1 e oxygen overvoltage) were approximately the same for each of the
ks

Carbon ink possessing a narrow potential 1s not necessarily a negative
property for amperometric sensing It should be noted that an electrode of choice for
fixed potential amperometric biosensors need not necessarily have the widest
potential window as amperometric measurements are less affected by differences in
the background contributions, as they are usually performed after the decay of
transtent currents to steady state values (Wang er a/, 1998) However, the non-

faradaic background current measured in linear sweep voltammetry, could potentially
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have an effect on the sensitivity of the electrode The background current can iimit the
lowest current that can be measured, and so could affect the detection limits of an

assay
2.3.2 Physical Characterisation of the screen-printed electrodes

Ultra-inH, Ercon-inH and LRH-inH were compared in terms of their
physical properties Due to the proprietary nature of the inks, very little information
was known about their physical characteristics SEM (Scanmng Electron Microscope)
was employed in order to compare the morphology of each of the electrodes, and
Energy Dispersive X-ray (EDX) analysis was used to elucidate if there were
differences 1n the carbon contents of each of the inks Constant-height Scanning
Electrochemical Microscopy (SECM), an electrochemical imaging techmque, was
also carried out 1n order to ascertain a visual image of spatially-confined variations 1n
the chemical reactivity of the screen-printed carbon paste surface However, this
technique has certain hmitations on heterogeneous surfaces with vanations in both
conductivity and topography since current changes associated with distance variations
cannot be distinguished from ones due to alterations in conductivity In order to
circumvent these problems, instrumentation such as a constant-distance SECM or an

SECM-AFM (Atomic Force Microscopy) would be required
2321 Scanning electron microscopy (SEM)

Figure 2 14 depicts SEM 1mmages of (a) Ultra™ (b) Ercon™ and (c)
LRH™ 1nks cured at 70°C for 13 munutes Each of the inks have varying degrees of
surface roughness While the LRH™ ink has the smoothest structure of all the nks,
the Ultra ink shows the roughest, most defined topography This result demonstrates
that Ultra~-inH has the highest surface area of all electrodes This 1s 1n agreement with
the results from Sections 2311 & 2 3 1 2, where 1t was shown that the Ultra-inH
electrode exhibited the highest sensitivity, attributed to the increased surface area and

hence, electrocatalytic sites
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Figure 2 14 Typical scanning electron micrographs of the (a) Ultra ink (b) LRH 1k
and (c) Ercon mnk, each cured at 70°C for 13 munutes (2,000 X magnification)

2.32.2  Energy dispersive x-ray (EDX) analysis

EDX analysis of the carbons has shown that chlorine, oxygen and carbon
are present 1n each of the ink formulations (Figure 2 15) The chlorine 1s present as a
constituent of the binder or solvent, the presence of oxygen 1s due to any hydrophobic
contamination and the major constituent of each of the inks is carbon (90% approx )
There was no discernible difference between the carbon content of each of the inks
using EDX analysis 1llustrating that the severe electrochemical differences observed

between the different electrodes 1s not due to vanations in carbon compositions
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Figure 2.15. Percentage elemental compositions of the major constituents of the
carbon inks (a) Ultra, (b) Ercon and (c) LRH. Chlorine, oxygen and carbon content

are approximately the same for each of the three inks.

2.3.3 Optimisation of Ultra-inH

Although Ultra-inH did exhibit the bestelectrochemical and physical
properties of all electrodes, for the purpose of designing anelectrode suited towards
amperometric sensing, there were major concerns that the Ultra™ ink for the WE was
still not ideal. This was highlighted in the cyclic voltammetric study of ferrocyanide
(Section 2.3.1.1). Attempts to decrease the AEP values were done by varying the
curing temperature and length of curing time of the carbon ink, and also the effect of

electrochemical pre-treatment was studied.

23.3.1 Curing parameters

Due to the composition of carbon inks, the parameters of curing can have a
profound effect on their performance (Grennan et al., 2001). AEp values and ipvalues

for the ferri/ferrocyanide redox couple were monitored over a range of curing



temperatures and 1t was found that above a temperature of 70°C, AE,, values mcreased
greatly and the 1,  decreased (Figure 2 16)

Carbon 1nks may be composed of three basic constituents graphite, vinyl
or epoxy-based polymeric binders and solvent to enhance the ink’s affintty for the
substrate 1 terms of adhesion, and to improve viscosity for the screen-printing
process It has been suggested that increases 1n curing temperature may result n
evaporation of the solvent and decomposition of the polymenc binder to give a
greater defimition of the graphite or carbon particles This would mean that the
increases 1 temperature should result in an increase m the microparticulate nature of
the carbon and greater defimition of the graphite particle surface area (Grennan ef al ,
2001) According to this theory, electron transfer rates should increase as the graphite
particle surface area becomes increasingly defined (1 € with increasing temperature)
This behaviour was not observed for the Ultra ink Increases in temperature above
70°C resulted m reduced reaction kinetics This demonstrates that the individual
nature of the ink and its unknown constituents can have a profound effect on 1ts
characteristics The Ultra mnk seemed to maimntain a very defined mucroparticulate
character (Figure 2 14a), which was quite different from the Gwent electrode
(Grennan ef al , 2001) This difference 1in behaviour could be attributed to different
solvents with different evaporation rates, different graphite particles or binders or
other additives, and their relative concentrations/solubilities etc If the viscosity of
inks differ, the film thickness after a single print will most likely also differ and may
cause a difference m the electrochemical and physical characteristics Below 70°C,
AE, values were relatively constant There were no resistive effects observed that one
might expect if there was excess polymeric binder present at the electrode surface due
to curing at lower temperatures 1,, values peaked at 70°C, and this temperature was
chosen as optimum, as greatest sensitivity was exhibited at this curing temperature

At a curing temperature of 70°C, the effect of curing time on electrode
performances was momtored Over a range of 0-20 munutes, there did not appear to be
any significant effect on electrode performance AE, values for ferrocyamide did not
vary significantly (data not shown), suggesting that curing had very little impact on
the performance of the ink at all Even at 0 min (no curing), AE, was only marginally
higher This makes sense along with the curing temperature data in that up to about

70°C, there 1s very little gain 1n electrochemical performance Heat may serve only to
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physically dry the constituents of the ink. This may also suggest that any solvents
present are extremely volatile or extremely non-volatile and ink-drying may he
brought about by polymerisation processes rather than evaporative processes. It
certainly suggests a very different composition for this Ultra ink, as opposed to the
Gwent ink previously characterised (Grennan eta | 2001).

Inverness Medical cure all carbon inks at 70°C for 13 minutes. Since
curing temperature and time were not found to be such important factors, it was
decided not to deviate from these parameters. For all future work, these curing

parameters were used for the Ultra™ ink.

Curing Temperature (°C)
Figure 2.16. (a) Mean AEp values (n=4) and (b) mean ipa values (n=4) for 1 * 10°3

mol dm’3 ferrocyanide, for varying curing temperatures of the UltralM ink on the

Ultra-inH electrode. A curing temperature of 70°C showed optimal voltammetric

performance for AEp and ipt values.
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Figure 2.17, Typical scanning electron mucrographs for the Ultra™ ik cured at
varnious temperatures (a) 40°C, (b) 70°C and (c) 150°C for 13 minutes (2,000 X
magmfication ) The surface topography shows good defimtion of graphite particles

for all curing temperatures
2332  Electrochemical pre-treatment

Pre-treatment of working electrodes 1s a method employed by many
researchers 1n order to enhance the electrochemical activity of their screen-printed
electrodes (Gue et al , 2002, Wang ef al , 1996 and Cut ef al , 2001) It 18 generally
agreed that pre-treatment effectively removes organic binders and contamination that
occur at electrode surfaces such as carbon and gold and may bring about an increase
in the numbers of chemically reactive sites on the electrode surface Wang er al
(1996) employed an electrochemical pre-treatment method involving short pre-
anodisation (30 s to 3 min m the +1 5 to +2 0 V range) of screen-printed electrodes 1n
phosphate buffer solution (0 05 mol dm™) This pre-treatment method appeared to
increase the surface functionalities and roughness or to remove surface contanmnants

and resulted in enhanced electrochemical activity Electrochemical pre-treatment of

63



electrodes can also be carmed out by cycling the potential in acidic media Gue et a/
(2002) simply used a chemucal cleaming step with sulphunic acid and hydrogen
peroxide solution for gold microelectrodes This step was critical for sensor
sensitivity

The electrochemical pre-treatment method of Killard ef a/ (1999) has been
employed in this work (Section 2235) Cyclhing the screen-printed electrode 1n
sulphuric acid (0 2 mol dm™) 1s believed to have the effect of stnpping the surface of
the carbon electrode Any msulative materals present at the surface may be removed
The procedure may even have the effect of renewing the surface by removing the
whole outer layer of the ink To assess the effect of electrode pre-treatment on the
Ultra™ 1nk, the electrodes were subjected to varying numbers of cycles mn 0 2 mol
dm~ H,S0;, and the effect of this on electrode behaviour was examied by looking at
the Fe?'/Fe* couple and on the first polymerisation cycle of polyaniline

By electrochemically pre-treating the Ultra electrode, its behaviour
towards the ferr/ferrocyamde redox couple mmproved dramatically (Figure 2 18) AE,
values decreased by 50% Before pre-treatment, electrodes were exhubiting an average
AE, value of 222 mV (RSD =2 01%, n=9) After pre-treatment, this was reduced to
112 mV (RSD = 3 49%, n = 9) 1, current values also mcreased as a result One pre-
treatment cycle was sufficient to observe this behaviour Increasing the number of
pre-treatment cycles did not have a significant effect Apparent heterogeneous
electron transfer rate constants (ko) increased from 3 09 + 006 x 10* cm s™ (no pre-
treatment) to 3 97 + 0 14 x 10™ ¢m s (pre-treated), a ten-fold improvement

These figures suggested that the electrochemical pre-treatment of the
screen-printed electrode was of vital importance After pre-treatment, the kinetics and
charge transfer rates at the Ultra-inH electrode were enhanced greatly

Figure 2 19 shows the first polymensation cycle of amline onto the
electrode after a varying number of pre-treatment cycles The peak at -330 mV 1s due
to the reduction of silver in acidic solution The silver conducting path directly
underneath the carbon print undergoes a redox process if 1t has not been completely
covered with carbon As the number of pre-treatment cycles was increased, more
silver became available for this oxidation process, indicating that the sulphuric acid
pre-treatment step was stripping components of the carbon mk from the surface

Increasing the number of pre-treatment cycles had no effect on any other aspects of
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the polymerisation process Pre-treatment 1s a stripping procedure that appears to
enhance electroactivity, through exposure of increased amounts of electroactive
carbon

As the pre-treated Ultra-inH electrode appeared to be near comparable to

the Gwent electrode, 1t was decided to use this configuration in further work involving
polyaniline deposition

Current (uA)

06 04 0‘2 00
Potential (V)
Figure 2.18. Effect of pre-treatment of the Ultra-inH electrode on cyclic
voltammogram of ferri/ferrocyanide No pre-treatment (black), one pre-treatment
cycle (red), two pre-treatment cycles (blue), three pre-treatment cycles (green)
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Figure 2.19. First polymernisation cycle of aniline onto an Ultra-inH electrode after
varying numbers of pre-treatment cycles 0 cycles (black), 1 cycle (red), 2 cycles
(brown), 5 cycles (blue) and 10 cycles (green)

234 Behaviour of electraochemically deposuted polyaniline as a function of its

film thickness

The PANI/PVS copolymer can be potentiodynamically grown to a given
thickness on an electrode, provided that the charge transfer properties of the film do
not become limiting The thickness 1s controlled by monitoring the number of scans,
or current reached during deposition Figure 2 20 shows SEM 1mages of side profiles
of electropolymerised copolymer on an Ultra-inH electrode The images illustrate the
increasing thickness of the polymer layer on the electrode surface with increasing
number of potentiodynamic scans Up to 10 scans, the polymer layer appears to be
thin, and 1t 1s possible to differentiate between the electrode layers carbon and silver,
and the polymer Single branches of polymer formed can be seen After cycling for 20
scans, the polymer layer is noticeably thicker as the single branches developed during
the early scans had grown into each other Cycling the electrode for 40 scans resulted
in very thick, visually dense films Figure 221 shows angled SEM images of

electrodeposited polyamline of varying thickness These images demonstrate that the
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polymer grows in a neat vertical fashion over the electrode, to form the porous,

sponge-like, non-uniform polymer-modified electrode.

(a) 5 scans Polymer

Figure 2.20. Side profile scanning electron micrographs of the various thicknesses of
PANI/PVS copolymer deposited on the Ultra-inH electrode (500 X magnification).

Polymer thicknesses gauged by number of electropolymerisation scans.
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Figure 221 Angled scanning electron micrographs of the varous thicknesses of
PANI/PVS copolymer deposited on the Ultra-inH electrode (150 X magmfication)

Polymer thicknesses gauged by number of electropolymerisation scans

The thickness of the polymer films can be estimated from the amount of
charge, Q, necessary to switch from LM to the LM * (peak (a) in Figure 2 4) form of
PANI according to Equation 2 2 (Duic & Gnigic, 2001)

d= M, Equation 2.2
ZFAp
where Q, 1s the charge under the first voltammetric peak, M,, 1s the molecular werght
of amline, z= 0 5 (number of electrons per anmiline unit), A 1s the area of the electrode
(0 09 cm?), p 1s the specific density of amline (102 g cm™), and F 1s Faraday’s
constant (96,485 C)
The method does not accommodate for the porosity factor and the counter-

10n volume, but calculates the total quantity of PANI only
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Table 2 5 Charge Q and the calculated thickness of PANI films

No. of electro- | LM ™ Anodic Charge Calculated PANI
polymerisation Peak Height Incorporated Thickness d/(1am)
(ma) 0/mQ) -
5 05 02 39
10 28 17 346
20 68 91 1913
30 100 120 2524
40 170 16 8 3544

Equation 2 2 was used to calculate thickness of the electroactive polymers
shown 1n the SEM images 1n Figure 2 20 and 2 2] Approximate polymer thickness
gauged from the SEM 1mages (using the scale on the bottom of each of the images)
are all larger than those calculated using the formula Thus 1s due to the fact that the
polymer layer incorporates the non-conducting vinylsulphonate polymer, which
cannot be accounted for in Equation 2 2 Also, any non-electroactive polyaniline 1s
not included m d, polymer thickness

O’Connell et al (2001) reported that amperometric sensor responses do
not increase with increasing thickness of polymer on the electrode surface, suggesting
that the rate-determining step for catalysis occurs only at the outer polymer-solution
interface However, Duic and Grigic (2001) reported a consistent increase 1n 1, values
as a function of film thickness for the redox couple hydroquinone/quinone, attributed
to increases 1n the real surface area of the polymer Providing the redox molecules are
small enough to diffuse into the polymer matrix, the bulk of the reaction may be
occurring within the polymer matnx, 1 e at the polymer — solution interface within the
polymer layer Increases in polymer thickness increase the available surface area of
polymer within the polymer layer, thus resulting 1n increased 1, values

Investigations 1nto the effects of the thickness of our PANI/PVS film on
amperometric behaviour are shown in this section Previous work (Iwuoha et al,
1997) on polyaniline-based amperometric sensors employed ten redox cycles as
standard during the polymensation process (Ten redox cycles allows the peak
corresponding to the formation of the LM * (peak (a) n Figure 2 4) to reach an anodic
current of approx 2 8 mA)
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234.1 Voltammetric behaviour

Fern/ferrocyamde was the redox system used for compartng voltammetric
behaviours of different polymer thicknesses 1 mol dm™ HCI was used as supporting
electrolyte, as polyaniline exhibits optimum conductivity 1n acidic media PANI/PVS
was deposited on Ultra-inH electrodes to a LM ™ anodic peak height of approx 2 8
mA according to Section 2 2 6 Cyclic voltammograms for varying concentrations of
ferrocyamde were momtored 1n order to venfy the Fe **/Fe ** redox peaks (Figure
2 22) Peak potentials were found to be ~» 560 mV and 460 mV for anodic and
cathodic peaks, respectively AE, values of 85 mV were observed for concentrations
of ferrocyanide up to 2 x 102 mol dm? 4 x 10 mol dm? ferrocyanide resulted m a
AE, value of 126 mV

Figure 2 23 shows that there 1s a very significant influence of PANI/PVS
thuckness (LM * peak height) as well as scan rate on the resulting peak potential
separation It was found that AE, values was higher for bare electrodes than thin
polymer electrodes showing that the rate of electron transfer is higher when thin
layers of PANI/PVS were deposited Electron transfer began to decrease as the
polymer thickness was increased, since an increase in AE, values was observed
However, Mandic & Duic (1998) found that the peak separations decreased with
mncreasing PANI film thickness for the same redox couple The reduction 1n the
electron transfer rate for increasing thicknesses of PANI/PVS could be attributed to
the lower diffusion rates of the of the ferri/ferro couple with increasing amounts of
large vinylsulphonate counterions present within the polymer, which may serve to
inhibit kinetics 1n acidic medium

Current peak values, 1, exhibited a hnear dependence on v'?, (2 = 0 9924,
data not shown), suggesting a diffusion controlled process 1s taking place However,
the fact that AE, even decreases below 60 mV at low scan rates implies, however, that
the reaction 1s not under diffusion control and that 1t corresponds to the reaction of a
species within a layer (Mandic & Duic, 1998)

This could be a result of hexacyanoferrate (III) (molar mass 210 g mol™)
being able to diffuse into the PANI/PVS polymer matnix, so that the location of the
reaction 1s not only at the outer polymer-solution interface, but at the polymer-

solution interface within the polymer layer (Figure 2 24) Therefore, mcreases in
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currents for the Fe?*/Fe** couple could be explained by the increase in the available
surface area of the polymer-modified electrode Gros ef al (1997) have shown before
that their PANI films doped with large inert molecules are permeable to electroactive
species up to a molar mass of 200 g mol™ Although this phenomenon may be used to
explan this mcrease 1n 1, values for a small electroactive species, 1t cannot explain
increases in current responses for much larger molecules such as proteins, as these
should not be able to permeate the polymer The effect of polymer thickness on

catalytic responses due to protein interactions 1s discussed 1n Section 2 3 4 2

Current (A)

Fe”<Fe"

'6 T T T T T
10 08 06 04 02 00

Potential (V)

Figure 2.22, Cyclic voltammograms of polyaniline-modified Ultra electrodes for
varying concentrations of ferrocyanide in 1 mol dm™ HCI supporting electrolyte

Blank (black), 1 x 10 % (blue), 2 x 107 (red), 4 x 10 ? (green) mol dm™ Fe**
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Figure 2.23. Dependence of AEP on scan rate for various thicknesses of the
PANI/PVS copolymer layer for 2 * 10'2 mol dm*3 ferrocyanide in 1 mol dm 1 HC1.
Polymer thickness gauged by the current associated with LM’+ peak heights during
polymerisation: 1.1 mA (dark green), 2.8 mA (red), 5.5 mA (blue), 10 mA (black) and
blank (light green).

Solution

Outer poly mcr-solution
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Figure 2.24. Schematic of possible locations of the Fe2‘/Fe3* redox reaction. It is
important to note that the concept of the reaction occurring at the polymer-solution
interface within the polymer layer is only applicable to small clcctroactivc spccics.

Reactions for larger species should occur at the outer polymer-solution interface only.

72



2342 Amperometric transients

Using ten redox cycles (LM™ peak height of = 2 8 mA) for deposition of
polymer on pre-treated glassy carbon, the time taken to reach steady state for the
amperometric experiments (Section 2 2 10) was typically < 1000 seconds and yielded
a charging current typical of that shown in Figure 2 25 The large peak is a direct
result of the charging of the polymer This charging process occurs as a result of the
oxidation of the polymer for 25 minutes before steady state experiments (Section
229) This charging current profile 1s also typical of the behaviour of previous
polymer-modified screen-printed electrodes (Iwuoha er al, 1997) Although 1its
relationship with electrode performance was never properly established, it was
observed that the presence of this type of charging was indicative of good electrode
performance (Killard & Grennan, personal commumnication and unpublished data)

The effect on amperometric transients of increasing the thickness of the
polymer film, by cycling the potential for longer periods was monitored on the Ultra-
inH electrodes (Figure 2 26) Ultra-inH polymer electrodes showed charging currents
very different to glassy carbon and Gwent electrodes when the polymer was cycled to
the same thickness of 28 mA LM ~ peak current Although the quantity of charge
was similar, the charging profile was noisier This improved somewhat when polymer
thickness was mcreased to 6 mA LM ™ peak current At 8 mA LM ™ peak current, the
smooth charging profile was restored However, the charging currents exhibited were
greater than for thinner polymers on glassy carbon and Gwent electrodes At present,
there 1s no clear explanation why the charging charactenistics of the Ultra-inH
electrodes are so much poorer than their Gwent electrode counterparts, when the
conditions of polymer electrodeposition appear to be comparable (equivalent number

of voltammetric cycles for a given layer deposition)
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Time (s)
Figure. 2.25. Typical charging current behaviour at a polymer-modified glassy
carbon electrode at the beginning of a steady state amperometric experiment.

Electrode stepped from +700 mV to -100 mV vs. Ag/AgCl.

Time (s)
Figure. 2.26. Typical charging current behaviour at Ultra-inH electrodes at the
beginning of steady state amperometric experiments. LM# current heights during

polymerisation: (a) 2.8 mA. (b) 6 mA and (c) 8 mA. Electrode held at -100 mV vs.

Ag/AgCl.
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The relationship between the charging current and the polymer thickness
was mvestigated further The integral of the charging current was used to give a value
of the charge incorporated into the polymer The dependence of this charge on imtial
polymerisation conditions 1s shown m Figure 2 27 The charge incorporated into the
polymer increased linearly as the polymersation cycle was increased This linear
relationship was found not to be limiting up to a polymer deposition level of 20 mA
for the peak height of LM™ Relative standard deviations were typically 15% where
n>2 The major disadvantages of thicker polymer films were higher background
currents and mcreased response times (discussed 1n Section 2 3 4 3) The same linear
charge relationship was seen for glassy carbon and Gwent carbon paste electrodes
venfying that this behaviour 1s a property of the polymer, and not the carbon electrode
(Figure 2 27) However, equivalent amounts of polymer deposited on the Gwent
electrode, consistently incorporated slightly more charge than the Ultra electrode after
2000 s This may be due to the smaller geometric area Although equivalent amounts
of polymer are deposited, polymerisation on the Gwent electrode should result in a
thicker film due to the smaller electrode area Glassy carbon, which has the same
electrode area as the Gwent electrode incorporates slightly lower charge Overall,
however, the three electrode types do not show significant differences in their
polymer thickness/charge capacity relationships However, as illustrated in Figure
2 26,1t 1s the nature of the charging process that appears to be different between these
electrodes Little 1s understood about the detailed nature of this process and further
studies using techmques such as rotating disk voltammetry would be required to
elucidate 1t more fully

Charge transfer appears to become limiting for glassy carbon during
deposition of polymer at lugh LM™ currents As the number of polymerisation cycles
increased, the potentials for all four main peaks shifted to markedly more positive
potentials, indicating that the growth of the polymer was becomung increasingly
difficult Polymer depositions were not carried out above 9 mA This limiting
behaviour was not observed for the screen-printed electrodes, and so thicker
depositions of polymer could be monitored Once again, the reason for this 1s not

clear

75



LM* peak height (mA)
Figure. 2.27. Dependence of charge incorporated into the polymer on the LM” peak
height after depositing the polymer onto (a) glassy carbon (slope = 5.97, r2= 0.9776),
(b) Gwent-inH (slope = 6.50 mC mA'] r2= 0.9933) and (c) Ultra-inH electrode (slope
=7.59 mC mA'] r2=0.9533). Charge measured between 0 and 2000 s.

23.4.3 Background signals and response times

Background signals and time taken to reach steady state both increased as
a result of increasing the thickness of the polymer on Ultra-inH electrodes (Figure
2.28). The thickness of the polymer was monitored in terms of charge incorporated
during steady state experiments, rather than LM*+ peak height for all further
discussion, since it was deduced in Section 2.3.4.2 that the functions were linearly
proportional.

Although there are definite direct relationships between both background
signals and time to reach steady state and the charge of the polymer, the regression
coefficients are low: r2 = 0.689 and 0.612 for background and time to reach steady
state respectively. This appears to be because these correlations break down above * 5
mC and so this relationship does not hold for the very thickest of polymer layers.

The time taken to reach steady state in amperometric measurements has an

impact on the response time of the sensor. As polymer thickness increases, time taken



to reach steady state increases, and analyte cannot be itroduced into the system until
later times However, increased polymer thickness appeared to be necessary to
produce smoother charging currents (Section 2 3 4 2) on Ultra-inH electrodes The
problem of long response times could, perhaps, be overcome by introducing a further
potential step at the beginning of the steady state experiment This step mught allow
for the polymer to charge more quickly, resultmg 1n a dramatic reduction of response
times Figure 2 29 demonstrates this principle A standard assay was compared to an
assay mcorporating a step potential The step potential experiment involved holding
the potential at -0 8 V for 100 seconds before stepping to the standard potential of -0 1
V The response time decreased by almost 1000 seconds No protein was immobilised
on the surface of the electrode Amperometric experiments were carried out according
to Section 2 2 10 Amperometnic responses were due to the addition of H,O, (8 mmol
dm™) to a solution of HRP (1 mg ml™) Further studies need to be carned out to see if
steppmg the potential could result in damage or loss of immobilised protein

Another advantage of this steppmg protocol 1s that the background signal
decreased by a factor of 30% Low background response 1s another important
criterion when validating a quantitative methodology as the response for the lower
detection limit of an assay should be at least three times the background signal
Without the use of a step potential, the background noise level at mcreased levels of
polymer deposition (Figure 2 29) could prove a major barrier in developing sensitive

assays
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Figure. 2.28. Relationship between (a) length of time to reach steady state and (b)
background signals of steady state on the charge incorporated into the polymer (Ultra-

inH electrode).
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Figure 2.29. (a) Potential held at -0.1 V vs. Ag/AgClI for duration of experiment, (b)
Potential held at - 0.8 V vs. Ag/AgCI for 100 sec before being stepped to -0.1 V. On
reaching of steady state, HRP (1 mg ml')) and H2C2 (8 mmol dm'3) were added to
stirred batch cell to produce the amperometric response. * Indicates addition of HRP

with H202.
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2344  Performance of polyaniline in an immunosensor format

Anti-biotin (0 75 mg ml"') was immobilised on the polymer-modified
electrode according to Section 2 2 9 HRP-labelled biotin (15 pg mi™) and H,0, (1
mmol dm'3) were passed over the surface of polymer-modified electrodes upon
reachmg steady state according to Sectior 2 2 10 The film thickness, and hence the
charge incorporated 1nto the polymer was varied It was found that amperometric
responses 1ncreased with increasing amounts of polymer charge, at least to a limit of
approximately 6 mC, for the Ultra-inH electrodes (Figure 2 30) Above this charge,
responses either plateaued or began to dimimush A similar trend was seen for glassy
carbon, where the hmiting charge was approximately 2 5 mC (data not shown) This
behaviour cannot be attributed to vanations in the real surface area of the polymer, as
protein molecules are too large to permeate the polymer and so catalytic responses
should only occur at the outer polymer-solution interface Perhaps above a certain
thickness, the passage of charge becomes too torturous and communication between
electrode and the outer polymer-solution interface 1s lost Communication between
the outer polymer-solution interface and the glassy carbon electrode became too
torturous at very high thicknesses of polymer e g, above 2 5 mC This may be due to
the poorer charge transfer properties of the glassy carbon electrode as discussed n
Section2 3 42

What 1s clear from this work 1s that a considerable variation n
amperometric responses can occur as a result of changes or variations in polymer
thickness, and that maintaining polymer thickness on an electrode 1s crucial for the

generation of consistent, reproducible signals
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Figure 2.30. Dependence of amperometric responses of the Ultra-inH electrode on

polymer charge Amperometric responses were due to a biotin format

Due primarily to uncontrollable variations in the nature of the electrode
and polymer, this biosensor suffers from very poor reproducibility (ZTable 2 5)
Although PANI/PVS 1s deposited consistently according to Section 2 2 8 to a certain
LM " current level, differences in charge incorporated into the polymer are always
encountered during the amperometric transtents (18 49 % RSD, n = 6) The nability
to control the source of the variation 1n this charging parameter 1s one of the factors
affecting the reproducibility of the sensor It has been shown that charge incorporated
and amperonetric responses are proportional In theory, if the magmtude of the
charge incorporated into the polymer were factored into the amperometric response,
relative standard deviations should decrease This 1s demonstrated in Table 2 5 Anti-
biotin (0 75 mg ml™") was immobilised on the polymer-modified electrode according
to Section 22 9 HRP-labelled biotin (15 pg ml") and H,0, (1 mmol dm™) were
passed over the surface of polymer-modified electrodes upon reaching steady state
according to Section 2 2 10 Without taking the charge mto account, the % RSD was
5299 % (n = 6) However, this figure reduced to 31 72% 1f charge was factored nto
the amperometric responses These results indicate that approx 40% of the deviation

in response could be attrnibuted to the varations in the charging current However,

80



there must also be other parameters contributing to the poor reproducibility of the
system

Since reproducible assay work has been carmed out before using the
Gwent-inH electrode, with much better RSDs (Kullard et al , 1999), the non-idealised
behaviour that has been described, could be attributed 1n part at least to the Ultra-inH
electrode, and not the assay protocol itself Although the Ultra-inH electrode was the
best of the inks analysed m Section 23 I, its behaviour towards amperometric
immunosensmg was not seen to be ideal Despite polymer deposition on the Ultra-inH
electrode being comparable to the Gwent-nH electrode, some difference 1n its
mnteraction with the polymer must exist and cannot presently be defined Although
attempts to characterise and correlate these varations have been made, a satisfactory
solution has not been found and presently none of these ks, including Ultra™, are

suitable for amperometric sensing, based on electropolymerised polyaruline

Table 2 5 Vanations in amperometric responses from the sensor When the current

responses were divided by the charge incorporated, RSD values decreased by 40%

LM peak Current Charge Current
height response (uA) | ncorporated Charge
(mA) (mC) pA mC’!
28 6 842 116 0590
28 7 823 138 0567
28 9373 124 0756
28 18 080 178 1016
28 5157 115 0448
28 6163 118 0522
Average 8 906 1315 00650
Std Dev 4720 2431 0021
% RSD 52 996 18 489 31.718
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2.4 CONCLUSION

Two aspects of this sensor technology were examined m this chapter the
screen-printed electrode and the PANI/PVS polymer layer

Imtially, commercial screen-printed electrodes were examined with a view
to using them for amperometric immunosensing It was found, however, that although
the working electrodes of the strips may have been suitable, the charge transfer
properties of the strips were not high enough This was due to the fact that the
electrode surfaces and conducting paths were too resistive and hindered the required
current flow from the working electrode to the potentiostat A new 1n-house electrode
was designed with a silver conductmg path The charge transfer properties of the
electrode were not limiting, and this design was used for the electrochemical analysis
of various working electrode carbon inks The inks were analysed using cyclic
voltammetry, linear sweep voltammetry and amperometry and 1t was found that the
Ultra-inH electrode had the most preferable electrochemucal properties (1e a k® value
of 309 x 10 cm s, and a lugh sensitivity 1n the amperometric experiments) These
properties were further enhanced by electrochemical pre-treatment This electrode
was used for further work, with the presumption that 1t would be suitable for
amperometric sensing on electrodeposited polyaniline

The properties of the PANI/PVS layer were examined using the Ultra-inH
electrode However, 1t was seen that despite the optimised conductmg path and an
optimum carbon 1nk, problems were still observed with the interfacial region of the
Ultra™ carbon and polymer layer The charging characteristics of the polymer
immobilised on Ultra-inH were poorer than those observed for a glassy carbon
electrode or the Gwent-inH, when the polymer was cycled to the same thickness
Charactenstics of varying the thickness of the polymer layer were monitored using
Ultra-inH, Gwent-inH and glassy carbon, and i1t was found that the charge
incorporated 1nto the polymer, background signals, response times, and amperometric
responses all increased with increasing polymer thickness Since the charge
incorporated into the polymer cannot currently be intrinsically controlled (on the
Ultra-inH electrode), it 1s accounting for perhaps up to 40% of the deviation 1n values

observed m analysis usmg the Ultra-inH electrode RSD values of up to 50% have
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been observed for this system, and therefore, 1s not currently suitable for analytical
work Such poor reproducibility has not been observed before for the electrodes
produced from D14 or the glassy carbon electrode, and therefore must be attributed to
the Ultra™ carbon 1k
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Chapter 3

Studies on the Biomolecular Immobilisation
Conditions of Enzymes on a Polyaniline-Modified

Screen-Printed Electrode



3.1 INTRODUCTION

Electrochemical biosensors are a particular class of CME, which comprise
an electrode modified with a bioreagent film They combine the exquisite selectivity
of biology with the processing power of modem electromcs Although current
research effort on biosensors 1s proceeding by using many different types of
transduction principles, electrochemical detection offers attractive advantages over
alternative transducers They can operate in turbid media and their instrumental
sensitivities are comparable to optical systems With electrochemical transduction, the
mass-production of low-cost, disposable electrode devices usmg thick and thin film
technologies 1s possible, making electrochemical sensing systems amenable to
mimaturisation and widespread application

In the study contained 1n this chapter, the preparation and characterisation
of an amperometric, enzyme-based biosensor with potential 1mmunosensing
applications 1s described This amperometric biosensor has been developed
previously, incorporating the electroactive polymer, polyamline (PANI), which
undergoes redox cycling, and can couple electrons directly from the enzyme active
site, to the electrode surface (Killard er al , 1999) Construction of this sensor was
achieved by electropolymernisation of polyvinylsulphonate-doped aniline onto the
surface of a screen-printed carbon-paste electrode (Chapter 2) Biomolecules could
then be doped onto the surface of the polymer by electrostatic interactions with the
polymer backbone This effective biosensor format has examined the amperometric
behaviour of immobilised horseradish peroxidase (Iwuoha et al , 1997), and has since
been extended to develop rapid, single-step, separation-free immunosensors for real-
time momtoring (Killard et al , 1999 & 2001, Grennan et al , 2003) The aim of this
work was to utilise the polyamline-modified screen-printed electrode, Ultra-inH,
which was developed and optimused in Chapter 2, as the basis of an enzyme biosensor
and investigate 1n more detail, the factors affecting the immobilisation of enzymes
and antibodies to this platform

A bref introduction into biomolecules and their immobilisation methods
for use 1n electrochemical biosensing 1s given n the following section The general
area 1s introduced and discussed m relation to previous work carried out by this group

and others
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311 Biological molecules in biosensors

Biological molecules, which are m 1ntimate association with an
electrochemical transducer can selectively recognise target analyte The recogmtion
event may be either a brocatalytic reaction (e g enzyme-based biosensor) or a binding
process (e g affinity ligand-based biosensor, when the recognition element 1s, for
example, an antibody, DNA sequence or cell receptor) These recognition processes
can be momtored quantitatively by producing a physiochemical change to be detected
by the transducer Biocatalytic biosensors, based on enzymatic reactions are the most
common type of electrochemical biosensors 1n the hiterature, followed by
immunosensors, where antibody 1s used as the recognition element

Most published work on enzyme-based biosensors has targeted blood
glucose monitoring (Malhotra & Chaubey, 2003) Glucose measurements were first
described by Clark & Lyons (1962) 1n an expernnment in which glucose oxidase
(GOD) was entrapped at a Clark oxygen electrode using a dialysis membrane A
decrease in the measured oxygen concentration was found to be proportional to
glucose concentration m solution The oxidation of glucose, catalysed by glucose
oxidase was the principle of measurement (Equation 3 I) The production of H;O»,
also proportional to glucose concentration, can alternatively be monitored

electrochemically (Guilbault & Lubrano, 1973)

p-glucose + O, + H,0 % H,0, + p-glucomc acid Equation 3 1

Yellow Springs Instruments were the first company to commercialise an
enzyme-based glucose brosensor m 1970 In 1987, Medisense (Abbott Laboratories)
marketed the first point of care disposable glucose biosensor Since then, more similar
commercial devices have followed (Roche, Johnson & Johnson) Substitution of
glucose oxidase for other enzymes allows biosensors for other substances to be
constructed Lactate oxidase has been used in commercial electrochemical biosensmg
applications for blood lactate (Lactate Analyser 640, Roche, Switzerland) Other
analytes that have been electrochemucally detected include cholesterol (Shumyantseva
et al 2004), ethanol (Guzman et al, 2003), urca (Sant et al, 2003) and pesticides
(Dzyadevych et al, 2004), to name but a few
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This work focuses on a biosensor format using immobilised horseradish
peroxidase (HRP). HRP is a heme-containing glycoprotein, capable of the catalytic
reduction of hydrogen peroxide co-substrate. This induces a catalytic current at an
electrode due to the electrochemical reduction of HRP | and HRP Il, which are the
two and one electron states higher than the native HRP resting state, respectively.
Polyaniline is depicted as the electrocatalytic mediator in the reaction scheme shown

in Figure 3.1.

HRP HRP |

Figure 3.1. The reaction cycle for the PANI/PVS/HRP electrode. Ferric HRP resting
state (Fem), oxyferryl HRP-1 (Fev=0), hyroxyferryl HRP-1I (Felv-OH) and
polyleucoemeraldine/polyleucoemeraldine radical cation redox couple (PANIO)

participate in the peroxidase ping-pong mechanism.

The development of electrochemical immunosensors, that use antibodies
as the recognition element, have also generated considerable interest. Immunosensors
take advantage of the high selectivity provided by the molecular recognition
properties of antibodies (Ab). Antibodies will bind selectively to their specific

antigen, and tend not to bind to other antigens (Ag). This binding is extremely strong.

91



i.e. antibodies have very high affinities to their corresponding antigens, and as little as
10‘”I M of antigen can be detected in certain immunoassays with low cross reactivity.
Electrochemical detection usually requires labelling of one of the immunoreactants,
usually the antigen, with enzyme to monitor the interaction. Electrochemical
immunosensors have been developed to detect a wealth of analytes. Pesticides such as
2,4-dichlorophenoxyacetic acid (2,4 D) (Navratilova & Skladal 2004) and
chlorsulfuron (Dzantiev et al.. 2004) have recently been detected for environmental
use. Clinical analytes such as carbohydrate tumour markers (Du et al.,, 2003) and
oestradiol (Pemberton el al., 2004) have also been detected.

The immunosensing application for the work described here is based on a
single step, separation-free electrochemical immunosensor based on a
PANI/PVS/antibody-modified electrode. A schematic representation of the binding
events that take place in this immunosensor is given in Figure 3.2. Unlike traditional
immunoassay formats, there is no need to separate bound and unbound antigen since
only redox reactions that are coupled to the electrode surface via the Ab-Ag
interaction are capable of generating detectable signals. This immunosensor was most
recently applied to the detection of the pesticide atrazine, and a detection limit of 0.1

jig I'l was achieved (Grennan et al., 2003).

Conducting
Polymer

Screen-Primed
Carbon Electrode

Figure 3.2. Schematic diagram of the electrochemical real-time immunosensing
process. Free and labelled Ag compete for binding to immobilised Ab. The interaction
of H202 substrate with IIRP produces a catalytic current, which flows from the
electrode surface through the molecular wires of the conducting polymer. This
response is indirectly proportional to the concentration of bound Ag. (adapted from

Grennan etal., 2003).
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312 Immobilisation of the bwological molecule

The biological sensing element (e g enzyme, antibody) of a biosensor
must be integrated within or mtimately associated with the electrode The
mmmobilisation process should result 1n a stable protein layer, where the activity of the
free proten is comparable to that of the immobilised protemn The pH of the
immobilisation step should be carefully controlled In the case of electrode fouling,
the biomolecule layer can be protected by an electro-inactive layer such as non-
conducting polymer

Methods for immobilisation include adsorption, € g physisorption (Moore
et al , 2003), crosslinking using glutaraldehyde (Fiorito & Cordoba de Torresi, 2004),
and chemical coupling using for example, 1-ethyl-3-(3-
diumethylaminopropyl)carbodumide (EDC) and N-hydroxysucciumide (NHS) for
covalent attachment to a surface through its amine groups (Leonard et al, 2004)
Covalent attachment of biological molecules to self-assembled monolayers (SAMs)
has also been carried out (Chaki er al, 2002), where the long chain alkane thiols
produce a highly packed and ordered surface that provides a membrane-like
environment suitable for biomolecules In addition, manipulation of SAMs for
controlled immobilisation of proten, (1¢, by control of the omnentation and
conformation of protein), allows for facile electron transfer and low background
currents Entrapment m matrices such as polymers (Rajesh et al , 2004) carbon pastes
(Wang et al, 2001) and Langmuir-Blodgett films (Sharma et al, 2004) are also
promiusing methods for controlled immobilisation of biomolecules In the case of this
system, adsorption by electrostatic forces on an electroactive copolymer, PANI/PVS,
(Killard et al , 1999) was the method of choice In this way, diffusion of substrates
and biorecognition molecules does not have to take place into and out of a polymer
matnix as traditionally occurs m polymer entrapment systems

The immobilisation matrix may function purely as a support, or may also
be concerned with mediation of the signal transduction In the case of Killard et a/
(1999), protein molecules were electrostatically attached to the backbone of the
electroactive copolymer PANI/PVS, by application of an oxidising potential Both
enzyme-based biosensors (Iwuoha et a/, 1997) and immunosensors (Killard et al,
1999 & 2001, Grennan et al, 2003) have been demonstrated using this

immobilisation format Initially, 1t was assumed that the modification of the electrode
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surface with an antibody was best achieved by using a high protein concentration (1
mg ml™), so as to maximise the mass of protein on the electrode surface, as n the case
with traditional Enzyme-Linked Immunosorbent Assay (ELISA) procedures Since
then, 1t has been shown that far from bemng optimal, the 1 mg ml' protemn
concentration yielded much lower catalytic signals than lower protein concentrations
For a screen-printed carbon electrode (working electrode area 7 07 mm?), a protein
concentration of 0 6 mg mI™" was found to be optimal (Kullard er af , 2001) However,
the reason for this phenomenon was not understood It was hypothesised that electron
transfer at the electrode surface may be more efficient at lower antibody

concentrations However, further work was not carried out to investigate this theory
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3.2 MATERIALS AND METHODS

321 Materials

Horseradish peroxidase (HRP, 1,100 U/mg and 1,310 U/mg, P8672),
bovine serum albumin (BSA, A-7906), and 2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulphomec acid) (ABTS, A-1888) were purchased from Sigma-Aldrich (Poole, Dorset,
UK) Amline was purchased from Aldrich (13,293-4), vacuum distilled and stored
frozen under nitrogen 30% (v/v) hydrogen peroxide solution was purchased from
Merck Polyvinylsulphonate (PVS, 27,842-4) Silver/silver chlonde (Ag/AgCl)
electrodes were purchased from Bioanalytical Systems Ltd (Cheshire, UK) The
platinum mesh (29,809-3) was purchased from Aldrich

322 Buffers and solutions

Unless otherwise stated, all electrochemical measurements were carried
out 1n phosphate buffered saline (PBS), (0 1 mol dm? phosphate, 0 137 mol dm’
NaCl and 2 7 mmol dm KCl), pH 6 8 All colorimetric assays were carried out m 10
mmol dm™ phosphate buffer, (033 mmol dm® KH,PO, and 066 mmol dm™
Na,HPO,), pH 7 0 Unless otherwise stated, all immunochemicals were prepared in
PBS The ABTS buffer was 200 mmol dm™ dihydrogen phosphate and 100 mmol
dm? citric acid, and adjusted to pH S 5 using concentrated NaOH

3.2.3 Instrumentation

Screen printing of the Ultra-inH electrode was performed according to
Section 23 3 and was used for all expernments 1n this work All electrochemical
protocols were performed either on a BAS100/W electrochemical analyser with
BAS100/W software, or a CH1000 potentiostat with CH1000 software, using either
cyclic voltammetry or time-based amperometric modes An Ag/AgCl reference
electrode and a platinum mesh auxihary electrode were used for bulk electrochemical

experiments Electrochemical batch and flow cells were constructed according to
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Kullard et al (1999) They were composed of polycarbonate, and designed to house
the screen-printed electrodes Both cells incorporated internal Ag/AgCl pseudo-
reference and platinum wire auxihary electrodes (Chapter 2, Figure 2 6) Cell
volumes of the batch and flow cells were 2 ml and 26 pl, respectively

An ICN Flow Titertek® Multiskan PLUS microplate reader (Medical
Supply Co, Ireland) was used m conjunction with Nunc Maxisorp microtiter plates

(Brosciences, Ireland) for all colorimetric assays
3.2.4 Electrode pre-treatment procedure

Screen-printed electrodes were placed 1n a solution of 0 2 mol dm™ H,S0;,
A single voltammetric cycle was carried out between —1200 mV and +1500 mV at
100mV s vs Ag/AgCl

3.2.5 Polymerisation of aniline on the electrode surface

A solution of 186 pul aniline, 7 8 ml 1 mol dm * HCL, and 2 ml PVS, was
degassed for 10 mm Amniline was polymernised from this solution, onto the surface of
the working electrode using cyclic voltammetry A platinum mesh auxihary and a
Ag/AgCl reference electrode were used The potential was cycled between —0 5 and
11V at100mV s for 10 cycles

326 Immobilisation of protein

Following polymerisation of amiline, the electrode was transferred to a 2
ml batch cell The surface of the polymer was reduced in 2 ml of PBS (degassed for
10 min under nitrogen or argon) at —500 mV vs Ag/AgCl, sample interval of 500 ms,
over 1500 s at a sensttivity of 1 x10# A V' Protein was prepared m PBS prior to use
Very quickly after reduction was complete, PBS buffer was removed from the cell
and quickly replaced with the protein solution, not under stirrng or degassing
Oxidation was then performed immediately at +700 mV vs Ag/AgCl for 1500 s

During thts oxidation, the protein becomes electrostatically attached to the polymer
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surface The protein solution was carefully recovered from the cell and re-stored for

later use
327 Electroanalytical Procedure

After the immobilisation of protein (Section 3 2 6), the electrode was
housed 1n the flow cell Amperometric experiments were performed at —100 mV vs
Ag/AgCl wire electrode, with a sample interval of 100 ms and a sensitivity of 1 x 107
A V! PBS was passed over the surface of the electrode at a flow rate of 10 pi s™
When a steady state was reached, appropnate solutions were passed over the surface

of the electrode and the amperometric responses momtored
3.2.8 Blocking of the electrode surface with bovine serum alburmin

A range of dilutions of bovine serum albumin (BSA) beginning at 10 mg
ml™ was prepared m PBS These solutions were used for the immobilisation of BSA
on the surface of the electrode according to Section 3 2 6 and a senes of electrodes
with different masses of BSA was prepared An electroanalytical procedure was
performed according to Section 2 3 8 where a solution of HRP (0 5 mg ml ') and H,0,

(0 8 mmol dm™) 1n PBS was passed over the surface of each electrode
329 Optimisation of the mass of HRP on the electrode surface

A range of dilutions of HRP beginning at 10 mg ml”"' was prepared in PBS
These solutions were used for the immobilisation of HRP onto the surface of a senes
of electrodes according to Section 326 The electroanalytical procedure was as
descnibed 1n Section 3 2 7 where a solution of H;O, (0 8 mmol dm'3) mn PBS was
passed over the surface of each electrode

3.2.10 Colorimetric enzyme assay

Solutions of HRP m doubling dilutions beginning at 10 mg ml” were

prepared mn phosphate buffer, pH 7, for use as a set of calibration standards ABTS
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solution (5 33 mg ml™") was prepared, contamnmng H,0, (0 3 mmol dm™) 20 pl of the
HRP solutions were transferred to the wells of a microtitre plate with 180 pl of the
ABTS solution The plate was covered with laboratory film, left m the dark for 35
min and then the absorbance read at 620 nm

Colorimetric enzyme assays were performed on the surfaces of the screen-
printed electrodes according to a sumilar protocol In this instance, HRP-immobihsed
electrodes, prepared according to Section 3 2 6, were placed i the well of the
mucrotitre plate along with 20 ul phosphate buffer to replace the HRP solutions 1n the

calibration standards
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3.3 RESULTS AND DISCUSSION

3.3.1 Protein binding capacity of the polymer-modified electrode

Electrostatic adsorption was the biomolecular immobilisation method used
for this work (Section 3 2 6) Optimisation of this technique for the biosensor had
been carried out previously (Killard et al, 2001) This study showed that a protein
solution concentration of 0 5 — 0 75 mg ml! yielded the optimal amperometric signals
encountered for a screen-printed electrode (geometric area 7 07 mmz) However, 1t
was not clear why this concentration yielded the optimum responses from the sensor
In addition, the absence of the necessity for blocking or separation steps was not fully
understood The present study used electrochemical and colornimetric techniques to
elucidate the reasons why this concentration yielded optimum responses from the

sensor
3311 Effect of proteimn concentration on sensor response

The PANI/PVS copolymer was deposited on Ultra-inH electrodes to an
LM " peak height of approx 2 8 mA for all experiments These PANI/PVS electrodes
were modified with a range of concentrations of BSA (Section 3 2 8) and the reaction
between HRP (1 mg ml ') and H,0; (0 8 mmo! dm™) present 1n the bulk solution was
momtored HRP 1s a heme-containing glycoprotein that 1s capable of the catalytic
reduction of hydrogen peroxide substrate A range of concentrations of HRP were
also used to modify the electrode surface, and their responses to hydrogen peroxide

were noted (Figure 3 3)
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Figure 3.3. Dependence of sensor response on the concentration of protein used for
immobilisation Concentrations of BSA (blue line) and HRP (black line) were
immobilised on the surface of an Ultra-inH electrode Amperometric responses
mncreased as a function of concentration of HRP up to 075 mg ml" (n=3, black)
Above this concentration the responses decreased (solid black line) Concentrations of
BSA mmmobilised were found to be inversely proportional to the amperometric
responses from HRP (0 5 mg ml™) and H,0, (8 mmol dm>) m bulk solution (blue
line) (n=1)

It was found that the concentration of BSA used for immobilisation was
mversely proportional to the electrochemical responses from HRP and H,O; 1n bulk
solution Effective blocking was achieved when the mmmobilised protein
concentration was above 0 5 mg ml”’' When HRP was immobilised on the electrode
surface at various concentrations, amperometric responses generated by H,O, (8
mmol dm'3) 1n the bulk solution peaked at 0 75 mg ml”, and diminished significantly
above this, but decreased more gradually at lower concentrations

These data seem to suggest that this critical concentration of
approximately 0 75 mg ml™' allowed for the effective blocking of the electrode surface
from bulk solution 1nteractions, while also providing optimal amperometric response

from immobilised enzyme Killard ef al (2001) have shown previously that optimum
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responses were seen for a critical concentration of 0 6 mg ml™, using a Gwent-inH

electrode

321.2 Determmation of the mass of protein immobilised to the electrode

surface

It 1s important to note that for a given concentration of protein used for
immobilisation, a mass per unit area becomes electrostatically attached to the
polymer-modified electrode during the immobilisation procedure However, until
now, the relationship between concentration and mass had not been established
Protein mass measurements on an amperometric biosensor have been carried out
previously by Halliwell e a/ (2003) through radioisotope labelling of the enzyme L-
lactate dehydrogenase (LDH) The radio-label did not affect the activity of this
enzyme, and so it was possible to determine the enzyme mass loading on the
biosensor surface In the present work, protein mass measurements were made by
carrying out a set of colonmetric enzyme assays specific for HRP The purpose of
using an enzyme assay rather than a protein assay to measure the mass, was that
protein assays were not sensitive enough to measure the small mass of protein
attached to the electrode surface, whereas enzyme-based techmques could result in
signal amplification over time making them more sensitive The substrate used was
ABTS with H,0,, which yields a soluble blue-green product 1n the presence of HRP

The kinetics of peroxidase with ABTS as a chromogen are relatively slow,
allowing a reasonable time frame during which the colour can equilibrate, even at
high concentrations of HRP A cahbration assay was carried out on HRP m solution
accordmg to Secrion 3 2 10, and a hinear relationship was observed between 0 and 8 x

10° mg mi™ (or between the masses of 0 and 1 6 x 107 mg) (Figures 3 4a & b)
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Figure 3.4. Colonmetric HRP calibration assay (n=3) Solutions of HRP were
prepared 1n phosphate buffer and transferred to the wells of a microtiter plate along
with ABTS and H,O, (Section 3 2 10) (a) Absorbance (620 nm) vs mass of HRP
over a range from 0 mg to 0 002 mg (logarithimic scale) (b) Linear region of assay
from0to 16 x 10%g (y =673 x 10% + 0 0614, r* = 0 9871)
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The assay was then carried out on the surfaces of the HRP-modified
electrodes All electrodes were washed extensively in PBS before the assay A
loganthmic relationship for this electrode assay was observed between concentrations
of 000625 and 0063 mg ml' and was linearized (Figure 3 Sa & b) The lLinear
segments of these curves were used for further analysis (Figure 3 4a & 3 5b)

A correlation between protein mass and protein concentration could now
be deduced by combining these two sets of data as absorbances corresponding to a
concentration of HRP used during immobilisation could be related to a mass of HRP
present on the electrode surface (For this correlation to be valid, it was assumed that
the activity of immobilised enzyme was equivalent to that of enzyme 1n the solution
phase )

The equation was calculated to be

y=1452x10®Logx +3 375 x 10 Equation 3.2

where y 1s the mass of HRP immobilised (g) and x 1s the concentration of HRP (mg
ml™) used for immobilisation In order to convert the mass of HRP (y) 1n this equation
to number of molecules the equation was first multiplied across by Avogradro’s
Number (6 022 x 10%) to gave Equation 3 3

y =874 x 10"°Logx + 1 85 x 10'¢ Equation 3 3

Equation 3 3 was then divided across by the molar mass of HRP (based on a

molecular weight of 44,000 Da), and the equation becomes
y=1885 x 10"Logx + 4 610 x 10" Equation 3.4

where y 1s now the number of molecules of HRP and x 1s the concentration
of HRP (mg ml™") used for immobilisation By substituting x, the concentration of
HRP used for immobilisation, with the optimum protein concentration of 0 75 mg ml™
(Figure 3 5), then the number of molecules of HRP that were immobilised at this
concentration on the surface of the electrode would be 4 362x10", according to

Equanion 3 4
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Figure 3.5. Colonmetric enzyme assay of HRP-modified electrodes (n=1) HRP was
immobihised onto the PANI-modified electrode The WEs were then cut from the
substrate and placed in the wells of the microtiter plates with ABTS and H,0,
(Section 3 7 10) (a) Absorbance (620 nm) of HRP-modified electrodes from 0 to 10
mg ml’ (b) Linear region of assay from 000625 mg ml”’ to 0063 mg ml’
(y =09782Logx +2 3305,7> =0 9777)
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Proteins such as antibodies and enzymes often have to be immobilised
such that they retain their biological activity Thewr large size and necessary
accessibility to interact with other molecules usually requires sufficient spatial
separation of their binding and active sites Based on the obtained data, the next step
was to elucidate the type of surface coverage being obtained at the optimum protein
concentration using this electrochemical immobilisatton techmque The number of

molecules of HRP necessary to form a monolayer on the surface of these electrodes

was calculated to be 4 237x10" molecules, where the radius of HRP was 26 A (Ban
& Ruzzolo, 1997, Byrod et al , 2000) and the polymer-modified electrode area was

estimated to be 9x107° m?, assuming an 1deal flat two-dimensional electrode surface

The theoretical number of molecules of HRP required to form a monolayer
at this surface can be compared to the number of molecules immobilised at optimum
concentration It would appear that at this concentration, a monolayer of protetn 1s
formed at the electrode surface However, there are factors that may have introduced
errors 1 both the methodology and the calculations Regarding methodology,
significant mter-electrode vanability brought about by variations during printing and
polymer deposition could be a contributory factor Within the calculations, a crude
assumption was made about the surface area of the polymer-modified electrode and
the microscopic topology of the polymer was not taken into account In addition, the
molecular weight of HRP 1n the literature varies from 40-44,000 Da Also, given the
loganthmic relationship derived between the concentration of HRP used and the mass
immobilised on the surface of the electrode, the change in mass immobilised
according to Equation 3 4 with respect to the concentration range examined 1s very
small However, the fact that the experimental data correlates so closely with the
presence of a theoretical monolayer may explain the data seen 1n Figure 3 3 and in
previous work by Killard er a/ (2001) At the optimal concentration of HRP (0 75 mg
ml"), a monolayer, or very close to a monolayer appears to become immobilised at
the electrode surface At concentrations above this, steric hindrance or impeded
charge transfer may result from crowding of the surface with multiple layers of
protein, causing significantly duminushed responses

Further physical studies using scanning electrochemical microscopy
(SEM) by Grennan (2003) have been used to image protein on the surface of the
PANI/PVS layer A colloidal gold anti-HCGf monoclonal antibody (MoAb), mn
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conjunction with a silver enhancement technique was used Umiform surface
coverages of the PANI/PVS layer were obtained at a concentration of 0 625 mg ml”!
However, patches of polymer could be observed intermittently between Ab clusters
When higher concentrations were used for immobilisation, aggregation or clumping
of protein was observed on electrode surfaces It was deduced that although Ab
coverage was visually lower m the case for 0 625 mg ml”, the amperometric signals
were still larger than for electrodes coated with higher concentrations of antibody
This could be attributed to reduced instances of Ab clumping at lower concentrations,
resulting 1n more effective communication between enzyme labels and electrode
surfaces This study 1s in agreement with the theories deduced from this work

A discrepancy exists between the data for the electrochemical and
colorimetric tests on immobilised HRP This 1s that at concentrations higher than the
optimal concentrations, decreases m response were much more marked for the
electrochemical data (Figure 3 3) than for the colorimetric data (Figure 3 5b) It may
be the case that at concentrations above 0 75 mg ml”, multiple protein layers become
attached, and these layers inhibit diffusion of substrate to enzyme centres close to the
electrode surface or catalyse 1t before diffusion can occur This mught result in a
diminished electrochemical signal, as efficient electron transfer would not occur
between these outer layers and the electrodes, whereas, m a colorimetric assay, these
layers would all contribute to the signal produced (Figure 3 6) When multiple layers
of protern are immobulised, little change 1n response for the colorimetric assay occurs

However, this results 1n a significant decrease 1n amperometric response
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Figure 3.6. Schematic diagram of the behaviour of the HRP-modified electrode
surface for the colorimetric assay (a) and the amperometric assay (b). The case for a
monolayer is depicted (top), when maximum absorbance and amperometric response,

respectively are observed. Multi-layers are formed at higher concentrations (bottom).

It appears that from indirect electrochemical and optical measurements, at
optimal conditions, a monolayer, or close to a monolayer of protein becomes
deposited onto the polymer electrode, which simultaneously blocks non-specific
responses from the bulk solution while providing efficient electronic interaction
between the immobilised enzyme and the electrode as well as efficient mass transport
of substrate to the enzyme. This understanding is essential for the application of this

immobilisation technique in enzyme and antibody biosensor applications.
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3.4 CONCLUSION

A study on a particular conducting polymer-based screen-printed electrode
was carried out in order to assess optimal protein binding capacity and to elucidate
why maximising the mass of protein on the surface of the polymer does not result 1n
optimal catalytic signals This study on the protein layer was carried out using Ultra-
inH electrodes It appears that from indirect electrochemical and optical
measurements, at optimal conditions, a monolayer of protem becomes deposited onto
the polymer electrode, which simultaneously blocks non-specific responses from the
bulk solution while providing efficient electronic interaction between the immobilised
enzyme and the electrode as well as efficient mass transport of substrate to the
enzyme By applying a solution of bovine serum albumin at 0 75 mg ml”, efficient
blocking of the electrode from electroactive species m the bulk solution could be
achieved When the horseradish peroxidase was immobulised on the electrode, optimal
amperometric responses from hydrogen peroxide reduction were achieved at
approximately the same concentration The mass of enzyme immobilised at this
solution concentration was determined by a colorimetric enzyme assay to be
equivalent to the formation of a protein monolayer Under these conditions,
amperometric responses from the immobilised layer are maximised and non-specific
bulk solution mteractions are mummsed At higher immobilised protem
concentrations, diminished amperometric responses may be due to inhibited diffusion
of hydrogen peroxide to enzyme which 1s in electronic communication with the
electrode surface, or impeded electron transfer This understanding 1s essential for the
application of this immobilisation technique m enzyme-based and antibody-based

biosensor applications
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Chapter 4

A Polyaniline-Based Enzyme Biosensor Fabricated

from Nanoparticles



4.1 INTRODUCTION

Modification of electrodes with polyanilines and other conducting
polymers 1s commonly carnied out by means of electropolymensation of the monomer
aniline from aqueous meda (Gerard et al, 2001) As demonstrated 1n Chapter 2,
modification of electrodes with polyamiline has been applied in biosensing
applications (Killard et al, 2001), where polyanihne can act as an effective non-
diffusional mediating species coupling electrons directly from the enzyme redox site
to the electrode This allows for very effective direct electrical communication
between the biomolecule and the electrode surface Polyamline exhibits good
environmental stability, and 1its electrnical properties can be modified by the oxidation
state of the main chain and degree of protonation for different applications including
the aforementioned biosensors, microporous electrically conducting maternals,
anticorrosion protection of metals, chemical sensing, supporting material for catalysts
etc

However, the poor processability of polyamlines has limited their
exploitation in commercial applications Amiline 1s a carcinogenic monomer and must
be distilled prior to use It 1s insoluble tn common solvents (Cho er al, 2004),
seriously hindering 1ts potential In addition, acidic conditions are required for the
formation of the most highly conductive form of polyaruline, which does not lend
itself to entrapment of pH-sensitive matenals such as proteins Chemically-prepared
polyaniline 1s unprocessable by conventional plastic processing methods such as
extrusion or injection moulding, as the polymer 1s infusible (Banerjee & Mandal,
1995) Processability 1ssues such as these need to be overcome for further successful
exploitation of this electrically conducting polymer Chapter 2 highlighted some other
problems associated with the use of electropolymerised PANI as a diffusionless
mediator m a biosensor application Protein could not be entrapped with the polymer
film as acidic conditions were used for the electropolymensation As such, proteins
had to be subsequently deposited, adding complexity to the sensor fabrication In
addition, the inter-film vanability was high, due to lack of ability to control the charge
contamned within the film These problems led to the fabrication of biosensors that

were shown to be unreliable and wrreproducible
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Much effort has been spent improving the processability of PANI
Dispersion of this polymer 1s one of the interesting ways to improve its processability
Problems with solubility can be overcome and 1its processability by conventional
plastic processing methods improves In addition, little or no aniline should be present
in dispersions, thereby reducing its carcinogenic properties These dispersions have
been studied by many research groups (Park et al, 2004, Somani, 2003,
Gangopadhyay ef al, 2001) PANI dispersions have been prepared by various
methods such as polymensation of amiline 1n micelle (Kim et al, 2000, 2001),
emulsion (Kinlen ef a/, 1998) and reversed microemulsion (Gan et al, 1995)
methods Polymerisation of aniline in the mcelle has not generated extensive research
to date despite being a facile method of synthesis It has the added benefit that
coalescence and coagulation of the particles 1s naturally prevented by electrostatic
repulsive 1nteraction between amomc micelles Kim et al (2001) reported the
preparation of PANI nanoparticles by oxidation with ammonium peroxydisulphate
(APS) in sodium dodecyl sulphate (SDS) mucellar solution The particle size was
found to be of the order of 10 - 20 nm and the conductivity was 1n the range of 4 — 20
S ecm™ This dispersion exhibited long-term stability, and existed as a stable solution
without precipitation over several years Oh ef al (2002) have also carried out similar
work using SDS mucellar solution as the polymerisation medium More recently, Han
et al (2002) produced conducting polymer nanoparticles by 1introducing
dodecylbenzene sulphomc acid (DBSA), which can play both the roles of dopant and
surfactant 1n the aqueous solution This serves to increase the processability and
stability of the resulting nanoparticles, and to simplify the process without additional
dopants Recently, Moulton et al (2004) used the micelle polymerisation method
developed by Han et al (2002) to synthesise larger quantities of the polyaniline
nanodispersion (40 g) This was achieved by increasing the oxidant to monomer ratio
(11, compared to 051) These nanoparticles were characterised as spherical
particles, 10 £ 2 nm 1n diameter with an electrical conductivity of 15+ 3 S cm '

This work investigates these polyamiline nanoparticles, synthesised by
Moulton et al (2004), as an alternative non-diffusional mediatmg species in
biosensing to the PANI/PVS co-polymer discussed in Chapter 2 The nanoparticles
are readily dispersed in aqueous media which helps overcome some of the
processability issues associated with polyaniline Modification of electrodes can be

readily done from this aqueous dispersion, where the nanoparticles can be deposited
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by electrochemical or drop-coating methods Nanodimensional conducting polymers
have been shown to exhibit unique properties such as greater conductivity and inore
rapid electrochemical switching speeds (Innis & Wallace, 2002) Nanoscale materials
offer bulk solution handling characteristics with nanoscale matenial control, and in the
case of biosensors, can be combined with biomolecular species at this pont, or
subsequent to their fabrication on an electrode surface

In this work, the polyamline nanoparticles - referred to as
nanoPANI/DBSA n this section - were successfully electrodeposited on the surface
of carbon electrodes by means of cyclic voltammetry, to form nanostructured films
These electrodeposited polymer nanoparticles were examined by Scanning Electron
Microscopy (SEM), Atomic Force Microscopy (AFM), spectroelectrochemustry and
profilometry Biomolecules were combined with these films m a number of ways
Physical techmques have shown that the nanostructured films possess properties
which allow for umiform adsorption of protem to take place The biosensor
performance has been characterised using horseradish peroxidase (HRP) with the
catalytic substrate hydrogen peroxide (H,0;) This sensor exhibited higher signal-to-
background ratios (S/B) and quicker response times than the PANI/PVS biosensor
configuration discussed in Chapter 2

Drop-coating of the nanoPANI/DBSA onto screen-printed electrodes for
biosensor development was also investigated By drop-coating a mixed solution of an
enzyme and nanoparticles, a sumple fabrication method for a brosensor was
developed The S/B of this sensor was comparable to the sensor developed using
electrodeposited nanoparticles, but has the added advantage of ease of fabrication, a
method that would lend itself to techniques such as ink-jet printing for mass

production of biosensors
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4.2 MATERIALS AND METHODS

42.1 Materials

Polyanilme dodecylbenzene sulphonic acid nanoparticles
(nanoPANI/DBSA) were synthesised according to a previously published procedure
(Moulton et al, 2004) by Simon Moulton, IPRC, University of Wollongong,
Australia Horseradish peroxidase (HRP, 232-668-6) was purchased from Biozyme
Laboratories (South Wales, UK) Bovine serum albumin (BSA, A-7906), 2,2’-azmo-
bis(3-ethylbenzthiazolme-6-sulphonic acid) (ABTS, A-1888), and silver enhancer kit
(SE-100) were purchased from Sigma-Aldnch (Poole, Dorset, UK) Human chorionic
gonadotropin (HCGp) monoclonal antibody (MoAb) labelled to colloidal gold (62-
H25) was purchased from Fitzgerald Industries International (MA, USA) 30% (v/v)
hydrogen peroxide solution was purchased from Merck Glassy carbon and
silver/silver chloride (Ag/AgCl) electrodes were purchased from Bioanalytical
Systems Ltd (Cheshire, UK) The platinum mesh (29,809-3) was purchased from
Aldrich

4.2.2 Buffers and solutions

Unless otherwise stated, all electrochemical measurements were carried
out 1n phosphate buffered saline (PBS), (0 1 mol dm? phosphate, 0 137 mol dm?
NaCl and 2 7 mmol dm™ KCI), pH 6 8 Colorimetric assays were carried out m 10
mmol dm™ phosphate buffer, (033 mmol dm® KH,PO; and 066 mmol dm>
Na,HPO,), pH 7 0 The ABTS buffer was 200 mmol dm™ dihydrogen phosphate and
100 mmol dm * citric acid, and adjusted to pH 5 5 using concentrated NaOH

4.2.3 Instrumentation
All electrochemical protocols were performed either on a BAS100/W

electrochemical analyser with BAS100/W software, or a CH1000 potentiostat with

CHI1000 software, using either cyclic voltammetry or time-based amperometric
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modes A Ag/AgCl reference electrode and a platinum mesh auxiliary electrode were
used for bulk electrochemical experiments Scanning electron microscopy (SEM) was
performed with a Hitachit S 3000N scanning electron microscope An acceleration
voltage of 20 kV was employed Atomic Force Microscopy (AFM) was performed
with a Dimension 3100 (Digital Instruments) in contact mode All AFM
measurements were carried out by Orawan Ngamna at the IPRI, Wollongong,
Australia Profilometer readings were taken with a Dektak V-220-S:1 Stylus
Profilometer (Veeco Instruments Ltd , Cambridge, UK) Spectroelectrochemistry was
carried out with a Varian Cary UV-Vis spectrophotometer (JVA Analytical Ltd )

4.2.4 Electrodeposition of nanoPANI/DBSA

Glassy carbon working electrodes (area 007 cmz) were cleaned by
successive polishing on aqueous slurries of 1 pm, 03 um and 005 pm alumina
powder, followed by ultrasonic cleaning in Milli-Q water for ten minutes Indium tin
oxide (ITO) glass was cleaned by sonicating 1n acetone for 10 min NanoPANI/DBSA
(5 54 % w/w ratio) was made up with distilled water and electrodeposited from this
solution onto the surface of the working electrode (glassy carbon or ITO), using cyclic
voltammetry (CV) The potential was cycled between —500 mV and 1100 mV vs
Ag/AgCl at 100 mV s for the required number of cycles

4.2.5 Electrostatic immobilisation of protein

Following electrodeposition of the nanoPANI/DBSA, the electrode was
transferred to a batch cell The surface of the polymer was reduced in PBS (degassed
for 10 min under mtrogen) at —500 mV vs Ag/AgCl, over 1500 s at a sensitivity of 1
x 10* A V! Protemn was prepared m PBS prior to use Very quickly after reduction
was complete, PBS buffer was removed from the cell and quickly replaced with the
protein solution, not under stirring or degassing Oxidation was then performed
immedately at +700 mV vs Ag/AgCl for 1500 s Duning this oxidation, the protein
becomes electrostatically attached to the polymer surface The protein solution was

carefully recovered from the cell and re-stored for later use
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426 Real-time monutoring of protein interactions in the batch cell

After the immobuilisation of protein, the electrode was placed in PBS buffer
1n a batch cell Amperometric experiments were performed at —100 mV vs Ag/AgCl,
with a sample interval of 100 ms and a sensitivity of 1 x 10% A V! H0, (8 mmol

dm™) was added once the current had reached steady state

4.2.7 Blocking of the electrode surface with bovine serum albumin

A range of dilutions of bovine serum albumin (BSA) beginning at 10 mg
mi"! was prepared in PBS These solutions were used for the immobilisation of BSA
on the surface of the electrode An electroanalytical procedure was performed where a
solution of HRP (0 5 mg ml") and H,0, (8 mmol dm™) 1 PBS was added to the

stirred buffer solution

4.2.8 Optimisation of the mass of HRP on the electrode surface

A range of dilutions of HRP beginning at 10 mg ml™ was prepared in PBS
These solutions were used for the immobilisation of HRP onto the surface of a series
of electrodes An electroanalytical procedure was performed where a solution of H,O,

(Final concentration 8§ mmol dm? ) in PBS was added to the stured buffer solution

4.2.9 Stlver enhancement of gold-labelled HCG [ MoAb on nanoPANI/DBSA-

modified electrodes

Colloidal gold-labelled HCGP MoAb of varying concentrations was
electrostatically deposited onto the surface of the polymer film according to Section
425 The films were allowed to dry Equal volumes (1 ml) of solutions A (silver salt)
and B (1mtator) from the silver enhancer kit were mixed together immediately before
use, and applied onto the surface of the clectrode After 6 mun, the solution was
removed, and potassium thiosulphate (2 5 % (w/v), 20 ul) was then dropped on the

surface for 2 min 1n order to stop the silver reaction
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4210 Drop-Coating of nanoPANI/DBSA biwosensors

NanoPANI/DBSA was dispersed with distilled water at the required
concentration pH adjustment was carried out at this point if necessary HRP was then
added at the required concentration to the dispersion, and the resulting mixture was
drop-coated onto pre-treated Gwent-inH electrodes and allowed to dry overmight at
4°C over silica gel Amperometric measurements were carried out according to

Section4 26
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4.3 RESULTS AND DISCUSSION

Aqueous dispersions of polyamline nanoparticles were prepared as
described in Section 4 2 4 Particle sizes were previously determined to be of the order
of 10 nm (Moulton ef al, 2004) Dispersions of these nanoparticles were found to be
stable for at east two months

Electrodeposition of nanoPANI/DBSA dispersions was successfully
carried out on carbon electrodes It was possible to electrodeposit this material onto
both glassy carbon, and screen-printed carbon electrodes (Gwent-inH) However,
glassy carbon was used as the working electrode due to the greater rehability of 1t
over the screen-printed electrodes for fundamental studies These electrodeposited
nanoparticles were characterised, and examimed as an alternative platform to the
PANI/PVS film (Chapter 2) in a working biosensor

In addition to electrodeposition, drop-coating of the nanoPANI/DBSA
dispersion was also carried out onto pre-treated Gwent-inH electrodes Preliminary
work was carmed out on this type of modified electrode 1n order to determine the
suitability of the matenal for single-step biosensor fabrication

Attempts to deposit PANI/DBSA from amline monomer in the presence of
DBSA acid was also attempted as an alternative method for modifying the electrode
surface with PANI However, mixing amline and DBSA (1 1) in aqueous medium
resulted m a white, hughly viscous material, due to the formation of the insoluble
crystalline anithmum-DBSA complex (Haba et a/, 2002) Reducmg the ratio of DBSA
did serve to decrease the viscosity However, the pH of this solution increased as a
result For example, at a monomer acid ratio of 1 0 6, the pH of the mixture was
measured at 5 6 Electropolymerisation of PANI at pH higher than 4 1s not possible as
the nucleation step 1s an oxidative process requiring protons (Chapter 2, Figure 2 2)
Although 1t was possible to deposit PANI/DBSA onto glassy carbon at a
monomer acid ratio of 1 1, the SEM 1mages of the resulting films were patchy and
inhomogeneous, and not suitable for further work As a result, all further work was
based on nanoPANI/DBSA
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4.3.1 Electrodeposition of nanoPANI/DBSA onto glassy carbon electrodes

Cyclic voltammetry was the method used for electrodeposition of the
nanoPANI/DBSA emeraldine salt (ES) nanodispersion onto glassy carbon electrodes
(Figure 41) Figure 4 la shows a typical voltammetric electrodeposition of the
nanoPANI/DBSA onto glassy carbon for 10 cycles This electrodeposition process
showed typical PANI redox behaviour, simular to that observed from the PANI/PVS
system 1 Chapter 2, undergoing two distinct redox processes, also observed for the
PANI/PVS system Current responses increased on subsequent scans indicating that
the nanoparticles aggregated/assembled on the glassy carbon electrode surface The
oxidation peaks were assigned to the oxidation of leucoemeraldine (LM) to 1ts radical
cation, (LM™) (a), and LM " to emeraldine (EM) (b) The reduction peaks were
assigned to the reduction of EM to its emeraldme radical cation (EM *) (c) and EM™
to LM (d) A third redox couple was observed at about +600 mV when just 10
voltammetric cycles were employed This was attnbuted to the formation of p-
benzoquinone and hydroquinone as side products (Sadik & Wallace, 1993) These
degradation peaks were no longer observed after 30 voltammetric cycles (Figure
4 1b), as the PANI redox couples dominated the CV Shufts in peak potentials began
to occur after a number of cycles (Figure 4 16) This may be the result of increased
resistance of the electrode, as the film deposited becomes thicker Currents reached
for the electrodeposition (30 cycles) of the nanoparticles can be seen to be 1n the order
of hundreds of pA cm™ This 1s in contrast to the PANI/PVS system where mA cm™

current levels were reached after just 10 cycles (Chapfter 2)
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Figure 4.1. Electrodeposition of /ww>PANI/DBSA (5.54 % w/w) film onto a glassy
carbon electrode (0.07 cm2), (a) 10 and (b) 30 voltammetric cycles. Scan rate: 100
mV s*l1

Different concentrations of the wwaPANI/DBSA dispersion were used for
electrodeposition (10 cycles), in order to examine its effect on the growth of the film.
CVs of these electrodeposited films were carried out in HCI (1 mol dm'3 and a plot of
the EM** peak current against dispersion concentration is given in Figure 4.2. It was
seen that below dispersion concentrations of 5.54 % w/w, the peak current heights
were quite low, showing that there was not sufficient electrical connectivity between
the PANI molecules for effective inter-communication. Increasing the concentration
to 5.54 % w/w, a sharp increase was observed in peak current. This is the critical
concentration for the w/w>PANI/DBSA redox centres to interact, and hence produce
much larger peak currents. Increasing the concentration above values of 5.54 % w/w
resulted in increases in peak height. However, above 7 % w/w, the slope of the graph
began to decrease, indicating that inhibition of charge transfer was occurring in these

films. Hence, for all further electrodepositions, 5.54 % w/w was used.
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Figure 4.2. Dependence of cathodic peak current (ipc). (Peak (c) in Figure 4.1a)> on
concentration (% w/w) of mmoPANI/DBSA used for electrodeposition on glassy

carbon electrodes.

4.3.2 Characterisation o felectrodeposited nanoPANI/DBSA

Preliminary profilomctry results indicated that the electrodeposited film
from wiwoPANI/DBSA (30 cycles) was approximately 350 nm thick on glassy carbon
(0.07 cm2). This was about 100-times less than those synthesised from PANI/PVS
(using only 10 voltammetric cycles) (Chapter 2). SEM studies also showed the
drastically smoother electrodeposited film of wjwoPANI/DBSA compared to the
electropolymerised film of PANI/PVS (Figure 4.3). Literature reports (Do & Chang,
2004; Sharma et al., 2003) that electropolymerised polyaniline films grown from
acidic media, usually result in a sponge-like, branched, porous-structure, high-surface
area polymer film (Figure 4.3a). Since electrodeposition of nanoparticles involves
deposition of preformed polymer, no nucleation or branching occurs and a more
ordered deposit results (Figure 4.3b). The white sphere is presumed to be excess

DBSA.
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Figure 4.3 Typical scanming electron micrograph of (a) PANVPVS
electropolymerised on a glassy carbon electrode surface (20 cycles) (1500 X
magnification) (b) nanoPANI/DBSA (554 % w/w) electrodeposited on a glassy
carbon electrode surface (30 cycles) (2500 X magnification)
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AFM was also employed to characterise surface morphology of the
electrodeposited nanoPANI/DBSA film (Figure 44) The AFM images shows
nanoPANI/DBSA films after different numbers of electrodeposition cycles Each of
the films are characterised by uniform arrays of PANI/DBSA nodules The roughness
of the film however, depends on the number of cycles employed for the
electrodeposition process The roughness calculations for the electrodeposited films
formed with various voltammetric cycles were calculated (Table 4 1) Root mean
square average of height deviations were taken from the mean data plane as the

formulation below

\/2212

n
Where Z 1s the height (nm) and n 1s the no of data points taken

As the number of cycles increased, the roughness of the films also
mcreased up to 30 cycles At 40 cycles the roughness decreased, possibly due to the

aggregation of individual nodules to form a continuous film

Table 4 1 Roughness calculations for nanoPANI/DBSA films electrodeposited

onto glassy carbon as a function of number of voltammetric cycles

Number of Cycles RMS (nm)
10 24 74
20 8319
30 11555
40 86 66
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Figure 4.4. AFM 3-D images (30 x 30 “m) of mmoPANI/DBSA (5.54 % w/w)
electrodcposited on a glassy carbon electrode surface, (a) glassy carbon, (b) 10, (c)

20. (d) 30. (e) 40 voltammetric cycles.



Spectroelectrochemustry of the nanoPANI/DBSA film was carried out on
films electrodeposited onto ITO-coated glass (80 cycles) in order to investigate the
electronic properties of the film UV-Vis absorption spectra (Figure 4 5) contained
the three characteristic absorption bands of doped PANI observed at about 330 nm,
420 nm and 750 nm (Haba ef a/, 1999) The first absorption band arises from electron
transitions within the benzenoid segments and 1s assigned to a n-7* transition The
second absorption band represents the protonation stage of the PANI chains This
band 1s most prominent when the film 1s held at negative potentials (-500 mV), and
decreases n intensity as the film becomes oxidized (or deprotonated) The absorption
band in the visible region around 750 nm 1s assigned to the presence of polarons,
which are the dominant charge carriers m polyanilme This peak 1s not present when
the film 1s fully reduced (-500 mV), as the polymer chains are fully protonated This
spectroscopic investigation shows that the nanoPANI/DBSA electrodeposited from
aqueous media exhibited typical PANI characteristics 1n the UV and visible regions
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Figure 4.5. Spectroelectrochemustry of nanoPANI/DBSA film on ITO glass (80
voltammetric deposition cycles) UV-Vis scans were carried out in phosphate buffer,
pH 6 8, while the potential was held constant for each scan over the range —500 mV to
+1100 mV

127



4.3.3 Optimisation of electrodeposited nanoPANI/DBSA film for use in

biosensing

Preliminary biosensing work was performed on surfaces modified by
electrodeposition from 5.54 % w/w wanoPANI/DBSA initially using 10 vollammetric
cycles. HRP (0.1 mg ml') was electrostatically immobilised onto the modified
electrode surface according to Section 4.2.5. The amperometric response obtained
from addition of H202 (8 mmol dm'3) is shown in Figure 4.6. The applied potential of
-l0OmV was chosen in order to directly compare the amperometric response of the
wzwoPANI/DBSA sensor with the previously reported PANI/PVS biosensor (Chapter
2). The background current density (5.7 nA cm'2) was much lower than obtained
previously (42.4 \xA cm'2) using the PANI/PVS copolymer. Response times of less

than 1s were observed.
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Figure 4.6. Amperometric response of electrodeposited wjwoPANI/DBSA sensor
modified with HRP (0.1 mg ml*1). Potential held at -100 mV vs. Ag/AgCI. * Indicates

addition of H202 (Final concentration: 8 mmol dm'3).

43.3.1 Optimisation of protein mass on the surface

Immobilisation of both BSA and HRP onto the surfacc of the

wjm>PANI/DBSA polymer film was achieved via electrostatic interactions.
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Investigations into the process of protein immobilisation using amperometric and
SEM techniques was carried out Amperometric response as a function of enzyme
immobihisation 1s shown mm Figure 47 Optimal amperometric responses were
achieved when HRP was immobilised on the electrode surface at a concentration of
0 1 mg ml”’ Amperometric responses mcreased as a function of concentration of HRP
up to the optimal concentration of 01 mg ml' Above this concentration the
responses decreased, possibly due to steric hindrance of the enzyme or the presence of
impeded charge transfer due to multiple protein layers To confirm the recorded signal
response was due to the catalytic interaction between H»O, and HRP, BSA was
electrostatically immobilised to the nanoPANI/DBSA surface By electrostatically
applying a sufficient amount of BSA to the electrode, efficient blocking of the
electrode surface from any electrochemically detectable reactions in bulk solution
should be achieved This occurred when BSA was used at concentration levels
between 01 mg ml’ and 10 mg ml' (Figure 47) Concentrations of BSA
immobilised were found to be mversely proportional to the amperometric responses
from HRP and H,O, 1n bulk solution

A similar trend was observed previously using the PANI/PVS platform
(Chapter 3) However, 1n the work reported here, optimum catalytic signals were
obtained using a protein immobilisation concentration approximately six times lower
than our previous formats, showing that a much more efficient deposition of protein 1s
achieved on the nanoPANI/DBSA nanoparticulate surface than the PANI/PVS
surface
The absolute mass of enzyme immobilized at the solution concentration of 0 1 mg ml
! was determmed by a colormetric enzyme assay (Chapter 3), and was calculated to
be 50 + 44 x 10" molecules Assuming an 1deal flat two-dimensional
nanoPANI/DBSA surface with an area of 7 07 x 10° m?, the theoretical number of
molecules of HRP (radius 26 A) necessary to form a monolayer on the surface of
these electrodes was estimated to be 3 33 x 10'' molecules This theoretical number
of molecules of HRP required to form a monolayer at this surface can be compared to
the number of molecules immobilised at optimum concentration (01 mg ml™)
Therefore, 1t would appear that at this concentration, roughly a monolayer of protein
1s formed at the surface In comparison to the PANI/PVS formats previously
developed (Chapter 3), both optimum catalytic signals and monolayer formation for

the nanoPANI/DBSA platform occur when the concentration of protein for
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immobilisation is six-fold lower. This extra efficiency of the nanoparticulate system

leads to a more economic biosensor in terms of protein reagents.

20 .
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Figure 4.7. Dependence of sensor response on the concentration of both BSA (blue
line) and HRP (black line) used for immobilisation. Amperomctric responses
increased as a function of concentration of HRP up to 0.1 mg ml'1(n=3). Above this
concentration the responses decreased. Concentrations of BSA immobilised were
found to be inversely proportional to the amperometric responses from HRP and H202

in bulk solution (n=3).

Although AFM and SEM could provide adequate surface information as to
the overall topography of protein films, the resolution of individual proteins or groups
of proteins is not possible (Grennan, 2003). However, through the use of proteins
conjugated to a non-fading, electron-dense particle such as gold, it was possible to
indirectly visualise the distribution of proteins. A colloidal gold-labelled HCGP
MoAb was used as a model for the visualisation of protein on the rawoPANI/DBSA
film. HCGp MoAbs conjugated to colloidal gold particles were employed as a model,
with a view to imaging the topography of protein layers on w/waPANI/DBSA
modified glassy carbon. All gold-labelled-protein-modified surfaces were enhanced
with silver, in order to visualise the gold label. This silver enhancement process

caused the reduction of silver ions, resulting in the precipitation of metallic silver
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around the gold particles, so as to enlarge the gold particles for better visualisation
(Grennan, 2003)

Figure 4 8 contains the images of colloidal gold-labelled HCG3 MoAb
electrostatically immobilised on the surface of nanoPANI/DBSA films (5 54 % w/w,
30 voltammetric cycles) A trend of increasing surface coverage was observed as the
concentration of protein used for immobilisation was increased At a level of 0 001
mg ml”', low surface coverage was observed This surface coverage increased
gradually until 10 mg ml”, which had a very dense layer of protein covering the
polymer layer These images showed that protein was umiformly distributed over the
surface of the nanoPANI/DBSA film and no clustering was evident This 1s in
contrast to the topographical results obtained for the protein-modified PANI/PVS
surface, where high concentrations of protein resulted in aggregation and clumping of
protein on the PANI/PVS surface with intermittent patches of the underlying polymer
still visible (Grennan, 2003) These conirasting results must be attributed to the very
different polyanihne films One reason may be that the morphology of the spongy
PANI/PVS surface may hinder the immobilisation process of the protein In addition,
there may be irregular patches of electro-inactive PANI/PVS within the film where
protein may not adhere to during the electrostatic immobilisation, and so must cluster
on the electroactive PANI areas of the film The nanoPANI/DBSA film has a
smoother morphology, and the electroactivity within the film may be more
homogeneous As such, from these SEM results, the nanoPANI/DBSA provides a

more favourable platform for the immobailisation of protein
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Figure 4 8 SEM 1mages of nanoPANI/DBSA films with varying concentrations of
electrostatically immobilised HCGB MoAb-Colloidal Gold The protein can be seen
to be uniformly distributed over the surfaces, with the coverage increasing for
increasing concentrations All surfaces were silver-enhanced m order to be able to

visualise the protein gold label (500 X magnification)
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4332  Optimsation of the nanoPANI/DBSA film thickness

By varying the thickness of film using different numbers of
electrodeposition cycles, the charge held within the film should vary Figure 49
shows a graph of the dependence of catalytic response of immobilised HRP to H,0,
(8 mmo! dm *) on the number of cycles used for electrodeposition Up to a limut of 30
cycles, the catalytic response to H,O, increases Above 30 cycles, the current
response was seen to decrease This was due to the thicker polymer film hindering the
electron transfer properties between the electrode surface and the bulk solution This
result 1s 1n agreement with the AFM data (Table 4 I & Figure 4 4), which seems to

indicate 30 cycles as optimum for film performance
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Number of Deposition Cycles
Figure 4.9. Relationship between amperometric response and number of cycles used
for electrodeposition of the nanoPANI/DBSA film HRP (01 mg ml') was
electrostatically immobilised on the polymer films of varying thicknesses, and the
recorded amperometric response was due to 1ts catalytic interaction with H,O, (8

mmol dm™) Maximum signal response was achieved when the number of deposition

cycles was 30
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4333  Companson of electrodeposited nanoPANI/DBSA with PANI/PVS for

use 1 brosensing

Finally, the characteristics of the optimised nanoPANI/DBSA film were
compared directly to the PANI/PVS film m terms of a platform for biosensing As
stated previously, the nanoPANI/DBSA film seemed more efficient in terms of
protein immobilisation and required a concentration of protein six-fold lower than the
PANI/PVS layer for monolayer coverage Although the net signal of the
nanoPANI/DBSA sensor (42 + 11 pA) to H;0; (8 mmol dm™) was just half of the
signal achieved with PANI/PVS sensor (71 £ 14 pA), the S/B ratio was three times
greater for the nanoPANI/DBSA sensor (61 £3 vs 17 = 14) S/B ratios determine the
sensitivity of the sensor, and therefore the nanoPANI/DBSA sensor should have a
lower limit of detection than the PANI/PVS sensor The response time for the
optimised ranoPANI/DBSA biosensor (062 £ 004 s) was at least one order of
magnitude lower than that of the PANI/PVS biosensor (946 £ 4 12 s) These data
show that the nanoPANI/DBSA was more powerful as a biosensor platform, due to 1ts
highly ordered nanostructure, thinner layer, and the consequent uniform and efficient

immobilisation of enzyme
434 Drop-coating of nanoPANI/DBSA onto screen-printed electrodes

Drop-coating of the nanoPANI/DBSA dispersion onto electrodes was
carned out as an alternative deposition method to the electropolymerisation
Electropolymenisation 1s not a techmque applicable to mass production of biosensors
Drop-coating (or casting) 1s a sumpler method of electrode modification that,
combined with screen-printed electrodes, would be amenable to mass production In
addition, enzyme could be drop-coated erther simultaneously or sequentially in order
to develop a very simple method for fabrication of a biosensor

In order to examine this approach, vanous compositions of
nanoPANI/DBSA (20 pl) were first drop-coated onto Gwent-inH screen-printed
electrodes (SPEs) and allowed to dry overmight over silica gel Figure 4 10 shows the
CVs m HCI (1 mol dm™) of compositions ranging from 5% to 40% w/w It can be

seen that 5% and 10% compositions resulted 1n low currents, and the electrochemistry

134



of the underlying silver track of the SPEs dominated the voltammograms Increasing
the concentration to 554 % resulted in much higher currents, where the
electrochemustry of the PANI dominated Increasmg the concentration to 40%
resulted 1n only a negligible increase in current Therefore, 5 54 % w/w was chosen
for all further work This optimum nanoparticle dispersion concentration was found to
be the same as for the electrodeposition method The drop-coated electrodes,
however, did not display such well-defined electrochemustry This observed poor
electrochemustry may have been related to the thicker films that resulted from drop-
coating as compared to electrodeposition No profilometry studies were carnied out on
these films, but could be estimated to be approximately 1000-times thicker than
electrodeposited films, from a comparison of the voltammetric peak heights in HCI (1
mol dm™)

The volume of PANI/DBSA used for the drop-coating was varied to see 1f
peak defimtion could be improved Figure 4 11 shows that smaller volumes of
PANI/DBSA (5 54 % w/w) resulted in more defined electrochemistry, which was
more optimal, despite losing magnitude in current 5 pl showed the most well-defined
peaks This was attnibuted to the thinness of the films that would result from using
lower drop-coating volumes However, even at these volumes, the quality of PANI
electrochemustry 1n HCl 1s still not ideal Drop-coating may not result in a continuous
polymer chain as the nanoparticles may not aggregate on the electrode surface in an
ordered fashion, as occurs for the electrodeposition method, which may reduce the
quality of the charge propagation throughout the film and hence the electrochemistry
It was not possible to deposit films using lower volumes than 5 pl, as these volumes
did not cover the surface of the electrode adequately However, thinner films could be
physically created by controlled deposition techmques such as ink-jet printing and

spin-coating

135



20
15

10

-10

-15

600 400 200 0
Potential (mV)

Figure 4.10. CVs in HC1 (1 mol dm') for various compositions (% w/w) of

mwoPANI/DBSA drop-coated onto Gwent-inH screen-printed electrodes.

Potential (mV)

Figure 4.11. CVs in HCI (1 mol dm'3) for various volumes of/ra/wPANI/DBSA (5.54
% w/w) drop-coated on Gwent-inH screen-printed electrodes. All electrodes were

dried overnight at 4°C over silica gel.
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The drying conditions of the drop-coated films needed to be investigated,
as the films drop-coated with lower volumes were more fragile, and formed cracks
upon drying Different drying conditions were used m order to try to strengthen the
film Drying under vacuum over silica gel, and drying at 4°C, also over silica gel,
were both explored It was observed that the films dried at 4°C were most stable,
perhaps due to the slower drymg process that would occur rather than at room
temperature Figure 4 12 shows a digital 1mage of the ranoPANI/DBSA film (5 ul)
on a screen-printed electrode dried over silica gel at 4°C overmght The layer appears

smooth and homogenous, with no apparent cracking

Insulation layer

Carbon layer modified with
nanoPANI/DBSA

Figure 4.12. Digital image of nanoPANI/DBSA drop-coated (5 pl) onto a SPE and

dried over silica gel at 4°C overmight

Incorporation of HRP mto the film was then carried out m order to
construct a working biosensor for HyO; Three methods of protein immobilisation
were examined (1) pre-muxing the HRP with the dispersion before drop-coating, (2)
post-drop coating of the HRP onto the dned nanoPANI/DBSA film and (3)
electrostatic 1mmobihisation of HRP All of the electrodes were tested in a stirred
batch format using amperometry where the potential was held at —-100 mV vs
Ag/AgCl wire H;O, was added once the current had reached steady state (Section
42 6) The immobilisation methods used, and the catalytic signals achieved upon
addition of H,O; are summarnised 1n Table 4 2

It can be seen that pre-mixing HRP with nranoPANI/DBSA did not yield
any measurable signal upon addition of H,O, However, when the pH of the
nanoparticle solution was adjusted before addition of HRP, a high net catalytic signal
was achieved Voltammetric studies in HCI (1 mol dm™) showed that there was little
or no effect on the polyaniline electrochemustry of the films after pH adjustment (data

not shown) Post-drop coating HRP (1 mg ml") did not achieve such high catalytic
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currents The PANI-mediated mechanism of the catalytic reduction of HO, was much
more pronounced when HRP and nanoPANI/DBSA were drop-coated
simultaneously  Electrostatic immobihisation of the HRP yielded net signals
approximately half of that achieved with the pre-mixing method (with pH
adjustment) This could be the result of a much lower mass of HRP immobilised on
this electrode compared with electrodes where HRP was drop-coated There may also
be charge inhibition as a result of the use of such a high concentration (1 mg ml™) of
HRP for the electrostatic adsorption (Sectiorn 4 3 3) However, this immobilisation
technique was not explored further, as ultimately 1t added too much complexity to the
biosensor fabrication process Hence, the simpler process of premixing (with pH
adjustment) was used for all further investigations This method, as well as yielding
the lghest catalytic signals, also has the advantage of being the smplest method for
mncorporating protein, and could be developed further with techniques such as ink-jet

printing

Table 42 Summary of the conditions used for the different HRP immobilisation
methods with their net signals and S/B ratios for catalytic reduction of H,0,

according to Section 42 6

NanoPANI/DBSA drop- Immobilisation

coating conditions method of HRP Net Signal S/B "
Pre-mixed with
5 54 % wiw, 20 ul nanoparticles - S/N <1 3
(1 mg ml'l)
554 % wiw, 20 pl, pH Pre-mixed with
adjusted to 7 0 using nanoparticles 3202716 881+413 3
conc NaOH (1 mg ml'I)

Post drop-coat

V)
5 54 % wiw, 20 pl (1 mgml™) 10 ul

646+094 322106 3

Electrostatic

-1 17241643 735+923 2
(1 mgml™)

5 54 % wiw, 20 pl

Using the premixing method (with pH adjustment) for immobilisation of
HRP, the concentration of HRP was varied over the range 0 to 50 mg ml" i order to
determine the optimum working concentration A plot of catalytic response from
H,0; (8 mmol dm 3) 1s plotted against HRP concentration in Figure 4 13 Catalytic
responses increased as the concentration was varied from 0 to 20 mg ml”’ Above

HRP concentrations of 20 mg ml™, the catalytic response was seen to decrease due to
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excess HRP At these high concentrations, the efficiency of the charge transfer
between the redox sites of the HRP and the PANI decreased, possibly due to steric
hindrance within the films This demonstrated that the HRP was responsible for the
catalytic reduction of H,O; and that when immobilised within the nanoPANI/DBSA
film could yield measurable signals Although 20 mg m} ! was seen to be the optimum
concentration, this level was too high to work with m terms of enzyme consumption
Therefore 5 mg mi ' was used for all further work The net signal at this level of HRP
was 34 23 + 10 03 pA, with a corresponding signal S/B ratio of 24 94 + 34 These
values were comparable to those obtammed using the electrodeposited
nanoPANI/DBSA where the HRP was electrostatically tmmobilised However, the
drop-coated biosensor was much easier to prepare, just by casting a mixed solution of
enzyme and nanoparticles, without any electrochemical steps This drop-coated
biosensor will be investigated further for single step fabrication of an ink-jet printable

biosensor
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Figure 4 13. Dependence of catalytic response of drop-coated ranoPANI/DBSA
biosensor on HRP concentration The nanoparticle dispersion (5 54 % w/w) was
adyusted to pH 7 0 to which different concentrations of HRP (0 - 50 mg ml™) were
added These were drop-coated onto SPEs (5 pl), and allowed to dry overnight at 4°C

over silica gel (n = 3)
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4.4 CONCLUSION

The present study 1llustrates deposition of polyaniline nanoparticles on
carbon electrodes for use 1n novel biosensor fabrication techniques Two methods of
deposition of nanoPANI/DBSA were investigated (1) electrodeposition and (2) drop-
coating

By electrodeposition of the nanoparticles on glassy carbon, a uniform,
highly ordered, nanometric, nanostructured polyaniline film resuited This umiform
surface showed improved enzyme deposition characteristics and better S/B ratios than
when polyaniline 1s electrochemically deposited from bulk monomer solutions It is
hoped that this system will lead to modified electrode platforms with improved
processability and functionality over previous methods

A second, sumpler drop-coating method for deposition of nanoparticles
onto screen-printed electrodes was also investigated HRP was incorporated mto the
nanoparticle dispersion before drop-coating in order to develop a single-step
fabrication method for a biosensor The signal to background was comparable to the
brosensor fabricated from electrodeposited films and the drop-coated sensor was
much easier to fabricate, with no electrochemical steps

Further work could include development of the -electrodeposited
nanoPANI/DBSA on screen-printed electrodes, and integration of this system mto a
separation-free immunosensor, that has been previously developed by Killard et al
(2001) using the PANI/PVS system The drop-coated system could be developed
further with the use of ink-jet printing technology Ink-jet printing will bring thus
sensor to a more sophisticated fabrication level, lending 1itself to smgle-step mass

production of enzyme biosensors
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Chapter 5

Electrocatalytic Biosensor Device based on a
Cyclopentadienylnickel(II) Thiolato Schiff Base

Spontaneously Adsorbed on Gold



5.1 INTRODUCTION

Modification of electrodes by spontaneous adsorption has received
widespread attraction 1n the fabrication of effective surfaces suitable in catalysis
(Stolarczyk et al , 2003), molecule or 10n recognition (Yantasee et al , 2004), and
electron transfer (Jun & Beng, 2004) The easy and rehable fabrication procedure,
rapid response, enhanced sensitivity and selectivity are the advantages of these types
of modified electrodes Different spontaneous adsorption strategies have been
employed on electrode surfaces, such as Langmuir-Blodgett (LB) transfer (Wilke &
Baruzzi, 2002) and self-assembly techmiques (Vergheese & Berchmans, 2004)
Although LB films formed by physisorption of amphiphiles have been applied
successfully to sensors, they are thermodynamacally unstable and consequently, minor
changes m temperature, or exposure to solvent can ruin their two dimensional
structure (Chaki & Vyayamohanan, 2002) Self-assembled monolayer (SAM)
formation, pioneered by Nuzzo and Allara in 1983, has emerged as a simpler, low-
cost and more powerful method of forming solid ultra-thin films of organosulphur
compounds and their denvatives onto noble metals Other formats have also been
developed recently such as silane-based monolayers on silicon (Hamelmann et al ,
2004), glass (Elmore et al , 2004), and metal oxide (Lee & Laibims, 1998) substrates
From an electrochemistry viewpoint, the most important class of SAM 1s formed by
chemisorption of thiolates on gold These SAMs form stable, well-packed and highly
ordered ultra-thin films Apart from gold, other metals such as silver, platinum and
copper may also serve as substrate matenals for organosulphur SAMs However, the
reasons why gold 1s most popular for thiol SAMs are that it 1s a relatively stable inert
metal that does not have a stable oxide under ambient conditions and 1t possesses a
strong specific interaction with sulphur that allows the formation of monolayers m the
presence of many other functional groups (Ozoemena & Nykong, 2003)

Spontaneous adsorption of complexes on gold electrodes has yielded very
promusing results m the field of electroanalytical chemistry Electrodes modified 1n
this way can be the basis of the molecular design of interfaces for special application
leading to several applications mclfldlng chemical sensing, control of surface

properties such as wettability and friction, patterning and semiconductor passivation
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These types of modified electrodes are very promusing for the construction of
electrochemical brosensors for vanous reasons Firstly, since they use only the bare
minimum resources, (¢g a monolayer comprised of 10" molecules cm?),
miniaturisation is easy Also, they can enhance selectivity and sensitivity, improve
response time and decrease over-potential (Ray & Ohsaka, 2001), and along with the
chemical stability of the layer, even after its coupling with immobilised molecules,
gives them potential 1n biosensor applications

The preparation of the spontancously adsorbed layers on electrodes 1s
simple The desired substrate just has to be dipped 1n the required dilute solution for a
specific ime followed by thorough washing with the same solvent and drymng Gas
phase evaporation of the adsorbent has also been used as a method to form good
monolayers (Xiao et al, 2001) Several factors affect the formation and packing
density of monolayers, like the nature and roughness of the substrate, the solvent, the
nature of the adsorbate, temperature and the concentration of the adsorbate Both
cleanliness and the crystalline nature of the substrate also play a crucial role in
determiming the compactness of the layer For most substrates, ngorous cleaning
procedures and substrate pre-treatment are necessary before spontaneous adsorption
will occur Rugorous polishing, followed by subjection of the electrode to a fresh
Piranha solution (H,S04/30% v/v HO, = 3 1) and further cycling m dilute H,SO, for
verification of cleanliness 1s the most cited method m the literature However, other
methods such as flame annealing (Krings ef al , 2003) and the use of plasma cleaner
under argon plasma (Stine ef al, 1999) have also been used SAM formation, 1n
particular, uses a very dilute solution gives ordered monolayers, whereas a high
concentration and long-time (6 days) favour multi-layer formation (Chaki et al ,
2002) Thiol, sulphide and disulphide are commonly adsorbed from high punty
solvents such as ethanol, hexane, acetonitrile, etc (Chaki er al, 2002) Mixed
monolayers can be achieved by using a solution contaning two or more thiol
compounds This umque finding can be exploited in such a way that steric hindrance
between bulky molecules can be avoided (Figure 51) Chan length i1s another
important parameter as dense monolayers can be obtained by controlling the chain
length This results 1n a total suppression of reactions at the electrode surface
However, 1if the complex 1s relatively short in length, either electron tunnelling across
the layer, or penetration of electroactive species through defects 1n the layer occurs

and electrochemical reaction can proceed at the electrode Phenyl and biphenyl
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systems show good packing due to n - n interactions, but they arc less stable than that
of long chain alkancthiols (Aslam et al., 2001). The influence of conjugated re-bonds
on the electronic molecular conductivity has been investigated by Krings et al. (2003).
Conjugated thiols have the ability to block oxide formation and oxygen evolution but

can allow for high reaction rates for redox systems in the electrolyte solution.

Figure 5.1. Schematic of a mixed monolayer prepared from a molar ratio of 2-
mcrcapto-3-rt-octylthiophcne and ferrocene-terminated alkancthiol (Peng et al., 2004)
(optimum molar ratio: 9:1). The mixed monolayer contains electroactive Fc centers
which are spaced sufficiently apart so that they do not interact with each other. The

alkylthiophenc acts as a spacer between the electroactive sites.

Since a spontaneously adsorbed layer can serve as an layer between a
noble metal surface and a species present in solution or vapour phase, its advantages
for utilisation towards molecular recognition (or chemical sensing) are clear.
Selectivity offered by biomolcculcs such as enzymes, antibodies and nucleic acids or
even organised systems such as whole cells can be exploited in conjunction with
spontaneously adsorbed layers to produce a biosensor. Also, a control over the
orientation of the biomolecule allows tremendous flexibility in design.

Enzyme immobilisation on spontaneously adsorbed layers has been
extensively studied. '1116 traditional techniques such as direct covalent attachment,
cross-linking and adsorption have all been used to date. Direct covalent attachment
may be the most promising technique amongst these due to the stability of the

resultant bond (Gooding & Hibbcrt, 1999). A popular and highly versatile method for

147



covalently attaching proteins to a spontaneously adsorbed layer 1s by using
carbodumide coupling which couples amines to carboxylic acid Martele et al (2003)
used this approach for immobihising GOD and HRP to a gold electrode In order to
mcrease sensitivity, multilayers were formed by consecutive adsorption of polycations
and negatively charged proteins Direct covalent attachment was compared to the non-
covalent methods of adsorption (Ge & Lisdat, 2002) and cross-linking (Campuzano et
al , 2002) for cytochrome ¢ and GOD, respectively Both papers found that the non-
covalent immobilisation methods yielded higher electron transfer rate constants for
the respective redox proteins

One of the important advantages of these types of biosensors 1s that their
stability coupled with the behaviour of electroactive complexes as selective electron-
tunnelling or ‘gates’ makes them suitable as substrates for monitoring biomolecular
reactions Alkanethiols have been modified to include electroactive moieties (for
mediator or electron transfer function), so that adsorbed layer can be used for
electrical wiring or communication between redox-active enzymes and the electrode
surface Several of these alkanethiols functionalised with electron transfer mediators
have been used for biosensing Campuzano ef al (2002) used an alkanethiol modified
withtetrathiafulvalene and glucose oxidase for glucose detection Li ef al (1997) used
a viologen-functionalised SAM, modified with HRP for peroxide detection Xu ef al
(2003) recently used seif-assembling gold nanoparticles on thiol-functionalised
poly(styrene-co-acrylic acid) nanospheres as a simple platform for a biosensing HRP
was mmmobilised on surface of the nanoparticles and the sensor displayed an
electrocatalytic response to the reduction of peroxide without the need for an
additional mediator All of these mediated SAM surfaces provide the conduction
pathways necessary, and allow efficient electron-tunnelling, which makes 1t possible
to reahise direct electron-transfer from the enzymes or protens to the electrode
surface

The present work describes a novel cyclopentadienylnickel(Il) compound
[N1(SCsH4C(H)NCgH4OCH,CH,SMe)(n>-CsHs)]» as the active redox centre for a
spontaneously adsorbed layer This was 1n part due to the reversible redox behaviour
found for such compounds For example, Ho et al (1990) have found that compounds
of the type [Ni(cp)(SR).], where R = Ph or PhCH,, (Ph = phenyl) have reversible
redox couples at low positive potentials Recently, the study has been extended by
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Moutloali (2003) to Schiff base analogues of the compounds mentioned 1n the work
of Ho et al (1990) and similar results were obtained These complexes exhibit low
positive redox potentials and are nert to moisture and air, thus making them suitable
candidates for spontaneous adsorption on electrodes for sensor applications In this
work, the electrochemical behaviour of the cyclopentadienylmckel(I) thiolato Schuff
base compound, [Ni(SC¢H4C(H)NCH,OCH,CH,SMe)(n’-CsHs)lo, was probed n
solution, and 1its spontaneously adsorbed analogue was interrogated using
electrochemical techmques To assess 1ts efficiency m an electrocatalytic biosensor
device, horseradish peroxidase was electrostatically apphied to the surface of the
spontaneously adsorbed layer for the amperometric detection of hydrogen peroxide
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5.2 MATERIALS AND METHODS

5.2.1 Materials

Tetrabutylammomum  tetrafluoroborate  ([n-BusN][BF;], 21,796-4),
horseradish peroxidase (HRP, 1,110 U/mg, P6782) and 30% (v/v) hydrogen peroxide
solution (31642) were purchased from Sigma-Aldrich Dichloromethane and acetone
were purchased from B & M Scientific (South Africa) All other reagents were of
analytical grade and were used as obtamned from the suppliers without further
purification All complexes were prepared by Dr Moutloali (University of the
Western Cape, South Africa) Complexes INi(SCeH4CH)NCsHOC,Hans 1 (1 -cp)as
where cp = cyclopentadienyl (Figure J2 (1D, and
[N1(SCeHsC(H)NCH4OC, Hae1)(n°-dtc)],, where dtc = diethyldithiocarbamato
(Figure 52 [2]) were prepared as described by Moutlaol: (2003) The complex
[Ni(SCsH4C(H)NCsH;sOCH,CH,SMe)(n’-CsHs)]y (Figure 5 2 [3]) was prepared as
described by Mornn ef al (2004) A brnef description of this synthesis 1s given 1n
Section 5 2 3 All reactions were performed under a mitrogen atmosphere, but the air

and moisture stable complexes that were formed were worked-up m air
522 Buffers and solutions

All electrochemical measurements were carried out m phosphate buffered
salime (PBS), (0 1 mol dm™ phosphate, 0 137 mol dm> NaCl and 2 7 mmol dmn>
KCl), pH 7 4, unless otherwise stated

523  Synthesis of [N(SCsH C(H)NCsH ,OCH,CH SMe)(1-CsHy)]»

4-hydroxybenzaldehyde (1 0 g, 8 19 mmol dm *) was dissolved 1n acetone
and then charged with finely ground K,CO; (5 g) 1-chloroethylmethylsulphide (1 82
ml, 16 38 mmol dm™) was added to the mixture The reaction mixture was refluxed
for 48 h The mixture was filtered and the solvent removed from filtrate to leave a
pale orange-yellow liqmd (OHCCsH4OCH,CH,SMe)
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4-aminothiophenol (0 34 g, 2 71 mmol dm'3) and OHCC¢H4;OCH,;CH,SMe
(0 5 ml, 2 71 mmol dm™) were dissolved m toluene (50 ml) Acetic acid (2 drops) was
added to the solution and the reaction left for 18 h at room temperature Solvent was
removed from the solution to leave a yellow residue which was crystallized from
CH,Cl; hexane (1 3) muxture at —15 °C HSCeHsC(H)NCsH4OCH,CH,SMe was
1solated as a yellow precipitate

A muxture of HSCgH4C(H)NC¢HsOCH,CH,SMe (0 3 g, 0 99 mmol dm™)
and mckelocene (0 19g, 0 99 mmol dm™) were dissolved in toluene (40 ml) to give a
green solution The reaction was left for 18 h and the colour gradually turned brown-
black The mixture was filtered and the filtrate concentrated to half the onginal
volume and hexane (40 ml) added The solution was stored at —15 °C to form the
black precipitate ([Nl(SC6H4C(H)NC6H40CH2CH23Me)(T]5-C5H5)]2) (Figure 5 2 [3])
Yield=011 g, 24% '"HNMR (CDCl3) & 8 44 (s, 2H, C(H)N), 8 10 (d, 4H, Juu =8 6
Hz, C(H)C¢H,), 7 88 (d, 4H, Jyn = 8 6 Hz, NC¢H,), 7 04 (dd, 8H, SCsHs, OCeH,),
4 63 (s, 10H, CsHs), 424 (t, 4H, OCH»), 294 (t, 4H, SCH,), 2 25 (s, 6H, SCH3)
Anal calcd for C4HgN,0,84N1, C, 58 22, H, 497, N, 3 23 % Found C, 58 61, H,
455,N,359% 'HNMR spectra of [3] available 1n Section 5 5

5.24 Instrumentation

All experiments were carmed out at the Umiversity of the Western Cape,
South Africa Electrochemical protocols were performed on a BAS 50/W
electrochemical analyser with BAS 50/W software, using either cyclic voltammetry
(CV), Osteryoung square wave voltammetry (OSWYV), or time-based amperometric
modes A conventional three electrode system was employed The working electrodes
were glassy carbon (diam 1 5 mm, Cypress Systems) and gold (diam 1 mm, Cypress
Systems) Silver/silver chlonde (Ag/AgCl) and a platinum wire were used as

reference and auxihary electrodes, respectively
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Figure 5 2. Structures of thiolato Schiff bases used for electrochemical analysis [1]

and [2] were charactenised electrochemically, and [3] was subsequently designed for

use 1n an electrocatalytically active spontaneously adsorbed layer
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525 Electrochemical characterisation of nmickel(Il) p,-thiolato Schiff base

compounds

Prior to use, glassy carbon electrodes were first polished on aqueous
slurries of 1 um, 0 3 um and 0 05 pm alumina powder, and rinsed thoroughly 1n both
deromsed water and acetone

All cychic voltammograms were carried out at scan rates of 50 mV s,
unless otherwise stated Square wave voltammograms were carried out using a step
potential of 4 mV, an amplitude of 25 mV, and a frequency of 15 Hz Potential step

chronocoulometry was carried out using a pulse widthof 25 s

5.2.6 Spontaneous adsorption of cyclopentadienylnickel(Il) thwolato Schiff

base on gold electrode

Prior to use, gold electrodes were first polished on aqueous slurries of 1
pm, 0 3 pm and 0 05 pm alumina powder After thorough rinsing in deionised water
followed by acetone, the electrodes were etched for about 5 min n a hot ‘Piranha’
solution {13 (v/v) 30 % H,0, and concentrated H,SO4} and rinsed again with
copious amounts of detomsed water and then deposition solvent, CH,Cl, (Caution
Piranha’s solution 1s a powerful oxidising agent and reacts violently with organic
compounds It 1s necessary to prepare solution under fumehood conditions and
protects hands with gloves) Finally the electrode was placed 1n a solution of 0 5 mol
dm? H,S0, and 10 voltammetnc cycles were carried out between —1200 mV and
+1500 mV at 50 mV s vs Ag/AgCl Following this pre-treatment, the electrode was
nnsed with CH,Cl, and immediately pla