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ABBREVI ATI ONS

NHE = Normal hydrogen el ectrode

SCE = Saturated cal omel electrode
u% - mllivolts

OME = Chemcally nodified el ectrode
cv = Cyclic voltametry

BSA = Bovine serum al bumin

NAD = Ni cot | naml de adeni ne dinucl eotide (oxidized form
NADH = N cotinam de adenine dinucleotide (reduced form
FAD = Flavin adenine dinucleotide
FMN = Flavin nmononucl eoti de

PQQ = Pyrrol o-quinoline quinone

ADH = Al cohol dehydrogenase

QD = @ ucose oxidase

LGD = Lactate oxidase

LDH = Lactate dehydrogenase

HRP = Horse-radi sh peroxidase

ARP = Arthronyces ranosus peroxidase
FI A = Flowinjection analysis

GA = (dutaral dehyde

PT = Pol ytrypt ophan

PTyr = Pol ytyrosine

FFT = Fast fourler transfornation

A D = Analog to digital

DA = Digital to analog
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1. MODI FI ED ELECTRODES

The rate of electron transfer across an el ectrode/solution interface
is dependent on the physical and chem cal properties of the el ectrode
surface. Control of reactivity of the el ectrode/solution interface,

If achieved, can influence the process of electrocatalysls. One

vari abl e which has been commonly used for controlling reaction at the
surface is the applied potential. The other ways of controlling the

el ectrochem cal processes is the nodification of the el ectrodes.

The el ectron transfer reactions of biological nolecules are often very
slow at ordinary el ectrodes. To overcone this problemand to
facilitate the direct coupling of biological redox reactions to

el ectrodes for biosensor or bioelectronic applications, various types
of nodified el ectrodes have been used. In various domai ns, and
especially in the bionedical field, there is a constant demand for
obtaining reliable information in real tinme. This explains the strong

interests dedicated to sensors and nore specifically to biosensors.

The advantages offered by biosensors, devices that transduce a

sel ective biological response into an analytical signal, are many. It
is to understand why this relatively new field of chemical sensing has
received such interest, particularly when one considers that the
nejority of analytical measurenents nade today are concerned with the
qualitative and quantitative analysis of species in multi-conponent
matrices. Because of their inherent specificity, biosensors can be
used in these conplex mlieu without the need for any conplicated and
time consum ng separation steps. Not only does this offer advantages
of both a financial and tenporal nature but it also allows for

real -tinme analysis of particular inportance where fluctuations in
determ nant concentration over short-termperiods are critical. The

ability of biosensors to provide real-tine analysis is also inportant
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in the field of clinical biochem stry, especially for the purpose of
providing information about the levels of key analytes in
metabolically unstable patients. Such in vivo sensors could in theory
provide sufficient real-tine data to direct drug release via

associ ated nmechani cal devices, thereby restoring normal netabolic
status in the patient. Further, biosensors are seen as playing an
inportant part in the routine in vitro analysis of marker
biochemicals, an essential prerequisite for the diagnosis of possible

mal adi es and the subsequent administration of patient care.
1.1. xidation-reduction processes

An oxidation is defined as |oss of electrons to give a higher
oxidation state (nore positive) and reduction is defined as a gain of

electrons to give a lower oxidation state (nmore negative).

A reduction-oxidation reaction (comonly called a redox reaction) is

one that occurs between a reducing and an oxidi zi ng agent.

X + Rd = Red + X (1)

X is reduced to Red and Red is oxidized to Ox . X is the
oxidizing agent and Red is the reducing agent. The reducing or

oxi di zing tendency of a substance will depend on its reduction
potential. An oxidizing substance will tend to take on an el ectron or

electrons and be reduced to a lower oxidation state.

a+

M + ne” >yl (2)

Conversely, a reducing substance will tend to give up an electron or

el ectrons and be oxidized to a higher oxidation state:

M > M 4 ne” (3)
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If the oxidized formof a netal ion is complexed, it is nore stable
and will be nore difficult to reduce, so its tendency to take on an
el ectrons will be decreased. If the reduced formis conplexed, the

opposite nay be true.

1.2. Electrochemcal cells

There are two kinds of electrochemcal cells, galvanic (voltaic) and
electrolytic. In the first case, a chemical reaction spontaneously
occurs to produce electrical energy. The lead acid storage cells and
the ordinary dry cells are exanples. In the second case electrical
energy is used to force a non-spontaneous chem cal reaction to occur,
that is, to go in the reverse direction as it would be in a galvanic
cell. An exanple is the electrolysis of water. In both types of
cells, the electrode at which oxidation occurs is the anode and that

at which reduction occurs is the cathode.

A cell consists of two half-cells which are electrically connected to
enabl e el ectrochem cal neasurenents to be made. Each half cell has an
el ectrode potential (but cannot produce current). For the neasurenent

of potential difference, electrical continuity is required within the

cell. To satisfy the conditions of Ohnmis law the neasured vol tage or
potential of a cell is determned as the product of the current and
resistance of the circuit (E=IR). If there is a lack of electrical

continuity the resistance would be infinite and the current would be
zero. The resulting potential would be indeterminate. For a cell
potential to be neasured a small but finite current nust flow around
the circuit. In practice the current may be as low as 10~ anps (1).

In the follow ng reaction:

2+ 3
Fe** 5> Fe + e

(4

If a solution containing Fe * is mxed with one containing ce there

is a certain tendency for the ions to transfer electrons. Assunme the
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2 and ce' are in separate beakers connected by a salt bridge, as

Fe
shown in Fig. 1.1. (A salt bridge allows charge transfer (ionic
passage) through the solutions but prevent mxing of the solutions).
No reaction can occur, since the solutions do not nake contact. The
set up now constitutes a galvanic cell. If an ammeter is connected in
series, it will indicate that a current is flowing. The Fe* is being

oxidized at the platinumw re (at the anode).

Fe'? > Fe™ + ¢ (5)

The released electrons flow through the wire to the other beaker where

the Ce *is reduced (at the cathode)

ce® + e > ce™ (6)

This occurs because of the tendency of these ions to transfer
electrons. The net result is the reaction witten in equation (4)
which would occur if Fe and Ce were added together in a single
beaker. The platinumwi res can be considered as el ectrodes. Each
will adopt an electrical potential that is determ ned by the tendency
of the ions to give off or take on electrons and this is called the
el ectrode potential. A voltneter placed between the el ectrodes will
indicate the difference in the potentials between the two el ectrodes.
The larger the potential difference, the greater the tendency for the
reaction between Fe?* and Ce**. The driving force of the chenical
reaction (the potential difference) can be used to performwork such
as lighting a light bulb or running a notor, as in a battery.
Equations (5) and (6) are half-reactions. No half-reaction can occur
by itself. There nmust be an electron donor (a reducing agent) and an
el ectron acceptor (an oxidizing agent). In this case Fe*? is the
reducing agent and Ce** is the oxidizing agent. Each half-reaction
will generate a definite potential that would be adapted by an inert

el ectrode dipped in the solution.
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If the potentials of all half-reactions could be neasured, then we
coul d determ ne which oxidizing and reducing agents will react.
Unfortunately there is no way to neasure individual electrode
potentials, but as described above the difference between two

el ectrode potentials can be nmeasured. The electrode potential of the

following half-reaction has arbitrarily been assigned a value of 0.0V
2H" + 2¢ =——= H

This is called the normal hydrogen el ectrode (NHE) or the standard
hydrogen el ectrode (SHE). The potential differences between this
hal f-reaction and other hal f-reacti on have been neasured and arranged

in decreasing order (2).
1.3. The Nernst equation

The standard redox potentials designated by E are determ ned when the
concentrations of both the oxidized and reduced form (and all other
species) are at unit activity. The actual potential is dependant on
the concentration of the species. This concentration dependence of

potential is described by the Nernst equation.

Ox + ne === Red

o_ 2.3026RT | . [Red]
nF € “Tox]

E=E

Wiere E is the reduction potential at the specific concentration, nis
the nunber of electrons involved in half-reaction, Ris the gas
constant (8.3143V Coul .deg'l/mol'l) T is the absolute tenperature

and F is the Faraday constant (96,487 coul.eq '). At 25°C (298.16K),
the value of 2.3026 RT/F is 0.05916. The concentration of pure

subst ances such as precipitates and liquids (HO) is taken as unity.
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The potential of an electrode placed in a solution containing the lons
of two half-reactions at equilibriumcan be calculated using the

Nernst equation for either half-reaction. This is because when the
reaction comes to equilibrium the potentials at the two

hal f-reactions becone identical; otherwi se, two reactions would be
still going on. An electrode dipped in the solution will adopt the

equilibrium potential.

A basic system consists of a potentiostat for potential control of an
electrode and a neans of detecting the response (usually the current
through the el ectrode). Al redox reactions occur in the interface
region between the bulk solution and the el ectrode surface. Wen a
potential difference is applied between two electrodes in an
electrolyte solution the potential gradient exists only in the narrow
interface regions near the two electrodes with the bulk of the
solution remaining el ectroneutral. Therefore nolecules in the bulk
solution cannot feel the presence of the electrodes or the potential
gradients. Only nolecules with in the potential gradient (typically
less than 10 m from the electrode) are probed during an

el ectrochem cal experinent.

It is also inportant to understand how the potential gradient between
an el ectrode and the bulk solution is established and controll ed.
Because the potential difference between the el ectrode and the bul k
solution is not measurable, a second el ectrode nust be enployed and
the potential difference between two el ectrodes in the solution can be
det er m ned. If the solution electrode potential difference at one of
the el ectrodes 1s held constant by naintaining a rapid redox couple
such as silver-silver chloride or mercury-mercurous chloride (calonel)
then the potential difference between the solution and the second
electrode can be directly related to the potential difference between
the two el ectrodes. Although the potential difference between the

el ectrode and solution Is not known in an absolute sense, it is

established in a relative sense.



In the two el ectrode system described above the el ectrode of

nmai ntai ned potential difference is known as the counter el ectrode
while the electrode at which the potential difference is established
relative to the counter electrode is terned the working electrode. It
is at the working el ectrode where the electrolytic processes of
interest to electroanalytical chemstry occur. The counter electrodes
serves the second purpose of conpleting the electrical circuit and
al l owi ng charge to pass through the cell. The two roles of the
counter electrode are not independent because a current through the

el ectrode can cause a change in its potential difference with the
solution. This problem i1s circunvented by splitting the role of the
counter el ectrode between two el ectrodes to give an overall three
electrode system In the three electrode systema reference el ectrode
is used to maintain a constant solution potential difference. An
auxiliary electrode is used to conplete the electrical circuit and a
working electrode is used to apply a potential difference to drive
electrolytic reactions. Fig. 1.2. In this arrangenent there is
negligible current through the reference el ectrode so its solution
potential difference is constant regardl ess of the current through the

el ectrochem cal cell (working to auxiliary or counter electrode).

In a high dielectric constant nedium (i.e. water) where a potential
gradient is established between an el ectrode and the solution a charge
excess will develop on the el ectrode surface which nust be bal anced by
sol ution species. Solvent nolecules and other species (i.e.
electrolyte) orient themselves at the electrode surface to counter the
el ectrode charge. This region is known as the double |ayer because of
the arrangenent of ions. This el ectrode-solution double-Ilayer region
behaves in a nanner simlar to a capacitor. when a potential
difference is applied between the electrode and the solution, charge
will accumul ate near the el ectrode and the amount of charge will be a
function of the potential difference applied "Double-|ayer charging
currents" are thus produced whenever the potential difference is

rapi dly changed.
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Al Faradaic el ectrochem stry ultinately depends on Faraday's |aw

Q = nFN

Wiere Q is the charge (coulonbs) n is the nunber of electrons
transferred (equivalents/mole), F is the Faraday constant (96,485
coul onbs/ equi val ents) and N is the nunber of noles of reactant.
Faraday's law is the nost fundanental concept in el ectroanal ytical
chenmistry because it directly relates the degree of chemical reaction

to an electrical current (charge).

1.4. Electrode Materials

The reactive support is the electrode surface and thus nust be a
reasonably good conductor of electricity. Platinum glassy carbon,
different forns of graphite, tin oxide and a variety of pyridine-type
pol yners have been used widely in the preparation of chemcally

nodi fied el ectrodes and thus are suitable supports for attachnent of
oxi dati on-reducti on enzymes or co-factors. Metal electrodes, such as
platinum need to have an oxide filmon the surface. Most netal oxide
films will bind to an alkyl silane. By proper choice of the
functional group on the end of the alkyl chain, a variety of different
linkages between the alkyl silane and the enzymes or cofactors can be
utilized.

d assy carbon is a gas-inperneable formof solid carbon that has a
very low porosity and high strength. It is highly desirable for use
as an el ectrode because it can be polished to give electrochemically
reproduci bl e surfaces. Mst carbon surfaces contain low |evels of
various carbon-oxygen functional groups. Wth glassy carbon the
level s of such groups nornally is very low so that sone type of
surface activation is required. Oxidation of the glassy carbon
surface to form carboxylic acids is usually the favoured nethod of

activation, although in reality a variety of functional groups



9

probably form Functionalization of glassy carbon can be carried out
by el ectrochemcal (3), radio frequency oxygen plasnma (4) or hot acid
treatments (5) with the level of functionalization varying sonewhat

bet ween research groups and the technique used.

Mbst graphite materials consists of several small crystals. They can
differ fromeach other with respect to density, specific electrical
resi stance, hardness, strength, porosity, pore size, grain size, heat
resistance and ash content. Possible inpurities are species such as
Ca, Cu, Fe, My and Si. Spectrographic graphite is a high purity
grade. Pyrolytic graphite is obtained through pyrolysis of
hydrocarbon (e.g., natural gas) at high tenperatures (1000-2000 C)
with deposition on a colder base from the gaseous phase. Graphite
crystals consist of nmore or less well ordered planar 6-ring systens
where the carbon is sp -hybridized. The electron orbitals which point
out fromthe ring systemwll conbine to give delocalized n-orbitals.
The carbon layers are |oosely bound together by van der Waals forces.
Gaphite el ectrodes are especially effective at chemisorbing reagents
that have extended m-bond systens. The delocalized el ectrons of
graphite can interact with delocalized electrons of other aromatic
(unsaturated) structures forming new electron orbitals. Cofactors can

be i mobilized by adsorption on graphite electrodes (6).

Carbon paste el ectrodes made from a nixture of carbon powder and an

inert oil are sonetinmes used for electroanalytical applications. The
paste electrodes are a very good nethod for the preparation of organic
conducting salt electrodes because they are easy to fabricate and give

| ow background currents.

The choice of electrode material 1is also influences by the practical
wor ki ng range of applied potentials. For exanple, Hydrogen evolution,
electrolyte electrode interactions and buffer-electrode interactions
can produce enhanced background currents that linit the useful

potential range for nany types of electrodes. The practical range for
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platinumat highly acid pH is about -200mY to 1100mV, while at pH 7
the range is shifted to about -600 mV to 600nV. For various forms of

carbon, the useful range varies roughly from-1100 to 1100 mV.

In addition to the working el ectrode, a counter and reference

el ectrodes are required to conplete the three el ectrode system The
counter electrode is necessary to conplete the circuit by passing an
equal and opposite current to that flowi ng at the working el ectrode.
To avoid problems in driving the current through the counter el ectrode
it should ideally be large in area when conpared with the working
electrode. In addition, the counter electrode should not get corroded
and contaninate the solution. For these reasons the nost common
choice for the counter electrode is a large area platinum gauze. An

alternative is to use a carbon rod as the counter el ectrode.

The reference el ectrode can be any el ectrode which has a stable and
reproduci bl e redox potential. In practice the nost commonly used

el ectrodes are the saturated cal omel electrode (SCE) and the Ag/AgCl
electrode. Both are commercially available and widely used. The
saturated calormel electrode is an excellent general purpose reference
el ectrode. However it is not ideal if a very small size reference
electrode is required. In these circunstances the Ag/Agd el ectrode
is a nuch better choice since it can be prepared froma piece of

silver or silver plated platinumwre (7).

2. CHEM CALLY MODI FI ED ELECTRODES

Adsorption on an el ectrode surface can often cause difficulties in the
investigations of electrochemcal reactions. It can interfere with
electron transfer process and al so can neke the determination of
potential uncertain. Irreversible adsorption for a particular redox
coupl e can, however, be very useful wth coval ent coupling or polyner
coating of electroactive nolecules to an electrode surface. A new

interesting area has now opened, |eading to the devel opnent of
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chemcally nodified el ectrodes (CMEs) to describe el ectrodes that have
nol ecul es intentionally imobilized on their surfaces. Mirray et al
(8) introduced the termnodified el ectrodes. Lane and Hubbard (9)
were anmong the first to use adsorption of olefinic conpounds on
platinumand to study in detail the electrode reactions. Mller et al
(10) coupled optically active amino acids to graphite. The nodified
electrode was called "Chiral Electrode" and could be used to produce
optically active alcohols by the electrochenical reduction of ketones.
Anson and cowor kers di scovered that sone organic redox reagents and
conpl exes could be irreversibly bound to graphite el ectrodes by strong

adsorption (11, 12) while maintaining excellent redox characteristics.

Sone of the beneficial properties that may be obtained by el ectrode
nodi fication are listed bel ow

a) The possibility to study intranolecular and el ectrocheni cal
electron transfers within the attached nol ecul es;

b) No nass transfer of reactant or product to and from the el ectrode
is required during the electrochem cal oxidation or reduction, as
in the case of a solution nediator;

c) The CMEs can be used in electrocatalysis, i.e., the attached
nol ecul e acts as fast electron transfer nediator for a substrate
dissolved in the solution. If the substrate itself reacts slowy on
the unnodified el ectrode, a favoured reaction path through the
nedi ating groups will result in the desired improvement of
el ectrode performance. A catalytic electrode conmbines specificity
with sensitivity and conveni ence of electroanalytical techniques in
a conpact formto facilitate anal ysis.

d) Electrosynthesis of new conpounds;
e) Sel ective molecular recognition (biosensor) (13)

f) Selective preconcentration (14);
(ion-exchange, complexation or covalent reactions);

g) Separation via permselectivity through nmenbrane barriers (14);
(occlusion and excl usi on based on charge or size);

h) El ectrorel easing properties (15);
1) Chronic properties (16);
j) Photogalvanic properties (17).



2.1. dassification and preparation nethods:

Modi fied el ectrodes can be classified into various categories as
represented in Fig. 1.3. These can be divided into monolayer or

mul tilayer structures depending on the thickness of material present
on the electrode surface. A multilayer structure has the advantage
that many nore catalytic (or binding) sites are present and the
stability may be higher but has the concomitant di sadvantage that

el ectrons nmust propagate through the nultilayer film if the sites at
the outside are to be of any practical use 1n analysis. Monolayer
nodi fied el ectrodes are subdivided into those prepared by the coval ent
attachnment of species to the electrode surface and those in which the
nol ecul es are absorbed at the surface. Miltilayer electrodes on the
other hand are frequently based on polyneric films either produced at
the electrode surface by in situ polymerization or polynerized ex situ

and subsequently applied to the electrode (dip or drop coat) (18).

2.1.1. Coval ent coupling:

For the covalent coupling of the species of interest a nunber of

net hods based on rather sinple organic reactions are available. For
carbon el ectrodes the introduction of oxygen functionalities at the
surface is often the first step for possible coupling reactions. This
can be perfornmed in various ways e.g., thermal, O plasma or chenical
oxi dation. The nolecule to be coupled nust have a peripheral
functionality for the attachnent. In this case it is often an
NHz—group which then yields an amde linkage with an activated
carboxylic group at the electrode. The covalent coupling can also be
performed by using an intermediate bifunctlonal nolecule such as
alkyl-silanes or cyanuric chloride, which will act as a linkage

bet ween the el ectrode and the redox coupl e. In a good coval ent method
the attachnent nust be

1) stable in the potential region of interest

2) chemcally stable in the solution
3) electrochemcally inert.
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The conbinations of 0 plasna oxidation and cyanuric chloride invented
by Xuwana fulfills the above nentioned requirenents. Thi s approach
has the disadvantage of being rather time-consuning due to the

excessive nunber of steps and long reaction tinmes.

2.1.2. Polyner deposition:

Pol yner deposition is obtained by applying preformed polyners on the

el ectrode surface followed by evaporation of the solvent, by spin or
dip coating, or by bonding via covalent |inking agents. Polynerization
of nononers resulting in precipitation of the polyner on the el ectrode
surface can take place through plasna discharge or through chemi cal

or electrochenical polynerization. The redox active nodifier nay be
part of the nmonomer or be entrapped in the polyner matrix. The

polymer itself nmay be conducting or non-conducting. Polymer
consisting of the equivalent of several thousands of nopnomers are
easily prepared while the other nethods usually give coverage from one

to a few monolayers.

Three broad categories can be distingui shed anong the polynmeric fil ns,

electronically (m-conjugated} conducting, redox and ion-exchange

polyners (19). Electronically conducting polyners, e.g., polypyrrole
(20), may be partially oxidized or reduced electrochemically. The
charge transport in either configuration occurs in a netal |ike
fashion. A conducting state can also be nmade by reductive or
oxidative doping with chenical agents. Redox polyners, e.g.,
polyvinylferrocene (21), conduct current by electron self-exchange
reactions between nei ghboring redox sites. |on-exchange pol yners,
e.g., protonated polyvinyl pyridine film exchangi ng counterions for
the redox active compounds (22), conduct current both by self-exchange
reactions and ion diffusion. However, in the case of nultilayer

pol ymers, the control of the overall rate of the charge transfer is

conpl ex and involves contributions by the flow of solvent and
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reagents, the notion of redox centers, the rate of the current
reactions, and the diffusion of counterions to maintain
electroneutrality within the polymeric layer (23). Theoretical nodels
of the electrochenmi stry of extended polyner filns have reported given
where the contributions of the propagation of charge within the film

are treated as diffusive processes (24,25).

2.1.3. Adsorption:

The adsorption nmethod of immobilization uses the ability of many
organi c conmpounds to "stick" to a surface. The attraction forces are
caused by the high polarizability of the surface and the aromatic
rings in an organi ¢ compound. It has been found that an increasing
nunber of aromatic rings leads to an increase of the strength of
adsorption (11,12). The lower solubility of these conpounds in
aqueous solutions also contributes to what will appear as a stronger
adsorption. The nmethod of preparation is quite sinple and fast. The
conpound to be adsorbed is dissolved in an appropriate solvent after
which the electrode is dipped into the solution. The anmount adsorbed
is governed by several factors (26). Carbon electrodes are especially
effective when the nodifier consists of a large aromatic system
resulting in an extended m-bond interaction. The degree of adsorption

will depend on the follow ng factors:

a) concentration in solution of the species

b) time spent in the solution

c) degree of convection or stirring during adsorption

d) strength of adsorption

e) No adsorption is perfectly irreversible and the inportant factor

contributing to the stability of the adsorbed |ayer depends on the
solubility of the conpound in the contacting solution.



3. METHODS CF | MBI LI ZATI ON

The strong adsorption of organic nolecules to graphite has been used
practically since the early days of chemstry. Gaphite consists of
nmore or less well ordered planar 6-ring systems where the carbon is
spz— hybridi zed. The m-electron orbitals which point out
perpendicularly fromthe ring systemwll conbine to form delocallzed
n-orbitals. The basis for the ability of graphite to adsorb
unsaturated ring systenms could be explained by n-electron
interactions. It has been suggested that polycyclic aromatic
hydrocarbons adsorb on netal electrodes with the plane parallel to the
surface. The type of bonding involved should be of the simlar kind

as in n-complexes (27).

The best way to get a flat reproducible surface is to polish gently on
a nmachine with a wet fine grade emery paper. Qher polishing nethods,
whi ch could produce a nore shining surface turned out to increase the
background current wthout increasing the el ectrochemically available
area. The CMEs also resulted in a less reversible electrocheni cal
behavi our. Oxygen containing functionalities could be incorporated by
hol ding the electrode at a positive potential (>1.1V vs SCE) in a
buffer solution (28). There are spme clear drawbacks to work with a
material which is inhomogeneous and porous and shows irreproducibility
bet ween batches. The easiness with which el ectrodes could be prepared

and nodified has so far overwei ghed this.

3.1. Direct nethod

A CME could be prepared in a few minutes by Just dipping the graphite
electrode in a solution containing the substrate to be adsorbed. The
anount adsorbed could be changed either by changing the time for
adsorption or the concentration of the substance in the solution.
Adsorption of water insoluble redox systems could be easily take place
fromorganic solvents or solvent mxtures to give irreversible

voltammograms unless the filmformation had been controlled.



3.2. Voltage facilitated nethod

Phenazonium lons could not functionalize at an untreated graphite
surface to a large extent by direct adsorption. The immobilization
occured only when the electrode was held at a positive potential (+1.1
+1.3V vs SCE) in a solution containing the phenazoniumsalt. The
nmechani sm has not been explored. The el ectrode surface was saturated
after 15 min (29). The maxi num coverage reached a value close to
107 mole. cmZ. Adsorption has been stated to be |ess controlled
approach for el ectrode nodification (30). The nodification techniques
outlined above turned out to be quick, relatively reproducible, and
stabl e when conpared to other nmethods. The maxi num coverage is

2.10 mole.cm , which is one to tw orders of magnitude |ower than
the highest reported for polymer coatings (31) and al so nuch nore than
that reported for covalently attached groups (32). Wth a polyner
coating the redox nolecules will be spaced apart between the

pol yneri zing agent while in an adsorption layer only the nolecul e of
interest will be present. The electron transfer rate of an adsorbed
speci es should be faster than in a polymer natrix where the redox
sites are at greater distance fromthe el ectrode (33). It has been
presuned that incorporating the redox conpound in polymers inproves
the life time conpared to coval ent binding and adsorption even if the
pol ymer framework is very stable. The el ectroactive conmponent need
not be nore stable than when directly inmobilized onto the el ectrode
surface. Adsorption in many cases will be a well suited nethod to

attach functionalities to an el ectrode surface.

4. | NVESTI GATI ONS OF CMEs
4.1. Cyclic Voltammetry (CV)

Voltammetry is the el ectrochenical technique in which the current at

an electrode is neasured as a function of the potential or voltage
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applied to the electrode. The potential is varied in some systematic
manner and the resulting current-potential plot is called a
voltammogram. The nost cormmon application of voltammetry is for

anal ytical purposes.

Vol tammetry can be used to analyze any chemical species that is
electroactive, i.e, that can be made to undergo oxidation or
reduction. The potential of the electrode is the controlled paraneter
that causes the chem cal species to be oxidized or reduced. The
potential can be thought of as "electron pressure" which either forces
a species in solution to gain an electron (reduction) or |ose an
electron (oxidation). As the potential of the el ectrode becones nore
negative, it becormes nore strongly reducing. Conversely as the
potential becones nore positive, it becomes nore strongly oxidizing.
Therefore, the redox reaction taking place on the el ectrode can be
controlled by controlling the el ectrode potential (34). A single CV
experiment only hints at the event that constitute the el ectrochenical
reaction at the electrodes. However, nultiple CV experinments can be

used for a variety of applications including:

1. the determination of Nernstian (reversible) or non-Nernstian
(irreversible) behavior of a redox couple

the nunber of electrons transferred in an oxidation or reduction
formal potentials

rate constants

formati on constants

reaction nmechani sms

N oo s LN

di ffusion coefficients (35).

A typical cyclic voltammogramis shown in Fig. 1.4. for an

el ectroactive species present in an unstirred solution (when the

el ectrode does not adsorb the electrode species). Wth an oxidized
species present in solution, the scan would be started in this exanple

at about 0.02V and varied at a rate of 1-100 mV/sec in the direction
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of nmore negative potentials (i.e., stronger reducing capability). As
the potential beconmes nore negative it finally reaches a val ue

about -0.20V (in Fig. 1.4) when the oxidized species begins to
undergo reduction. This transfer of electrons produces an increase in
current. The current peaks at i because the cofactor solution in
the vicinity of the electrode surface gets consuned (i.e., reduced)
and because the rate of influx of additional species cofactor from the
bulk solution is diffusion controlled. At still nore negative
potentials, reduction current is limted by the rate of diffusion of
oxi di zed species to the electrode surface. The direction of the scan
is reversed and the species cofactor now undergoes oxidation, in Fig.
1.4. at about -0.35V. The formal potential E for the species

oxi dation-reduction reaction is defined as follows:

- - g9 , RT In [Cex]
Rt ¥ nF [Cra ean 2

Wiere the terras in brackets refer to concentrations. T Is
tenperature, R the gas constant, F is the Faraday constant and E is
the neasured or actual potentials. E° is the the neasured potential
(reference to a normal hydrogen electrode) with [Cox] = [Crd]. For
cyclic voltammetry, with the electroactive nmaterial in solution as in
Fig. 1.4. the oxidation and reduction peak potentials, Epa and Epc,
are separately by 0.059/n volts because the process is operating under
diffusion controlled conditions. Thus E° is located m dway between
Epc and Epa. Here n is the nunber of electrons transferred. The peak
current, 1ipa or ipc, varies according to equation 3 at 25°C for a
reversible reaction

-

1 = (2.69x10°)n°"2aD Y32 eqn 3
pe 0 o
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Were A is electrode area (cm ), D is diffusion coefficient of
oxi di zed cofactor (cm®/sec), v is scan rate (v/sec), and [Co] is the
bul k phase concentration of oxidized cofactor. Two points are
especially relevant. First, 1 is proportional to the square root of

the scan rate and second, (E -E ) >0.059/n if the process is not fully
pa pc

reversible.

Wien the electroactive species is attached to the electrode surface
with no free material present in solution, the cyclic voltammograms
have a different shape. Since all of the oxidation-reduction material
is on the electrode surface, we no longer have diffusional effects.
Thus, the oxidation and reduction peaks are symretrical and centered

about E° , as shown in Fig. 1.5. Another difference is that 1 is
p

proportional to the scan rate for the attached case, as conpared with
the square root of the scan rate for the solution case. Therefore the

log-log plot of i versus scan rate is a good way of show ng whet her

P
an el ectroactive species is in solution or immobilized on the

el ectrode surface. The nethod of immobilization can be coval ent or
ionic bonding or adsorption. The non-reversible conditions lead to

increased separation between E and E , for both the solution and
pa pc

i mobi | i zed cases. The shifts in peak position with change in scan
rate can be used to determine the kinetic rate constant (36).
5. ELECTROCATALYSI S AT CMEs

Electron transfer (ET) between a redox conpound and an el ectrode,

al though thernodynanically feasible, may be obstructed by a large
kinetic barrier (overpotential) or steric hindrances. Only in a few
cases a direct ET between the bound cofactor of an oxidoreductase and
an el ectrode has been reported (37-40). Pronoted el ectrocatal ysis

bet ween bound cofactors and an el ectrode may be obtained by the

i mobi | i zation on the el ectrode surface of conpounds that facilitate a
direct ET by dimnishing the steric hindrances. Mediated

el ectrocatal ysis takes place by the use of a |ow nol ecul ar wei ght



CURRENT

I'c

a

APPLIED POTENTIAL

Fig. 1.5. Cyclic voltammogram for electroactive material attached
to an electrode surface with none in solution and rapid,
reversible electron transfer,
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redox nedi ator acting as an electron shuttle between a compound in
solution and the el ectrode. Medi at ed el ectrocatal ysis nay overcone
steric hindrances and |arge overpotential. The potential at which the
nedi ated ET occurs between the substrate and the electrode will nainly
be dictated by the E° of the nediator.

The sinplest case of nediated el ectrocatalysis at a surface nodified
el ectrode is when the current is linted only by the mass transport of
a redox conpound to the surface and/or the reaction rate between the
conpound and the nediator at the surface. The potential at which an
anodi ¢ catal ytic peak appears in CV, provided that the reaction rate
is not too low, is then described by

RT e nFv
[0.78+1n ( )+1n( )1
nF K T RT

172

Where D is the diffusion coefficient, (cm s ), of the conmpound in

solution, and K is the second order overall rate constant, (M
obs

s) , of the reaction between the conpound and the nodifier at the
surface. The difference in the peak potentials of the direct and the
nedi ated el ectrochem cal reactions is a nmeasure of the decrease in the

overpotential (41).

The el ectrochenical properties of the imobilized species turned out

to be dependent on several paraneters.

a) type and batch of graphite
b) electrode pretreatment

c) adsorption procedure

d) coverage

e) pH

f) buffer capacity

g) buffer conponents

h) ionic strength



6. ENZYME ELECTRODES AND Bl OSENSORS

A biosensor may be defined as "a biochemcally active material
imobilized in intimate contact with a suitable transducing system to

convert the biochemcal signal into a quantifiable electrical signal".

The nodern concept of a biosensor owes nuch to the ideas of Leland C
A ark and co-workers (1962). They proposed that enzymes could be
imobi lized at el ectrochem cal detectors to form "enzynme el ectrodes”
that woul d expand and/or nodify the analyte range of the base sensor.
The term "enzyne el ectrode" was introduced by Updi ke and H cks who
coated a layer of polyacrylamide gel containing glucose oxidase
entrapped onto an oxygen el ectrode. Bi osensors are extensively
described in a nunber of books and reviews (13, 42-61). Fig. 1.6

shows a typical schematic of a biosensor (62).

Bi osensors promise to provide a powerful and inexpensive alternative
to conventional analytical strategies for assaying chem cal species
present in conplex matrices. They do so by being able to discrimnate
the target analyte froma host of inert and potentially interfering
species without the requirement for separating and, subsequently,

identifying all the constituents of the sanple.

The requirenent for accurate and fast chemcal intelligence is
particularly conspicuous in human health care but is becom ng
increasingly inportant in several other areas like veterinary

medi ci ne, the agri-food, horticultural, pharmaceutical and
petrochenmical industries, environmental surveillance, defense and
security. For exanple, it is now generally recognised, that

i nexpensive and reliable sensors for nonitoring key netabolites,
hornones, drugs, gases or ions in the ward, surgery, homework place,
outpatients departnment and central |aboratory are essential for the

delivery of effective patient care. Biosensor technology is emnently
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suitable for satisfying the needs of "alternate" site diagnosis and is
particularly opposite in circunstances where there are advantages in
obtai ning immediate analytical results. For exanple, assessing cancer
marker in tissue proximal to an excised tumor within an operating
theater or in assessing the nature of the drug in patients suspected
of an overdose. In circunmstances such as these, the sensor output
could be qualitative whereas for therapeutic drug nonitoring where the
"wi ndow' between the therapeutic and the toxic effects could be
relatively narrow, the sensor nust display high precision even at the
expense of longer assay tines. These differences in performance
criteria for biosensors also extend to other paraneter such as price.
For exanpl e, biosensors designed for nonitoring glucose in the home by
diabetics will be extrenmely price-sensitive while sinmlar devices for
critical care units and industrial bioreactors could possibly be quite
price-insensitive. Thus, the features required for particular sensors
wi |l depend on the individual application although in all cases the
devi ce should be sufficiently specific, sensitive and reliable to

permt analysis of the target species (63).

7. EVALUATI ON OF CATALYTIC CMEs:

Three main properties are to be taken in to account when a catalytic
CME is considered for performance:

a) The decrease of the overvoltage of the catal yzed reaction

b) The rate of its catalytic effect

c) The life-time and stability of the catalytic |ayer

advant ages and Di sadvantages of Biomolecules in CMEs:

7.1. Advant ages

1) analysis is rapid

2) instrunentation is often sinple, inexpensive and portable

3) optically clear solutions are not required (whole blood nay be
used)
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4) analysis is sinple

5) analysis is often non-destructive

7.2. Disadvantages:
1) primary calibration is not-possible or is difficult
2) junction potentials may vary between sanples in indirect systens

3) analysis may be affected by ionic or chemical interference

4) response is usually non-linear (except for several amperometric
met hods)

5) response is sonetimes slow, particularly at |ow concentrations,
limting the use of electrodes in automated anal ysis

6) sone el ectrodes have a linted life or easily poisoned (2).

Many different biomolecules and transducer conbinations have until now
been devel oped to detect nolecul es ranging from hydrogen gas to large
proteins. The majority of biosensors are based on the conbination of

i mobi | i zed enzymes and classical sensors such as photoneters and
anperometric or potentiometric electrodes. Table 1.1 shows
classification of biosensors according to the type of transducer, and
conmponents that may be used to construct a biosensor(64).

8. OPERATI ONAL CHARACTERISTICS OF ENZYME ELECTRODES CR Bl OSENSCRS:

An enzyne el ectrode operates via a five-step process (36):

1) the substrate nust be transported to the surface of the electrode
2) the substrate nust diffuse through the nenbrane to the active site
3) reaction occurs at the active site at a specific rate

4) the product formed in the enzymatic reaction is transported through
the menbrane to the surface of the el ectrode

5) product is neasured at the electrode surface



Table 1.1. Classification of biosensors according to the type of transducer.

Bi ol ogi cal el enents Type of transducer

Or gani sms El ect rochem cal
Cells

Organelles

Ti ssues

Menbr anes

Enzymes El ectri cal
Enzynme conponents

Receptors Opti cal
Anti bodi es

Antigens

Nucl ei ¢ aci ds

Organi c nol ecul es

Magneti c

Mass-sensi tive

Thermal

Measuring principle or
property neasured
potentiometry

amperometry

voltammetry

impedimetric

field effect (ChemFET,ISFET)
surface conductivity

el ectrol yte conductivity
fluorescence

absor ption

reflection

| um nescence

light scattering

evanescent wave
paramagnetism

resonance frequency of a

Pi ezoel ectric crystal (P2
Surface Accoustic Wave (SAW
heat of reaction

heat of adsorption
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8.1. Inportant features of biosensors.

Several important features are given in Table 1.2 (65).

General |y speaki ng, when biol ogi cal nolecules interact specifically
and reversibly there is a change in one or nore physico-chem cal
paraneters associated with the interaction and especially so if
acconpani ed by catalysis. For exanple, there may be a change in
proton concentration, release or uptake of gases (0, CO, NH),
specific ions (NH, CN, | ) heat, absorbance, mass, conductance and
electron transfer which, if generated in close proxinmty to a suitable

transducer, nay be converted into electrical signals.
9. ELECTRON TRANSFER I N Bl OLOGd CAL SYSTEMS:

Redox enzynmes are primarily responsible for biological electron
transfer. Redox proteins are relatively small nolecules and catal yze
specific chemcal reactions. They contain a redox active site, the
role of which is sinply to transfer electrons between biotransforming
mol ecul es.  Exanpl e of such redox proteins are ferredoxin (an
iron-sul fur protein), cytochrome C (a hene-protein), and plastocyanin

(a Cu-protein)

Redox enzynmes (oxidoreductases) also contain a redox active site but
are usual ly of higher nolecular weight than redox proteins. Their
role is to catalyze the oxidation or reduction of a particular
substance in cells by transferring H atoms, 0 atoms or electrons from
one substrate to another. Oxidases transfer hydrogen, H to O ,
either two (2H' + 2e~) or four (4H' + 4€7) hydrogens forming HO or
H O respectively. Dehydr ogenases transfer hydrogen to an acceptor
other than nol ecul ar oxygen (NAD*, substrate). peroxidases transfer

hydrogen to peroxides (H O or organic peroxides).



Table 1.2. Inportant Characteristics of Biosensors (65).

Feat ures

Sel ectivity

Sensitivity

Reversibility

Detection limt '

Response tine

Si ze

Ruggedness

Biocompatibility

Reliability

Signal recovery

Requi r enent

Ideally specific, no matrix interference

Li near concentration-response curves, ability to
reliably detect less than 1% concentrati on change

Recovery of full analytical response within seconds
of clean-up cycles

Better than nanomolar for nost biochen cal
anal ytes of interest

99% maxi mum si gnal devel opment with
in few seconds

Mniaturized lamnar flow systems generally
provi de inprovenent of response tinme and
reversibility, possibility for inplantation

Insensitive to minor physical or electrical
shock, no calibration drift

Desirable for in vivo use, and direct
sanpl i ng" of biological fluids

Calibrated systemof mnimal drift, wth
lifetime of nonths, should be easily used by
untrai ned personnel

Low cost for disposable or continuous
wi de spread use, possible advantageous for
i t hographi c technol ogy

Signal nust be reliable, free fromelectrical or
magnetic interference, easily transmtted
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A great majority of the oxidases contain FAD. Sonme oxidases, with

their respective prosthetic group(s) in brackets, are exenplified

bel ow:
G ucose oxldase produces H O
Xanthine oxl dase (FAD, Fe, M) produces HO
22
Gal act ose oxl dase (Qu) produces HO
Lactate oxidase (FM\) produces HO
Ascorbat e oxl dase (CQu) produces HO

10. COFACTORS/ COENZYMES

Oxi dor educt ases depend for their function on a non protein organic

nol ecule or a netal ion, called coenzyme or cofactor. This cofactor
can be either soluble or tightly bound within the enzyme and in the
latter case it is called a prosthetic group. Coenzymes usually
function as internmediate carriers of functional groups, atons or

el ectrons. In some cases the coenzyne is only tenporarily and |oosely
bound to the enzyme and is therefore sometines viewed as a
co-substrate, the concentration of which can limt the rate of the
reaction catalyzed by the enzyme. The followi ng scheme, exenplified
in Fig. 1.7 with an oxidation reaction of a substrate, describes how

the electron flow can take place in an enzyne catalyzed reaction.

Dehydr ogenases are unaffected by nol ecul ar oxygen and they can have
either soluble cofactors such as NAD'/NADH , NADP'/NADPH (Fig. 1.8(a))
or bound cofactors, FMN, FAD (Fig. 1.8(b)), PQQ, (pyrrolino-quinoline

quinone) and other Heme containing cytochromes.

The cofactors in the oxidases are strongly bound (prosthetic group)
within the enzyme structure, e.g. FM\N, FAD or netal containing
structures (e.g. Cu, M, Fe). The prosthetic group of the vast

majority of the peroxidases is protoporphyrin IX containing an iron
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reaction of nicotinamide adenine dinucleotide, NAD . and its
reduced form, the enzymatically active 1 4-NADH.
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atom The porphyrin skel eton provides four ligands for the iron and
is equivalent with the porphyrin noiety present in henoglobin,
cytochromes, vitanin B and chl orophyll, although the attached
substituents may differ and in vitamn B and chlorophyll the central

ions are Co and Mg respectively (Fig. 1.9).

11. THE BIOCATALYST:

A key feature of the biosensor is the interface between the

bi ochenmically sensitive coating and the transducer and an intinate
contact is generally achieved by immobilizing the biocatal yst at the
surface of the transducer. The substrate(s) to be determ ned diffuses
through the menbrane (M) into the enzynme layer where the enzymatic

reaction occurs.

S+R___ > P+R

Producing a product (P or R) or consumng a coreactant (R) which can
be neasured electrochemically. The coreactant could be oxygen or a
cofactor such as NAD(H). A steady state electrochemcal signal is
reached after a short delay, when the rate of product formation equals
the rate at which the product diffuses out the enzyne nenbrane.

Al ternatively, a kinetic neasurenent can be used in which the rate of
change at the electrochemical signal is nonitored as a function of

tine.

12. TRANSDUCER

It is physicochem cal device that transforns one formof signal into
another. A photo cell that converts light energy into electrical
energy is an exanple. The ideal transducer should display a
reasonably fast response time, be anenable to facile fabrication and
of miniaturization, be reliable and should conpensate for adverse

environmental effects such as tenperature dependency and drift.
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12.1. El ectrochem cal Transducers:

El ectrochenical transducers are essentially of two types,

Potentiometric and Amperometric el ectrodes.

12.1.1. Potentionetric Transducers

Potentionmetric el ectrodes such as ion selective el ectrodes, produce a
vol tage which is dependent on the logarithm of the concentration of a
sel ected ionic substance. The pH el ectrode, which nmeasures the
activity of hydrogen ions, is the classic exanple of an ion selective
electrode (Table 1.3). Electrodes that are selective to a w de range
of other ions have al so been commercially available for a nunber of
years. The limtations of such transducers are their relatively large
size in sone applications, their voltage drift and their fragility.
Most of the devices contain an inner electrolytic solution separated
fromthe test solution by a thin ion-selective menbrane based on gl ass
or plasticized polyvinyl chloride, and are therefore not robust enough
to be used in many industrial applications. Attenpts are being nmade
to develop snmall solid state transducers whose readings wll be
sufficiently stable and reproducible so that they will not need

frequent calibrations.

12.1.2. Amperometric Transducers

Amperometric transducers are based chiefly on chemically inert
materials such as platinum gold, or carbon (Table 1.4). If an

el ectrode conposed of one of these substances is kept at a selected
electrical potential with respect to the test solution it wll oxidize
or reduce chenical substances in the solution. An electrical current
is thus produced whose magnitude is related to the concentration of
the substance in question. The voltage dependence of the

el ectrochemcal reaction gives a certain degree of selectivity.



Table 1.3. Potentlonetrlc biosensors.

substrate  enzyne product (s) range references
aspartam  L-aspartase NH 0.1-0.6mmol L' (66)
fats lipase fatty acids 5-50 10™%mol L™ (67)
gl ucose gl ucose oxi dase gluconic acid 0.2-2gm L (68)
urea ur ease NH, O 0.01-10mmol L' (69-71)

4 2
nitrite nitrite reductase  NH 107%mo1 L™! (72,73)

4
penicillin pencillinase H 0.2-70mmol L} (74)

Table 1.4. Amperometric bi osensors.

substrate enzyme products range ref erences
al cohol dehydr ogenase NADH 10- 150mol L™ (75,76)
malate 5-100 107° nol 1

formiate

choline chol i ne oxi dase HO 500mmol  L" (77)

gl ucose gl ucose oxidase 0-79 L™ (78-84)
glutamine glutaminase 0-25mmol L7} (85)
hypoxant hi ne xant hi ne oxi dase 4-180 x 107%mo1 L7! (86, 87)
oligo-~ glucoamylase 0.1-2.5mmol L™} (88)
saccharides (gl ucose oxidase
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However, other neans of discrimnating against interfering substances
are al so often essential for proper performance of an amperometric
transducer, such as the introduction of semipermeable nenbranes and so
call ed redox nediator substances. Considerable progress has been nmade
in the area of nodified el ectrodes, where nediators, pronoters and
electrochemically active materials are attached to the el ectrode

sur f aces.

12. 2. BI OSENSORS based on other non-el ectrochenical transducers:

12.2.1. Heat Measurenents

Enzymatic reactions are often acconpani ed by a considerabl e heat

evol ution, generally in the range of 25 to 100 kJ nole"!.  Thus,
enzynme calorimetry is a highly versatile technique, which can be the
basis for a workable biosensor. Al npbst any enzyne system can be used
to fashion the biosensor, since nost enzyme-substrate reactions will
give a neasurabl e heat change. Excellent reviews on the theory and
applications of calorimetric sensors have been witten by Danielsson
(89).

12.2.2. Optical Methods

Optical methods are defined as those which are based on the
neasurenent of the absorption or emission of electromagnetic radiation
by either a reactant or product of the biological system
Spectrophotometric nethods have been used to construct biosensors
since 1966. In this first paper a columm packed with i mobilized
enzynme was prepared, and the absorbance of the product was neasured.
The real advances in the field came from the work of Hornby, Hovarth,
Sundaram and Canbl aghl, who constructed nylon colls with immobilized
enzynes, which could be coupled directly to flow injection or bubble

(Techni con) anal ysers (90).
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12.2.3. Piezoelectric (PZ) and Surface Accoustic Wave (SAW Detectors:

The piezoelectric crystal is a piece of oscillating quartz, onto which
is placed on an adsorbent that selectively interacts with the analyte
compound.  The basic frequency of oscillation of the crystal,
generally 9 or 14 MHZ, is changed by the adsorption, due to a

resulting nmass increase on the crystal.

A frequency change qualitatively indicates the presence of the
anal yte, and the total frequency change, &F, is proportional to the
anount of analyte, according to the basic equation devel oped by

Sauer brey:

AF = -KAmass

selectivity is devel oped by the coating, and sensitivity is
characteristic of the crystal. The limt of detection in this

technique is estinmated to be about 10 g.

In a simlar fashion a surface accoustic wave (SAW detector can be
used. The oscillation of the crystal in this case, is at a higher

frequency, several hundred MHz instead of 9-14 MHz.

King first reported the use of a piezoelectric crystal as a detector
(91). Excellent reviews have been witten by Quilbault and others
(92-94). Most previous analytical work with such detectors has
centered on the use of inorganic and organic coatings for gaseous

environnental pollutants, such as HCl, isocyanate, CO, NO, SO, etc.
12.2.4. The Chemically Sensitive Field Effect Transistor (CHEMFET):
This was born of the integration of two technologies- the solid state

integrated circuit and ion-selective electrodes. The first CHEMFET

was denonstrated by Bergveld who used (95) a silicon dioxide layer to
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impart sensitivity to hydrogen ions upon an insulated gate
field-effect transistor. Several reviews of this field have appeared
(96-98). The primary advantages of the FET device is its snall size.
An enzyme sensitive field effect transistor (ENFET) can be fabricated
by applying a thin layer of enzyme gel over the ion selective

menbrane. Thus a miniature biosensor can be easily obtained.

13. MICROBIAL BASED Bl OSENSORS:

The najority of biosensors based on immobilized m croorgani sns
function with amperometric oxygen sensors as transducers. Biosensors
for the determ nation of phosphate, nitrate, nitrite, sulfite, nethane
and phenol have recently been described, but none has yet achieved a
comrer ci al breakt hrough. It is nore difficult to devise selective
sensors that use microorganisms to respond to a variety of different
substances. On the other hand, there is a nunber of rather
"fastidious® mcroorganisns which are highly specific. An exanple of
exploitation of such species is a sensor for urea constructed by the
Tokyo Institute of Technol ogy group in which both urease and
Nitrosomonas are immobilized on an oxygen el ectrode. The

m croorganismis highly specific in its response to amonia produced
by the enzyne in the presence of urea. This gives inproved
selectivity conpared with that of the enzyme alone immobilized on an

NH -sel ective el ectrode although response time is considerably |onger.

Wol e organi sm el ectrodes usually exhibit considerably |onger response
tines than do enzyme el ectrodes comonly being in the range 1-20 min.
wher eas many enzyne sensors respond typically within less than 1 mn.
There are great differences in stability between different whole
organi sm sensors al though sone, e.g., a nethane bi osensor can be nmade

stable for many nonths (99).



14. BI OSENSORS BASED ON Tl SSUE SECTI ONS OR CELL CULTURES:

Not only isolated enzymes but also entire groups of intact cells can
be used as the basis for the biosensors (Table 1,5). Conpared with
the isolated enzynes, these often have the advantage of being active
for longer periods, as the enzymes are kept in their natural
environment. In this case additional inmmobilization step for the

coenzymes or cofactors is not necessary.

The principle of these devices can be explained by talcing as an

exanpl e a biosensor for HO . As bovine liver contains relatively

hi gh concentrations of the enzyme catal ase, a section of fresh tissue
only 0.1mm thick is imobilized with nylon mesh on the surface of a
menbr ane-covered 0 el ectrode. The hydrogen peroxi de whose
concentration is to be determ ned undergoes enzymatic deconposition to
oxygen and water, and the oxygen thus produced is measured
anmperonetrically. This sensor is less sensitive to fluctuations in
tenperature and pH, and has a longer lifetime than a bi osensor

containing an isolated enzyme (100).

15. BI OSENSORS BASED ON RECEPTORS:

A very prom sing approach is the devel opment of biosensors in which

i ndividual receptors or receptor structures from |iving organisms are
i mobi | i zed on transducers. The advantages of receptors over enzynes,
for exanple, lie in very high sensitivities and short response tines.
However, the problens of isolating receptor nolecules and of their
instability when inmobilized are still so great that this idea nmust be
regarded at present as an interesting approach with potential for

future devel opnents.

A sensor for the determ nation of glucose which is based on a receptor

protein has devel oped by Schultz and Meadows (40). This makes use of



Table 1.5. Biosensors based on tissues and related naterials.

substrate biocatalytic naterial sensi ng el ement
Glutamine Porci ne kidney cells NH -sensor
Adenosi ne Mouse small intestine NH - sensor
mucosal cells
Adenosi ne 5 -nono Rabbit nuscle
phosphat e
Rabbit muscle acetone
powder
Guani ne Rabbit |iver "
Hydr ogen peroxi de Bovine liver 0 -sensor
G utamat e Yel | ow squash CO -sensor
Pyruvat e Corn Kkernel CO - sensor
Urea Jack bean neal NH - sensor
Phosphate/fluoride Potato tuber/ 0 -sensor
gl ucose oxidase
Dopamine Banana pul p 0 -sensor
Tyrosi ne Sugar beet 0 -sensor
Cystei ne Cucunber | eaf NH - sensor
d ut ani ne Por ci ne kidney mitochondria NH - sensor
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the conpetition between glucose and a gl ucose anal ogue, a dextran
labelled with FITC for binding sites on the glucose receptor protein
concanavalin A | abel |l ed with Rhodamine (RHCon A). FITC-dextran and
RHh-Con A are sealed in a length of dialysis tube at the end of a
bifurcated light guide with a diameter of 100um. Light of a suitable
wavel ength excites FITC, which fluoresces. |f the FITC is connected
via the dextran to the Rh-Con A the energy absorbed by the FITC is
transmtted to the rhodam ne, which then also fluoresces. If glucose
di ffuses through the dialysis nmenbrane into the neasuring cell, the
dextran is partly displaced fromits binding sites by the glucose and
the neasured FITC fluorescence increases, because |less energy is
transferred from FITC to rhodamine. From increase in fluorescence
intensity the glucose concentration can be deternmned. Acetyl choline
(Ach) receptor protein was isolated from Torpedo el ectric organ was
incorporated into asolectin liposome and irmmobilized non covalently on
the surface of a planar Interdigitated capacitive sensor to produce an

Ach receptor-based bi osensor (41).

16. APPLI CATI ONS OF Bl OSENSORS:

16.1. dinical Chemstry and Di agnosis:

A rapid test for substances such as amylase, glucose, paracetanol,
sallcylate, creatlne kinase, aspartate amino transferase, creatinine,
and urea woul d be invaluable in energencies. Biochem cal neasurenents
of substances such as lactate, glucose, urea and creatinine would be

useful for continuous use in intensive care units.

16.1.1. AIDS:

H  Worf (Cernany) has described a biosensor based on piezoel ectric
quartz crystals for direct detection of HV specific antibodies. For
this purpose, the oscillator crystal is coated with peptide-antigens

derived fromthe core protein p24 and the glycoprotein gpl 20 of H V.
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The protein p24 forns the nucleocapsid of HV and is synthesized as a
precursor nolecules together with pl7 and pl5. Antibodies agai nst p24
are of particular inportance for diagnosis of the early phase of
infection. The envel ope protein gpl 20 of the HV virus is responsible
for the specific binding of HV to the CD4 receptor present on the
surface of T-helper |ynphocytes nediating the virus into the cell and

elicitates neutralizing imune response.

16.1.2. d ucose sensor:

A majority of biosensor researchers both in academia and industry have
concentrated their devel opment efforts on one goal: the
commercialization of a portable glucose sensor for use by diabetics.
Many diabetics currently use blood glucose testing strips and neters
and they are willing to switch to biosensors provided the units are
fast, reliable and cheap. Considerable academ c and commerci al
interest also exists in producing a continuous glucose sensor for in

vivo nonitoring and for autonated blood gas and el ectrol yte anal ysers.

16.2. Agriculture / Veterinary:

The diagnosis of infectious diseases in crops and live stock will be
the prinmary application of biosensors in agriculture. These devices
will be used by farnmers for rapid, single-use, on-site testing. O
secondary importance will be soil testing for mcroorganism plant
nutrients, and pesticides. For exanple, nonitoring the soil nutrient
content will assist farmers in the optinum application of chem cal

fertilizers.
16. 3. Food:
Peopl e are increasingly concerned about the content of the food eaten.

They want to be informed about the levels of additives, growth

hormones and chol esterol in food. Contam nation in the food
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production chain, such as the presence of Salnonella in the poultry
and egg industry, is spurring the need for faster and nore sensitive
testing instrunentation. Also, the consuner demand for fresh food and
the industry's desire to reduce spoilage, wll nake food testing one

of the nore interesting bi osensor application field.

16.3.1. Food Processing

Modi fi ed human bl ood gl ucose sensor can be used to nonitor glucose
levels in potato and snack food manufacture. The sugar content of
fruit and vegetables is an inportant indicator of ripeness and an
inportant indicator of browning and sweetening properties. Several
groups have explored the possibility of measuring sugars and al cohol
in fruit juices. The major problemrenains interference from
conponents such as ascorbic acid. Oher substances under
investigation includes devices for nonitoring lactate, sulfur dioxide
and al dehyde, the alternative for nonitoring rancidity of oils and
fats. Cranfield Institute of Technol ogy have patented the concept of
the organi c phase enzyne el ectrode which can be used to detect

peroxi des in inorganic solvents and nay al so be useful in detecting

rancidity in oils and fats.

16.3.2. Food Testing

The Leat herhead Food Research Association (LFRA), UK, in

col l aboration with Cranfield Institute of Technol ogy has devel oped a
device for measuring the shelf-life of a chilled meat joints and
carcasses. The unit senses the depletion of neat glucose by bacterial
surface flora during chill storage. The point when this glucose
reduction starts is approximately two days before the onset of actual
spoi lage in pork, lanb and beef. The LFRA/ Cranfield team designed a
sinple, four-point electrode array which nonitors glucose
concentration |evels between the neat's surface and at a depth of 8mm

The di sposabl e knife-head contains the sensor and plugs into a hand
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held instrument. |n the handle of the instrunent is a "traffic-light"
indicator. A green signal indicates that the neat is fresh, anber
neans that spoilage will comrence within tw days and a red Ilight
warns that the neat is no longer edible. Pegasus (Canada) offers fish

freshness neter to determine the state of any seafood.

16.3.3. Toxin Testing

The LFRA is devel opi ng immunosensors for identifying sal nonell a,
listerla, enterotoxins and noulds. The salnonella detector is the
nost advanced effort. The projects goal is to devise a system which
will reduce the detection tine from?7 days to just 8 hours. A surface
plasmon resonance (SPR) device is enployed. The greater sensitivity
of SPR Technology will dramatically shorten the time required to
culture the salnonella. The LFRA device will be able to detect the
1000 organisnms/m, three order's of magnitude better than existing

equi pnent .

16.4. Environmental/Mlitary:

I'n many ways biosensor requirenments for environnental and military
applications are quite simlar. The detection principles for
industrial gases are the sane as for nustard gas and nerve agents.
Moni t oring hydrocarbon emnissions from a chemcal plant are not

fundanmentally different from nonitoring diesel funes from a tank.

16.4.1. Expl osives

Workers at Cranfield Institute of Technol ogy have investigated

nmonocl onal antibodies for TNT used in conjunction with a piezoelectric
quartz crystal biosensor. The sensitivity obtained was however,
insufficient for security applications even with a significant

preconcentration phase.
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16.4.2. Mcroorgani sm

There Is an interest in adapting nedical technology such as the
fluorescence capillary fill device and surface plasmon resonance based

sensors for detecting bacteria in the environnent.

16.4.3. Toxic Gases

Inperial College, London is working "Chemcal Canaries", biosensors
whi ch detect and neasure traces of toxic gases, such as hydrogen

cyani de and hydrogen sulfide. The enzyme used is cytochrome oxi dase.
Each nol ecul e of toxic gas inactivates one enzynme nol ecule. Since one
enzyne nolecule normally reacts with over one thousand substrate

nol ecul es every second, the systemis very effective-in anplifying the
effects of toxic gases and is therefore very sensitive in detecting
them Cranfield Institute of Technol ogy and Sutherland Pol ytechnic
have published work on a carbon nonoxide sensor using carbon nonoxide

oxi doreductase in a ferrocene-nediated format.

16.4. 4. Water pollutants

Environnental concerns are fueling research into bi osensors capable of
detecting toxic chenmicals, nmetals and pesticides in water. Several

enzynme bi osensors have been devel oped to detect phenol in sewage.

Nitrilotriactetic, which is used as a conponent of detergent
formulations, is detected with whole cells in conjunction with an
ammoni a el ectrode. However, this biosensor is subjected to

interference from other non-toxic conpounds.

Bi osensors have al so been devel oped for nonitoring acids, alcohols,

nitrates and ammoni a. Butyrylcholine esterase imobilized on a gl ass
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el ectrode has proven effective in nonitoring |ow concentration of

or ganophosphorous pesticides in river water.

One of the nost advanced amperometric biosensors for detecting

herbi cides in drinking water supplies has been devel oped at the Luton
Col | ege of H gher Education (Luton, U K.) in cooperation with the
Water Research Council and Cranfleld Institute of Technology. The
device uses the photosynthetlc cyanobacteria to a nunber of

herbi ci des, including atrazine and metoxuron. The mpjor limtation at
this device is its short operating life less than two weeks with

constant use.

16.5. Process Control and Monitoring:

There are several potential applications of biosensors in the
industrial fernmentation processes for nonitoring substrate |evels,
product formation and microbial biomass. Currently there are several
off line methods but these are both cunbersone and time consuming
since sanples have to be withdrawn for analysis. The devel opnent of
bi osensors for fermentation is however hanpered by the need of many
food and pharmaceutical fernmentations for steam sterilization to

prevent microbial contam nation.

16.5.1. Antibiotic production:

Penicillin sensors have been the subject of several papers. These
have been based nminly on pH el ectrodes coupled with pencillinase.
These devices are still at an experinental stage.

16.5.2. Chemcal processes:

Only a few experinental biosensors have been devel oped to nonitor
chem cal processes. Most applications involve aqueous solutions, but
Cranfield Institute of Technol ogy has designed and patented enzyne

el ectrodes for operation in organic solvents expandi ng nonitoring
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possibilities to the petrochenmical and pharmaceutical |ndustries. I'n
one exanpl e, polyphenol oxidase was immobilized at an amperometric

electrode for the detection of phenols directly in chloroform

16.5.3. Fernentation:

COranfleld Institute of Technol ogy has devel oped a probe for neasuring
glucose directly inside the fernentation vessel. The biosensor had a
useful life tinme of between 2 and 14 days and a response tine of

approxi nately 60 sec.

The yell ow springs 2700 (USA) is an anperonetric biosensor detector
instrunent is available in the market. It is a mcroprocessor
controlled unit, that permts application of any potential to a

bi osensor and can be used for assay of glucose, lactate, |actose,
sucrose, ethanol, starch and galactoase in fernmentation broth and all

culture extracts.

An autosampler for the sterile determination of glutamine, glucose and
oxygen in animal cell culture has been devel oped by Jean Romette and
is patented by the MT (Canbridge, USA). |In one configuration a
nmenbrane is inmobilized with glutaminase and gl utanine oxi dase.
L-glutamine is determ ned by the product produced by the two stage

enzymatic reaction.

17. | MMOBI LI ZATI ON OF BI OLOG CAL COVPONENTS:

The nost common bi ol ogi cal conponents used in biosensors are enzynes,
hence the discussion will focus nostly on their inmobilization.
However, many of the methods and techniques are generally applicable

to nost biocomponents.

For practical and fundamental reasons, the use of immobilizsed enzynes

that are confined close to an electrode surface offers several
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attractive features when conpared with conventional nethods. Wen the
enzyme is immobilized, it can be readily separated from the reaction
m xture and easily reused. Furthernore, by appropriate control of the
m croenvironment at the immobilized enzyme, nore desirable properties,
such as Increased stability, high sensitivity, greater response, high
sampling rate (inflow injection analysis), great flexibility in the
choi ce of electrode dinensions and shapes (allow ng easy

m niaturization or use of conplex surfaces, such as reticulated
vitreous carbon), and prevention of electrode fouling and

interferences fromother species in solution can be achieved.

There are several ways to immobilize a biocomponent onto the el ectrode
surface (Fig 1.10). The nost common techniques include (1)
adsorption, (ii) covalent attachment, (iii) gel/polyner entrapnment and

(iv) cross linking.

Several factors nust be considered before choosing an immobilization
t echni que:
i) applicability for a variety of surfaces

ii) the bioconponent should exhibit high activity in its
imobilized state

111) pH range for desirable activity for the imobilized bi oconponent
iv) the need for greater stability (half-life) after immobillization
V) the ability to co~immobilize nore than one bi oconponent
vi) the necessity for no or little |eakage of bioconponent

vii) sufficient surface loading for operation (103).
17. 1. Adsorption:

Physi cal adsorption of the bioconponent on the electrode surface is a
popul ar technique. The advantages of physical adsorption are that it
requires virtually no reagents, nminimal activation and clean up steps
are needed, and less disruption to the enzyne occurs than with other,
general |y harsh chemical nethods. It suffers fromgreater

susceptibility to changes in pH, tenperature, lonic strength, and
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substrate; it also requires considerable optimzation. This nmethod is
not w dely applicable because of the possibility of the biocomponent
| eaching out of the electrode surface, but this can be mninmzed by

cross |inking.

Physi cal adsorption of an enzyne onto an electrode is usually done by
di pping the clean electrode in a buffered solution containing the
enzyme of interest. It is comon to do the adsorption at 4° C, so the

enzyme does not thernally degrade.

Ikeda and coworkers (104) have adsorbed glucose oxidase on the surface
of carbon paste electrodes by solvent evaporation followed with a

col | odi on ethanol treatment. The collodion ethanol forms a thin
nitro-cellulose filmon the surface which helps to keep the enzynes on
the surface. The electrode retained its original response after one

week and could be operated in the pH range 5-8.

CGorton et. al. (105) have shown, with meladola blue, that the order of
adsorption of nediator and enzyne can affect the el ectrode response,
when the nediator is adsorbed first followed by the enzyne, a greater
response to glucose can be achieved with less noise, than if the

reverse is done.

Suad- Chagny and Gonon (106) used a carbon nilcroel ectrode for the
adsorption of lactate dehydrogenase, in an electrochemically deposited
protein sheath of BSA. The sensor has a stable and reproduci ble NADH
response for about 150 hrs, which is an inprovenment over previous

sensors.
17.2. Coval ent attachnent:
Coval ent attachnent to an electrode surface is nmore difficult than

adsorption, but it provides a nore stable inmobilized bi oconponent,

and is nore widely applicable. Many factors nust be taken into
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account when covalently attaching a blocomponent to a surface. The
attachment often involves three steps: activation of the support,

enzyme couplings and renoval of |oosely bound enzyne.

Activation of the support 1Is usually acconplished with chemicals such
as sllanes (107) or cyanuric chlorides. The enzynme is then attached
to the activated surface directly or is linked to a bifunctional agent
whi ch has been attached to the surface. Both of these nethods have
been shown to be effective procedures for covalently attaching enzynes

to the surface of el ectrodes.

Pretreatment of platinumelectrodes has an effect on the covalent
attachment of enzynes (108). Thomas and co workers have shown that
appropriate pretreatnent before immobilization enhances el ectrode
response and life time. The effect on electrode life is apparent
bet ween anodi zed and thernally oxidized platinum and the effect on

response between anodi zed pl ati num and anodi zed pl ati num bl ack.

Narasimhan and Wngard (109) have devel oped a nethod for the coval ent
attachment of gl ucose oxidase which uses a {aminophenyl boronic acid)
nodi fi ed gl assy carbon el ectrode as a support. This attachment has
been reported to allow direct electron transfer between the enzyne and
the el ectrode, although, due to high noise, no catalytic current has

been observed for the sensor.

17.3. Gel/Pol ymer Entrapnent:

By far the nost popul ar technique is the use of gel/polyner
entrapnent. This technique uses mld conditions, and w de variety of
gel s/polymers are available. Qher advantages are that nost
biocomponents can be easily incorporated into a polymer, the
entrapnent can be inproved by using other inmobilization techniques,
such as coval ent attachnment and cross-linking and a high concentration

of active bioconponent can be inmobilized.



42

As with any technique, it suffers from several disadvantages and nany
experinmental factors nust be controlled. Deactivation of the
biocomponent by radicals created during polyrmer formation is possible.
The success is linited by the size and structure of polymer to
relatively large species and there is an increase in response tine due
to a large diffusional barrier. One of the nost inportant problens
with this technique is the common use of physical, rather than

chem cal nethods for confining the gel/polynmer to the el ectrode

surface.

Foul ds and Lowe (110) devel oped a very interesting nethod of

i mobi |izing glucose oxidase onto el ectrodes. Their nethod invol ves
the co-immobilization of GOD and pol ypyrrole onto a platinum

el ectrode, which takes place at a pH above the isoelectric point of
pol ypyrrole, and the electropolymerized polypyrrole film builds up an
ani oni ¢ charge. Although the exact nechanism is unknown, this anionic
charge nay electrostatically entrap the enzyne in the film

El ectropol yneri zed polyaniline filns have also been effective. Aizawa
and co workers (111) have shown that the electropolymerization of
aniline, in the presence of glucose oxidase can be effective way to

entrap GOD, and al so provide protection fromlarger interferences.

17.4. Cross linking:

Physi cal adsorption and gel/polyner entraprment are often suppl emented
with cross linking to prevent |eaching of the bioconponent. Cross
l'inking alone can sonetinmes also be used for immobilization to an

el ectrode surface.

The difficulty with this method is that conditions for nenbrane
formation are not easily determined, and nust be carefully controlled.

One nust control the pH, ionic strength, tenperature, and reaction
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time. Wngard (112) has shown that the thickness and gl utaral dehyde
content of cross |inked nenbranes can have a significant effect on the
response of the sensor. Also, bifunctional agents nmay not be
selective, and could bond intra as well as internolecularly.

18. ENHANCEMENT OF ELECTRODE RESPONSE:

Enhancenent of the electrode response has taken a variety of forms to
solve a diversity of problenms. Electron nediators are used to shuttle
el ectrons between the el ectrode and a species in solution, which is
difficult to electrolyte directly. The use of new el ectrode
materials, such as organic netals, have inproved electrolysis.

18.1. Electron Mediators:

El ectron mediators are used for various reasons. Amperometric

bi osensors, that used oxi doreductase enzynes, normelly rely on oxygen
as an electron acceptor to recycle the enzyne after conversion of the
substrate to the product. The requirenents on an ideal nediator are
the following (Fig. 1.11):

1) \Well defined electron stoichiometry (n val ue)

2) a formal potential E, near or below 0 mv vs SCE for an oxidation
process and near or above O mv Vs SCE for a reduction process.

3) Fast heterogeneous (at the electrode surface) and honpgeneous
(with the enzyne) electron transfer.

4) Stable in both oxidized and reduced forns.

5) no auto oxidation (by 0 ) of the reduced form
6) regeneration independent of pH

7) non-toxic
8) poor solubility in the surrounding nedium (inmobilized nediators).
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There are several mediators which can be used but ferrocene and its
derivatives have received nost attention. Ferrocenes are popul ar
because they are hydrophobic, exhibit good el ectrochemi stry, and can
be structurally altered to change their redox potential.
Hydrophobicity 1s important because it prevents the nediator from

| eaching from the el ectrode surface when used in aqueous systens.
Geen and H Il (113) have noted that positively charged ferrocenes are
much better nediators for glucose oxidase than negatively charged
ferrocenes. This research shows how the structure can be altered to
facilitate a specific approach. Al so, ferrocenes can be nade to act

as el ectron donors or acceptors.

Ferrocene nodified pol ypyrrole has been used to incorporate a mediator
and enzynme attachnment into one step. As noted previously, Foulds and
Lowe (114) have been able to inmobilize enzyne by entrapnent in

el ectropol yneri zed pol ypyrrole. They also found that this can be
acconpl i shed with ferrocene nodified polypyrrole. The ferrocene

nmodi fication allows the polynmer to act as an electron nediator. A

di sadvantage is the nmarkedly slower electron transfer that occurs at
the nodified polyner conpared with soluble ferrocene, which could be

due to the limted mobility of the immobilized ferrocene.

Mizutani and Asai (115) have used a conbination of polymer filns and
pol ymeri zation nmethods to create a glucose-sensing biosensor. The
work illustrates that conbinations of polyners may be effective. They
have shown that a mxture of electrically conducting pol ypyrrole and
insul ating polyvlnyl alcohol, with enzyme and ferrocene present,
creates a stable sensor which shows an increased response for glucose.
The sensor has increased stability conmpared with using polypyrrole

al one and increased response over the use of polyvinyl alcohol alone.

The use of meladola blue as a nediator has been shown by Gorton and
co-workers (105). This nediator adsorbs spontaneously to graphite or
carbon, and oxidi zes reduced NADH at about 0.0 V (Vs SCE). The
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medi ator does not depend on diffusion for charge transfer, and the
nol ecul es of meladola blue nust be in contact with each other, so
medi ation can be achieved by internolecular electron transfer.
Unfortunately, the nediator coverage decreases by 20-30% over the
course of a day, but the decrease in response is snall for high

nedi at or cover ages.
19. ORGAN C METAL ELECTRODES:

O ganic netals can be used as nediators, for a variety of enzymes, or
as the electrode material itself. Kulys (116) has shown that these
types of electrodes can transfer electrons in two ways: for cytochrome
b, direct electron transfer takes place but for oxidases nediation
occurs. Mediation is acconplished by the dissociated ions of the
organic nmetal. The organic netal electrodes which were constructed
could be operated at 0.05V (vs Ag/AgCl}, which greatly reduce the
possibility of interferences. The efficiency of these electrodes is
determned by the catalytic activity of the enzyne, and the el ectron

exchange rate between the enzyne and the organic netal.

Al bery and Bartlett (117) have shown that organic netal electrodes
made from N-methyl phenazinium tetracyanoqui nodi net hani de (NMP*,
TCNQ ) are also useful for the oxidation of NADH. This is a good

el ectrode material with rapid el ectrode kinetics. It shows no
deterioration of response for days and has a stable potential range
from-0.1 to 0.3 V (vs SCE) over which the oxidative current of NADH
is virtually independent of potential. Its surface can be renewed, in
a controlled fashion by sweeping the potential outside of the stable
range, which dissociates the organic netal, causing it to dissolve in

solution, leaving a new |ayer of organic netal.
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20. REMOVAL OF | NTERFERENCES:

Ascorbic acid, uric acid, tyrosine, cysteine, bilirubin, glutathione,
catecholamines, and acetani nophen (paracetanol) are exanples of easily
oxi di zed conpounds often present in biological sanples and may
therefore interfere with the el ectrochem cal signal. Proteins, e.g.,
al bumin, and other macromolecules can adsorb on the el ectrode surface
formng a diffusion barrier for the analyte and possible reagents. An
interfering conmpounds can interact with the biochem cal reaction,
l.e., inhibiting or activating enzyne catalysis (e.g. netal ions),
acting as a false substrate or as an alternative electron nediator.

El ectrodes can be protected by several methods including chen cal
renmoval of interferences and the use of polynmer filns as barriers.

Pol ymer filns have emerged as the predom nant mnethod because they
provi de protection against both fouling and interferences. The ngjor
advantage is that nost of these polymer filns are attached physically,
which is not suitable for all chemical approach to biosensor

construction.

Foul ing, which is passivation of the el ectrode surface by the
adsorption of non-electroactive species, is a mpjor problemin the
anal ysis of biological sanples. Hgh relative nolecular mass species,
such as proteins, are a najor source of fouling in these cases.

El ectrode fouling results in a decreasing biosensor response over

tine.

The nost common way of mninizing interfering reactions in
amperometric sensing is to design an electrode with high activity
within the optinmal potential range (-200 to OmV Vs SCE), where nost
conmpounds are electrochemically inactive. El ectrochenical
interference can be neasured and subtracted from the signal by the use
of parallel equally prepared el ectrodes, one of themw th denatured
enzynme or no enzynme at all (118). However, differential measurenents

cannot elinminate biochem cal, chemcal or electrode fouling
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interferences. Yao et al inmobilized GOD together with benzoqui none as
el ectron mediator in carbon paste electrodes (119). The el ectrode was
first covered with a nitrocellulose filmand then with a gold net, the
latter with an applied potential of +0.5 V Vs SCE. Ascorbic acid and
Uric acid were oxidized and thereby renoved at the gold net, whereas
gl ucose could pass and reach the enzyme. Ascorbic acid was
effectively repelled fromthe el ectrode surface of an GOD and
ferrocene nodified carbon past electrode through the incorporation of
negatively charged stearic acid into the paste (120). Another nethod
for the renoval of ascorbic acid is to co-immobilize the anal ytical
enzynes and ascorbic acid oxidase, the latter producing an
electrochemically inactive derivative of ascorbic acid and HO. The
influence of electrochemcal interferences on the background current
can be elinmnated through neasuring the initial rate (current

increase) instead of the steady state current, as suggested by
Quilbault et al (121). Palleschi et al (122) investigated the
influence of possible interfering conpounds on the oxidation of HO

at different pH Unfortunately, the oxidation of the investigated
conpounds di spl ayed the same dependence on pH in the solution on as
the oxidation of HO and could therefore not be elimnated through a
pH shift. However, the concept could be advantageous for the

reagent| ess HRP nodified el ectrodes. HRP is highly active between pH 4
and 5 where as the rate of the el ectrochem cal oxidation of e.g.,
ascorbic acid is very slowat low pH Nevertheless, the optinal
conditions for an electrode bearing HRP co-immobilized with an

oxi dase are often obtained at a somewhat higher pH due to the pH

dependence of the oxidase.

20. 1. Menbranes:

An extended useful ness of chemically nodified el ectrodes including
biosensors, as selective, analytical devices has put demands on the
application at some sort of nenbrane covering the el ectrode surface
bearing the catalytic sites. The menbrane can have one or several of

the follow ng functions
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1) entrapnent of enzyne and/or el ectron nediator

11) anti-fouling of the electrode surface (resulted adsorption of
macromolecules)

111) size exclusion (permselectivity)
iv) ion exchange (charge specific separation)

V) partition across the nenbrane/solution interface (elinination or
enhancenent of the response)

Dependi ng on the nature of the menbrane, its application onto the

el ectrode surface can be nade through adsorption froma pol ynmer
solution, electropolynerization or fixation as a premade nenbrane.
The mass transport of analytes and interferents through the nenbrane
layer is determined by their diffusion coefficients in the filmand by
their partition coefficients between the filmand the solution. The
enzyne layer and nmenbrane film thickness are inportant paraneters
affecting the el ectrode response. El ectropol yneri zation at the
nenbrane makes it easier to control film thickness, honbgeneity and
reproducibility. The resulting structure and perneability of the
pol ymeric nenbrane are very much dependent on the anodi zation
condi tions. O-phenylenediamine electropolymerized on top of GOD
covalently bound to platinized carbon was shown to drastically
elimnate el ectrochemcal interferences such as ascorbic acid, uric
acid, L-cystein, and also prevented fouling by proteins (123).

Moreover, the film increased the thernmal stability of GOD.

Nafion covered |lactate oxidase nodified el ectrodes alnost totally
excluded the signal for ascorbic acid (124). Oher negatively charged
menbranes, used in conbination with oxidases, are e.g., polyurethane
(125) polynethacrylic aclid ester nenbrane (126) and Eastnman

AQ (pol yster sulfonic acid) filns (127).

21. MULTISTEP ENZYME SYSTEMS:

Mil tiple enzyme systenms can be used to enhance the response of

bi osensors. \When the product at a second enzyme can be used as the
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substrate for the first, enzyne cycling can occur. This enzyne
cycling allows a small amount of analyte to create a larger anount of
electrochemically active product than would be possible if a direct
conversion was nade. This creates a greater analytical signal and
allows a lower detection limt. Co-inmobilization of GOD and GDH,
with an excess of NADH, for the detection of glucose can be given as
an exanple (128). GOD oxidizes glucose to 8-glucanolactone, which in
the presence of high concentration of NADH is rereduced by GDH to
glucose. The enzyne substrate can al so be electrochemically
regenerated. The two enzymes nay be intimately nixed or immobilized

on different layers in an ordered fashion.

22. ENZYMES:
22.1. Horseradish Peroxidase CHRP) (E.C.1.11.1.7)

This enzyne produced by horse radish is an oxidoreductase with tightly
bound protohemin |X as prosthetic group, an iron-porphyrin derivative.
The iron content nmakes the enzyne sensitive to strong iron-complexing
agents like cyanide ions. It exhibits high specificity for the

catal ysis of the reduction at hydrogen peroxide to water. MNof this
enzyme is 40,000. Seven isozymes have been described by Shannor et al
(1966). Al contain protohenmin IX as prosthetic group. Neutral and
amino sugars account for a approximately 18% of the enzyne. Welneryb
(1966) indicates that the active site involves apoprotein as well as
the heme group. HRP is reversibly inhibited by cyanide and sulfide at

a concentration of 10" M. The enzyme is quite stable (129).
22.2. A cohol dehydrogenase (ADH) (1.1.1.1):
Al cohol dehydrogenase catal yzed the reaction

RCH,OH + NAD* === RCHO + NADH + H
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The common reaction in yeast cells is reduction of acetal dehyde to
ethanol. In vitro, however, the enzyme is generally assayed and or
utilized in a nore alkaline pH region a condition which favors a shift

equilibriumtowards the oxidation of ethanol.

This enzyme has four subunits each with MW of 35,000. This is a
metalloenzyme containing four tightly bound zinc atons per nolecul es.
There are two distinct active site sulfhydryl groups in each subunit
whi ch can be distinguished on the basis of differential reactivity
with iodoacetate and butyl isocyanate. A histidine residue is
considered to have an essential role. OptimumpH for the oxidation of
ethanol is 8.6-9.0 (the enzyme becones increasingly unstable at higher
pH) . Yeast ADH which has a nore narrow specificity than that of Iiver
enzyme, is sonmewhat nore active on the straight chain prinmary

al cohol's, and acts to a very linmted extent on certain secondary and

branched chain al cohol s.
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2. SOME ELECTROCHEM CAL TECHNI QUES
1. POTENTI CSTAT:

An instrument widely used in el ectrochenical research which controls
the potential applied to the working el ectrode, and allows one to
nmeasure the current. Fig. 2.1. shows a circuit for a sinple
potentiostat which is perfectly adequate for general purposes. In
addition to the potentiostat one requires a voltage source to provide
the input potential to the potentiostat. W have used EG&G PAR 174A
nodel pol arographic analyzer in our work. This unit contains a fixed
vol tage source as well as a triangular wave generator suitable for
cyclic voltammetry measurenent and is very well suited to the type of

measurenments described in this thesis.

In addition to the potentiostat, some formof chart recorder is
required to record the data. ldeally this should be an X-Y-t recorder
so that both current-potential (Cyclic voltammograms) (X-Y) and
current-tine responses at constant potential (Y-t) can be recorded.
The Ri kadenki digilogue nodel RY 201T recorder is used in our

experinents (1).

2. | MPEDANCE:

El ectrocheni cal inpedance theory is well-developed branch of ac
circuit theory that deals with the response of a circuit to an
alternating current (Fig. 2.2) or voltage as a function of frequency.
In dc circuits (the frequency equals to O Hz) resistance is defined by
Chni's |aw

E = IR

Using Chm's law, one can apply a dc potential (E) to a circuit, neasure
the resulting current (1), and conpute the resistance (R or determne

any termof the equation if the other two are known. Potential values
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are measured in volts (V), current in anperes (A), and resistance in
hims (). A resistor is the only elenment that inpedes the flow of
electrons in a dc circuit. In a simlar fashion, we define in an AC

circuit the relation:

In this equation E and | are instantaneous val ues of potential and
current respectively and Z is defined as "inpedance", the ac

equi val ent of resistance.

The terns resistance and inpedance both inply an obstruction to
current, the flow of electrons. Wth a direct current (dc) only
resistors provide this effect. However, with alternating current (ac)
other circuit elenents such as capacitors and inductors can al so
influence the flow of electrons. Systems containing such el enents can
not only affect the nagnitude of an alternating current wave form but

also its time dependent characteristics or phase.

I'n an el ectrochem cal cell, slow electrode kinetics, slow preceding
chenical reactions and diffusion can all inpede electron flow, and can
be considered anal ogous to the resistors, capacitors, and inductors

that inpede the flow of electrons in an el ectrochemcal circuit.

I mpedance can be expressed as a conpl ex nunber, where the resistance
is the real conponent and the conbi ned capacitance and inductance

(reactance is the imaginary conponent.

V = 12

Z =R + iX X reactance
=R + iXc Xc: Capacitative reactance only
=R - ixL XL: Inductive reactance only

z = R + 1{Xc-Xr) i = V-1
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The total inpedance in a circuit is the conbined effect of all its
resistors, capacitors, and inductors to the flow of electrons. The
opposition to the flow of current by capacitors and inductors is given
by the nane reactance, synbolized by X and is neasured in ohns (Q).
Since the synbol for capacitance is C, capacitive reactance is
synbolized Xc. Simlarly, since the synbol for inductance is L,

inductive reactance is synbolized by Xt.

Capacitors and inductors affect not only the magnitude of an
alternating current but also its phase. \When nost of the opposition
to current flow comes fromits capacitive reactance, a circuit is said
to be largely capacitive and the current |eads the applied voltage in
phase angle. The nore capacitive a circuit is , the closer the
difference in phase angl e approaches 90 degrees. Wen nost of the
opposition to current flow comes fromits inductive reactance, a
circuit is said to be largely inductive and the current |ags the
applied voltage in phase angle. The nore inductive a circuit is, the

closer the difference in phase angle approaches -90 degrees.

It is sonetines easier to perform cal cul ations using admttance, the
reciprocal of inpedance. Admttance is synbolized by Y and neasured
in Siemens (S). Like inpedance, adm ttance can be expressed as a
conpl ex nunber, where the conductance, (the reciprocal of resistance)
is the real conponent, and the susceptance, (the reciprocal of

reactance) is the imaginary conponent.

Y=C+ iG

C. conduct ance

G Susceptance
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2.1. Randies Cell:

One can study an electrical circuit by deriving its inpedance
equation. However, it is often sinpler to performa neasurenment on
the circuit and analyze the resulting plot, particularly if the
distribution of the resistors and capacitors are unknown. One wll
get a good picture of the real and imaginary inpedance conponents and
of the phase shift characteristics as a function of frequency, and

based on these results, a satisfactory nodel can often be built.

The Randies cell is a parallel conbination of capacitance and

(pol arization or charge transfer) resistance. The Randies cell nodels
the el ectrochenical inpedance of an interface and fits many chem cal
systens. One can easily equate the circuit conponents in the Randies
cell with famliar physical phenonena, such as adsorption or film

formation.

In the typical Randies cell Fig. 2.3. RQ is the ohmic or uncompensated
resistance of the solution between the working and reference
electrodes, Rp is the polarization resistance or charge-transfer
resistance at the electrode/solution interface and On is the double

| ayer capacitance at this interface. If the polarization or
charge-transfer resistance, is known, the electrochem cal reaction
rate can often be calculated. Double-layer capacitance neasurenents
can provide information on adsorption and desorption phenonena. In
some systems, a CpL neasurenent may not represent the double |ayer
capacitance. Rather, it may indicate the degree of filmformation or

the integrity of an organic coating (2).
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3. LOCK-IN AMPLIFI ER

Lock-1n Amplifiers have been used for many years to neasure extrenely
small signals. They will measure with high accuracy, a mnute signals
buried in random noise and surrounded by large discrete interfering

frequencies. Lock-ins work by capturing all the signal power avail able

while at the sane tinme rejecting as nuch noi se power as possible.

The lock-in anplifier is an extrenely selective ac voltneter used to
neasure a single-frequency signal obscured by noise. Operating over a
range which may extend fromone cycle every 10 seconds {0.1Hz) to two
hundr ed- t housand cycl es per second (200KHz), it rejects random noise,
transients, incoherent discrete frequency interference and harnonics
of the neasurenent frequency. It produces a dc output proportional to

the rms anplitude of the sinusoidal fundamental of the signal.

The lock-in anplifier provides very high sensitivity allow ng accurate
nmeasurenment of ac voltages upto one micro volt with one nanovol t

resol ution. It also can function as a phase nmeter and a spectrum
anal yzer. The lock-in is widely used in lowlevel optical work,

el ectron spectroscopy, neurological research and in conplex inpedance
studies (3).

A lock-in amplifier in Fig. 2.4 is an instrument which uses
phase-sensitive detection, filtering and amplification in order to
nmeasure small ac signals. Unlike a conventional ac voltneter, the
lock-in amplifier "locks-in" to the frequency (Fr) of a reference
signal and will neasure input signals at that frequency only (or to

its odd harnonics).

The reference channel can accept a wide variation in frequency,
anpl i tude and wave-shape (i.e. sine-wave, square-wave etc.) of the
input signal. The reference channel generates a precision square wave

voltage triggered fromthe applied reference and incorporates a
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vari abl e phase shifter. The variable phase shifter is used to adjust
the relative phase of the signal and square wave reference voltage
appearing at phase-sensitive detector (PSD). Thus lock-in applies the
signal and reference to a PSD, which acts as a frequency m xer. The
PSD consists of a switching multiplier followed by a |owpass filter

and will only detect (or rectify) signal voltage that are synchronous
with the reference voltage.

The signal channel of LIA contains a variable gain ac anplifier and
uses band pass filtering that prevents any odd harnonics of the
reference frequency fromgetting through the signal channel to the
phase sensitive detector where they woul d produce a dc output of error
in the measurenment. The signal input to the lock-in is anplified to a
level suitable for phase sensitive detection. In nany |lock-ins the
gain of the front-end anplifier is frequency selective (i.e. it 1is

also a filter) in order to improve its overload capability.

The output of the PSD circuits is the product of its two inputs
(signal and gating). Any input signal of frequency Fx (i.e.
synchronous signals) wll produce a dc output, input signals at all
other frequencies (i.e. asynchronous signals) will produce an ac
out put signals.

The lowpass filter (LPF) renpves the unwanted ac output signals from
the PSD and passes the wanted dc signals to the input of a dc
amplifier which anplifies it to a suitable level for display or
recording. The dc conponent which has come through the LPF has a

val ue that depends on the signal anplitude and the phase difference
between signal and reference. The user is able to maximize the

response to a signal of interest by adjusting the reference phase from
the front panel of LIA
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4. FOUR ER TRANSFORMATI ON

4. 1. Fourier Transformations in inpedance neasurenents

When low frequencies are involved, neasurenent of inpedance using a
conventional lock-in-amplifier becones increasingly difficult as it is
not usual ly designed to work at frequencies nuch less than 1 Hz. In
addition, the tine constant has to be considerably increased for
reliabl e phase neasurenments. Thus, excessive times are required for
nmeasurenents at each frequency (below 1 Hz). Although other

techni ques are known and are often used, the nobst common and direct
approach is to use a stored waveform excitation of the sanple and

anal yze the resulting currents by fourier transformation.
4.2. Basics of fourier transformation:

If a function c(t) is given that may have some periodic conponents,
i.e., if it can be expressed as a sum of several periodic functions
(like sin ¢ or cos ¢), then the fourier transformation of the function

c(t) is given by the expression:

Clw) = ,I':m exp (iwt) c(t) dt

Wiere 1 is the inmmginary constant v=-1, wis the variable in the
frequency domain and C(w) is the fourier transformof c(t). The
relationship is reciprocal, i.e., c(t) is the fourier transform of

C(w). Because of the presence of the exp(iwt) term C(w) is conplex,

i.e., has real and imaglinary conponents when c(t) 1s a real function.



63

In case of experinmental data, c(t) 1s nost conveniently given as a
series of values in equally spaced time donmin. In such cases, the
function is not defined inthe - @ <t < w but for sone finite range,
i.e., 0<t <t . The mathenatical inplications of such restrictions

is discussed in standard text books and needs no el aboration here (4).

It is desirable that the series of values representing c(t) may
contain as many terms as possible but conputational requirements (the
integration has to be carried out nurmerically for every value of w)
beconmes prohibitively expensive. A new algorithm fast fourier
transfornmation, devel oped by Tuckey and Cool ey, which is
computationally highly efficient, nakes routine application of fourier
transformation possible even on a snall conputer. This single

devel opment has the greatest inpact on a |arge nunber of spectroscopic
techniques, i.e., NMR, Optical, Mass-spectrometry being the nost

not abl e.

4.3. | npedance spectroscopy

I npedance in an electric circuit is defined by analogy with Chnis |aw

V = IZ, where V is the instantaneous voltage, | is the instantaneous
current and Z is the inpedance. If V is sinusoidally changing (with
time) with a frequency w, | also will be sinusoidally varying with the

sanme frequency (but may be with a different phase) and Z will be in

general a function of w. This function, Z{(w) is called the inpedance
spectrumof the circuit. In general, Z{(w) will be a conplex function
and may be represented graphically in several different (but otherw se

equi val ent) ways.

To obtain experinentally Z at several different frequencies, one does
excite the sanple with several superinposed sinusoidally varying
potential at the same time. In a digital world, this is conveniently

done by adding several frequencies (of major interest) and storing the
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result as a tine series data in a conputer. The data is shifted out

at a regular interval, converted to the analog fromand applied to the
sanple as a potential. The currents that are generated are converted
to the digital formand stored again in a file for future analysis by

fast fourier transformation technique.

Once the current data has been transformed into the frequency domain
by fourier transformation, the inpedance spectrum can be sinply
obtained by dividing the potential by the current values on a

poi nt - by-point basis. The inpedance spectra is nost conveniently
represented by the Bode diagram (Magnitude and Phases separately as a

function of log w) or Nyquist plots.

4.4. Programm ng details:

1. For studies on low-frequency inpedance studies, the follow ng
frequenci es were chosen: 1,3,7,15,31,63,127,255,511,1003,2007, 4015 and
8031 (arbitrary units). These were converted to actual frequencies
depending on the actual tine taken (data sanpling tine). Sine waves
were sinulated using the built-in function in the conputer for |east
two conplete cycles totaling 1024 data points for all these
frequencies. Phases proportional to the square of the frequencies
were Introduced in the sine functions so that the excitation power is
nore or less uniformy distributed over time. The resulting sumis
nul tiplied by 100 and stored as a set of 1024 integer data values in a
disk file. Unless the excitation frequencies (so as to avoid overlap
due to fol dback) need to be altered, this file (naned FFT.DAT) is not
required to be changed. This was done by a small program in QBASIC.

2. The digital to analog converter facility of the lock-in-amplifier
was used for applying the excitation potential. The data file
(FFT.DAT) was read, put to the lock-in-amplifier for digital to anal og

conversion, the analog output was then stepped down to 1:100 using a
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resistive network and fed to the nodul ati on input of the pol arographic
anal yzer. This voltage (peak val ue of 10mV/frequency) was sunmed to
the bias potential and the current value is recorded fromcurrent to
vol tage converter output of the pol arographic analyzer. This
potential is digitized by the analog to digital converter facility of
the lock-in-amplifier and is stored in a file. Al the data itens
(1024 points) were simlarly treated and a file containing the 1024
current values were obtained. The total time required for this was

al so noted. The necessary scale factors for conversion to actual

val ues were al so noted.

3. The data series (1024 current val ues) were next subjected fast
fourier transformation. Since this data set is real, two conponents
were obtained after fourier transformation-- real set of data and an
imagi nary set (conmponent) of data. These data val ues were phase

corrected using an experinental protocol described bel ow

4. Since the delay in data acquisition cannot be accurately predicted,
the phase shifts are variable and frequency dependent. To obtain a
table of phase shifts, a standard resistor of 10KQ was substituted for
the experinental cell and the experinent repeated. To inprove
accuracy, five sets of current values were stored and averaged. The
average current values were fourier transforned and phase val ues were
adj usted point-wi se to give mnimm conponent of the inaginary

i npedance. The set of phase values were stored in a file (1024 data

points) and used in all experinents for phase correction.

5. After the phase corrections were perfornmed, actual frequencies were
computed (from the known tine scale of the data acquisition) and

i npedance val ues were al so converted using known factors. These
values were printed out (both real and inmaginary conponents) into a
table by the program Typical frequency range are from4nHz to 34Hz.
The inpedance val ues varied typically from 12 to 1KQ.
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Al the above progranms were witten in Mcrosoft QBasic programm ng

| anguage. the lock-in-amplifier (PAR Model 5210) (used only for its
A'D and DA conversion facilities) was interfaced to the PC using the
RS- 232C serial port.
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3. BIOELECTROCHEMISTRY OF | MOBI LI ZED ALCOHOL DEHYDROGENASE ON
PLATI NUM ELECTRODE

1. | NTRODUCTI ON

In this chapter we present the results of cyclic voltammetric studies
on a platinum el ectrode containing adsorbed (i) ferrocene, (ii) NAD*
and (111) al cohol dehydrogenase. To prevent adsorbed mol ecul ar |ayers
from desorption, the adsorption solution contained a small anount of
nitrocellulose. The el ectrode does not behave reversibly, but the
response to al cohol solution is found to be linear in the range of
10-1000uM al cohol concentration. The enzyme was al so i nmobilized by
cross-linking with glutaral dehyde and the results are simlar. A plot
of log [peak current] vs log [alcohol] gave a set of parallel lines

for different concentration of immobilized enzyne.

CV studies on the electrode containing (i) ferrocene and (ii) NAD
adsorbed as before shows two pronminent peaks. The el ectrode was used
in a solution containing al cohol and enzyme (1, 2 and 5 units/m) and
this also shows clear dependence of the peak current on al cohol
concentration, but no clear relation has been observed. Presunabl y,
the solution kinetics is nuch faster conpared to the el ectrode

processes.

Dehydr ogenase enzynmes belong to the oxidoreductase class. Mre than
400 different dehydrogenase enzynes are known and have been isol ated.
Sorme 250 of them depend on the NAD/NADH coupl e, and sone 150 on
NADP*/ NADPH.  All work on biosensors for NAD* dependent dehydrogenases
has utilized the reaction schene shown in Fig. 3.1 here S is the

oxi di zed and SH the reduced formof the substrate. Mst analytical
appl i cations with dehydrogenases nmake use of the detection of NADH
forned even though the equilibriumfor the reaction often favours the
substrate side. The equilibriumof the reaction can be forced to the

product side by rermoval of the product (1).
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2. PREPARATI ON OF ENZYME ELECTROCDE

The bare Pt nmesh el ectrode was cleaned by dipping in concentrated
nitric acid followed by burning in an alcohol flane. For cleaning,
the sane nmethod was used for all the experinents. The thoroughly

cl eaned el ectrode was dipped in a solution containing 25 mg of
ferrocene and 5 ng nitrocellulose in 2 mM of acetonitrile. The

el ectrode was dipped in the solution for 15-20 minutes and then dried
in vacuum A thin layer of ferrocene was formed on the el ectrode.

The nitrocellul ose was al so present on the electrode and this prevents
falling off of the ferrocene fromthe electrode. The dried electrode
was kept for sonetine in buffer (0.1 M, pH 8.6) to renove |oosely
bound ferrocene. In one set of experinents, this electrode containing
only ferrocene was used. This was kept in a Htype cell as show in
Fig. 3.2 (2) and a cyclic voltammogram was recorded with a potential
range from -350 to +400 mV versus SCE.

Al cohol + NAD' —_— > Acetal dehyde + NADH + H*
NADH + 2 Ferrocene (IlIl1)— > NAD* + 2 Ferrocene (Il) + H*

To this solution, NAD* was added to the buffer to a final
concentration of 1, 10, 100, 1000 pM and for each concentration the CV
was recorded. In this way NAD was adsorbed on to the electrode. Now

the el ectrode contains adsorbed ferrocene and NAD:.

The el ectrode containing ferrocene and NAD was kept in the buffer
solution and the enzyme was added to buffer. The enzyne was added
such that the total activity is 1, 2 or 5 units/m of buffer. After
addi ng the enzyme to the buffer the effect of ethanol was seen. This
type of electrode is often refereed to in literature as a pseudoenzyme

el ectrode (enzyrme present in solution).
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2.1. Enzynme inmobilization by adsorption

The same enzyne el ectrode was cleaned and the adsorption of ferrocene
and NAD to the working electrode was carried out as described above.

The working enzyne el ectrode containing ferrocene and NAD was kept in
the enzyme solution (5 mg/ml) for 30 minutes and vacuumdried in cold.
On the electrode a thin enzyme |ayer was deposited. The el ectrode was
al ways kept soaked in the buffer while not in use. The el ectrode was
used in our final experimental setup in a solution containing ethanol

and buffer only (no enzyme/coenzyme in solution).

2.2. Enzyne immobilization by glutaral dehyde cross-Iinking

In this method the enzyme and NAD was inmobilized on the working
el ectrode in a BSA gl utaral dehyde cross-1linked matri x. 100 ul of
sol ution containing phosphate buffer (2.7m of O.1M solution at pH
6.8) BSA (17.5% 1.5 m) and 50 mg of enzyne was taken and m xed

thoroughl y. In this solution the el ectrode was di pped.

20ul of 10% gl utaral dehyde sol ution was added to above el ectrode by
rapid mixing with stirring rod (3). The enzyne el ectrode was kept

di pped in buffer overnight at 4 C before use.

2.3. Recording the cyclic voltanmmograns

The cyclic vol tanmograns were recorded through a pol arographic

anal yzer and a X-Y recorder. The solution was gently stirred with a
magnetic stirrer. The scan rate was kept fixed at 20 mV/sec. Full
scal e current range was also kept fixed at 0.5 mA for ease of
conparison. The supporting electrolyte used was pyrophosphate buffer
(0.1 M, pH8.6).
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3. RESULTS

As we have nentioned earlier, we have recorded the cyclic
voltammograms (CVs) at every step of construction of the electrode to

nmonitor the progress of the immobilization process.

3.1. CV of the electrode containing adsorbed ferrocene and NAD

(enzyne in sol ution):

Here the enzyne (1 unit/m) is in pyrophosphate buffer. As expected,
we have used different concentrations of ethanol of 1, 3, 10, 30, 100,
1000uM. As the enzyne catal yzed reaction progresses, the ratio of
NAD / NADH on the el ectrode changes and hence the potential of the
electrode is affected. Again, the peak height increases with alcohol

concentration, but no direct linear relation was seen.

The experinents was repeated with three different concentrations of
enzynme in solution-1, 2 and 5 units/ni. The |owest concentration
viz., 1 unit/m, shows the best results. This is expected because,
the lower activity of the enzyme causes slower change in NAD*/NADH
ratio. Since ferrocene is showing irreversible behaviour the |ower

val ues are expected to give better results. Ferrocene monocarboxylic
acid has been reported to show reversible behavior (4). The
relationship for log [current] vs log [EEOH straight line from 10 uM

to 1000 pM ethanol concentration as shown in Fig. 3.3

3.2. CV of electrode containing ferrocene, NAD and adsorbed enzyme

(no free enzynme in sol ution)

In this enzyne el ectrode the enzyne is inmmbilized on the el ectrode by
adsorption. The electrode was kept in Htype of cell containing
pyrophosphate buffer of pH 8.6. Small aliquots of alcohol were added

to obtain required final concentrations. As before, final
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concentrations are 1, 3, 10, 100, 300 and 1000 uM. Here also for log
[EtCH vs log [current] shows a linear relationship as shown in Fig.

3.4 from10 uM to 1000 pM et hanol concentration.

3.3. CV of electrode containing ferrocene, NAD and gl utaral dehyde

cross-linked enzyne

In this type of enzyme el ectrode the enzyne is inmobilized by
cross-linking on BSA matrix as described earlier. The electrode also
shows the same behaviour as the other enzyne electrode. This

el ectrode was tested exactly as in previous case. This is also
showing linear relationship between log [EECH vs log [current) for 10
uM to 1000 uM et hanol .

4. DI SCUSSI ON

Al these results point out that the enzynme el ectrode as constructed
above responds to al cohol present in solution. However, the response
of the electrode is rather slow and the el ectrochem stry of the basic
nediator, i.e., ferrocene, is irreversible. Suitable derivatives of
ferrocene may performbetter in this respect. The actual anount of
enzyne adsorbed on the electrode is rather uncertain and no attenpt
has been nade to estimate the activity of the enzyme present on the
electrode after immbilization. El ectrodes prepared at different
times shows simlar behavior, i.e., a linear response of log [EECH vs
log [current], but the y-intercepts are different (parallel lines were
obtained). This points to the fact that actual anount of enzyne

adsorbed onto the electrode is difficult to quantify accurately.
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4.  ARQVATI C AM NOACI D MODI FI ED ELECTRODES

1. | NTRODUCTI ON

Wth polyner coatings or electropolymerization of electroactive

nol ecul es on an el ectrode surface a new interesting area has opened
leading to the devel opment of chemically nodified electrodes (1). The
properties of chemcally nodified electrodes are currently drawing the
attention of many researchers because of their catalytic and substrate
specific redox characteristics. The nodification of the el ectrode may
be done by using different aromatic conpounds like pyrrole, thiophene,
indol e and aniline anongst others (2-5). Sone amino acid derivatives
(i.e., tyramine) have al so been used for el ectrochenical
polynerization (6,7). These are especially interesting because sone
of themare electronically conducting, such as polypyrrole, which can
be prepared as a filmon netal substrates by el ectrochenical

pol yneri zation. The preparation and properties of such films were

first reported in 1968 by Diaz and coworkers (11).

W report here on the el ectrochem cal properties of

pol ytrypt ophan/ pol ytyrosine as an electrode nodifier and its
characterization by voltammetric and inpedance neasurenents. Am no
aci ds were chosen for electrode nodification because of their

bi ol ogi cal conpatibility. A polyamino-acid filmis nore likely to
interact favorably with biomolecules conpared to other polyners of
non- bi ol ogi cal origin. However, not all anmino acids are suitable for
this purpose, because the polymer, if formed at all, nay not be
electrically conducting. W have therefore focused our attention on
the aronati c amino acids, viz., tyrosine, phenylalanine, tryptophan
and histidine, which are expected to be electrically conducting after

pol yneri zati on by charge transfer interaction. However, we find that
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phenyl al ani ne and histidine cannot be easily electrochemically
pol yneri zed. Tryptophan is also involved in biological charge
transfer interactions and is often present at the active site of

vari ous enzynes.
2. EXPERI MENTAL

Pol yt rypt ophan (PT)/pol ytyroslne (PTyr) filnms were formed by

el ectrochem cal oxidation of a 100mM tryptophan/tyrosine solution in
either (a) 0.2N }112504 or in (b) 0. 1N NaCH  The filns formed from

H SO and NaCH showed sone characteristic differences. The bare
substrate was a lcm x lcm platinumwire mesh (100 nesh; 0.02mm wire
size) welded to a platinumwire 1mm in dianeter. The platinumwire in
turn was sealed in a glass tube through which electrical contact was
nmade by a nercury pool. For the el ectrochenical oxidation, and in all
ot her experinents, the standard three el ectrode setup was used using a
saturated calomel (SCE) reference electrode. Al solutions were
deaerated by passing nitrogen and stirred by a magnetic stirrer; the
nitrogen flow and stirring were however, stopped during the actual
experinent. Ceaning of the el ectrode was done as descri bed

el sewhere.

2.1. Filmformation: PT/PTyr films were formed onto the Pt wire nesh
el ectrode either from 0.1N NaCH or 0.2N HZSO‘ cont ai ni ng 100mM

trypt ophan/ tyrosi ne. Pol yt rypt ophan/ Pol ytyrosine filns formed from
acidic solution are designated as PT(H SO )/PTyr(HSO ) and the filns
formed from the alkaline solution are designated as
PT(NaOH)/PTyr(NaOH). Visible filnms formed around 1500nV potential but
a constant potential was not applied continuously. Instead, the
potential was scanned from 0-1500-0nV (vs SCE) at a rate of 20nV/s for
one hour (24-25 scans). Filnms formed this way adhered better to the

electrode. A light greenish polyner filmcould be seen on the
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electrode at this stage. This was washed thoroughly with distilldg
water followed by a final rinse with the supporting electrolyte. This

nodi fied el ectrode was used in all subsequent experinents.

2.2. Characterization: W have nade prelimnary attenpts to

chem cally characterize the film forned by el ectrocheni cal oxidation.
Since the anount of the available material is quite small, only
spectroscopi ¢ anal ysis has been attenpted so far. Fluorescence

studi es suggest that the polyner chain length is probably not very
large, as estimated from the shift of the em ssion peak maxi ma. The
films are formed under acid and al kaline conditions are of conparable
chain length. The dimer and the trimer forned remain in solution and
shows considerably |ower fluorescence. The detailed chemcal
structure of the polyner has not yet been established. The films are
quite stable in acidic and al kaline nedia for prolonged periods (days)
but may be electrochemically inactivated at extreme potentials
(greater than 800nV vs SCE). The filmformed nay have a certain
anmount of porosity that nay interfere with its function. The
neasurenent of porosity has not been done so far but efforts are
underway to deternmine and control the formation of pores. One
possible way that is being studied is to use cross-linkers (we have
sone success wWith 154 benzi dine and spermine) to control pore sizes.
Naturally, pore size is a determnistic factor in the pernselectivity
of the film based on size. A typical SEM of the polyner filmis shown

inPlate I.

3. ELECTROCHEM CAL MEASUREMENTS

A PAR Model 174A Potentliostat was used in our studies. A conventional
three electrode single conpartment cell was used in all experinents.
A 10 ml electrochenmical cell holds the nodified or bare Platinum mesh
as the working electrode. A thick platinumwire (1.0 nmdla) served
as the counter electrode in the voltammetric and inpedance

nmeasurenents. An aqueous saturated cal onel el ectrode (SCE) was used



Plate I. Scanning el ectron mcrograph of the pol ytryptophan film (153 X) .
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as the reference electrode. NaClO (100mM) was used as the supporting
electrolyte. The inpedance studies were carried out by using PAR Mdel
5210 Lock-in-Amplifier (LIA). The cell was connected to the
potentiostat in the usual fashion. A known modulatory voltage (20nV)
was applied at a known frequency (80Hz) fromthe internal oscillator
of the LIA to the potentiostat and the output of the potentiostat was
connected to the input of the LIA  The output of the LIA was
connected to a recorder (Rikadenki digilogue nodel RY201T). There are
two outputs available on the LIA: one in-phase (real part) and the

ot her out-of-phase (inmginary part) conponents of the current and
these two conponents were recorded separately. The recorder input was
also digitized and stored in a PC-XT as a file. The final graphs were
plotted fromthis file using Sigmaplot.

The measured capacitances and resistances were calibrated by replacing
the el ectrochemical cell by a standard capacitor (10pF) or a standard
resistor (500Q) (10). The supporting el ectrolyte used was 100mM

sodi um perchlorate which is prepared fromdouble distilled water and
adj usted to pH 7. In all cases we have used | OOvM sodi um perchlorate

as the supporting electrolyte unless otherw se mentioned.

4. RESULTS

4.1. Inpedance Studies

Figs. 4.1(a,b) and 4.2(a,b,c) show the inpedance vs potential curves
for the bare Pt el ectrode, polytryptophan coated and polytyrosine
coated el ectrodes respectively. The potentials were scanned from
-800nV to 700nV vs SCE at a rate of 10mV/s. W have applied 20nV
nodul ation anplitude to the potentiostat. The initial potential
applied was -800nV, so including the nodul ation anplitude the total
potential applied initially to the electrode will be -800+20nV.
During scanning, the potential wll change from-800 to 700nV and

hence the degree of nodul ation also wll change accordingly.
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W have used BOHz nodul ation frequency to avoid interference fromAC
l'ine frequency (50Hz). In addition, the F and 2F line filters on the
LIA were also used. These nodul ation anplitude and frequency will be
applied to the working electrode and these will influence the
reactions taking place at working electrode. In both Figs 4.1(a) and
(b), the Y axis 1s designated as arbitrary units (sane for both)
because they refer to the in-phase or out-of-phase conponents of the
conpl ex current flowi ng through the working el ectrode. Although it is
possible to convert themto actual inpedance val ues from known
anplitude factors, it is desirable to use a known resistor and a
capacitor to calibrate the observed values. There is a direct
reciprocal relationship between the current and the inpedance because
of the relationship V = 1IZ (where the synbols have their usual

nmeaning) and in our setup, V has been fixed at 20nV.

In Fig 4.1(a), the resistive or the in-phase conmponent of the current
is shown as a function of the bias potential. The PT films formed
from HSO showed a considerably larger current in the +400nV
potential range (dotted line). The bare electrode, in conparison,
showed a relatively flat response (the increase around -800nV may be
ascribed to hydrogen evolution). The PT filns formed from NaCH showed
a very simlar, although nunerically smaller, characteristic curve
conmpared to that of the bare electrode. It appears that PT(H SO )
filmcan not support significantly higher currents conpared to the
bare el ectrode/ PT(NaOH) film

The capacitative current, or the out-of-phase conponent of the current
is recorded sinlarly in Fig 4. Kb). Again we note that the PT(H2504)
filmshows a significantly higher capacitance in the +400mV range,
whereas the features for the bare electrode and the PT(NaCH)

el ectrodes are conparatively simlar, with snaller capacitance for the
PT(NaOH) film The reduction in the capacitance bel ow -400nV for all
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the three electrodes can be ascribed to increasing ion flux at the
doubl e layer, thereby reducing the capacitance. The high capacitance
of the PT(HSO ) filmaround OmV is noteworthy.

The 1impedance studies for the three el ectrodes bare Pt el ectrode,

pol ytyrosine (PTyr) formed in HSO and PTyr formed in NaOH sol utions
are presented in Fig 4.2 (a,b and c) respectively. In all three
graphs, the solid lines refer to the real part of the inpedance (i.e,
in-phase signal) and the dotted lines refer to the imaginary part of
the inpedance (i.e., the out-of-phase signal). For the out-of-phase
conponent (dotted lines), the right hand side scales are to be used.
The graphs are conplete scans of inpedance as explained earlier. The
anpl i tude of the modulatory signal was rather small (20 mV) and this
expl ains the "noi se" seen on the graphs. However, the general
features of these three graphs are quite simlar. The mmjor source
of the measured inpedance is the electrode-solution interface and
hence the absolute values of the inpedance are dependent on the bias
potential (and el ectrode surface area). As nentioned above, only
supporting electrolyte (0.1 M NaClO ), pH 7.0 was used in all the

impedance studies.

For the nodified el ectrodes (both ones) one observes an increase in
the parallel resistance (Z real) around -500nV (vs SCE) but this is
not pronounced in the bare el ectrode. Again a sharp decrease in
paral l el capacitance (Z inmaginary is increased) is observed for the
nodi fied electrode (particularly for the film prepared from NaCH
solution) around -700nV. This suggests the breakdown of the polymer
filmw th attendant decrease of capacitance. Thus we conclude that
these el ectrodes are expected to performwell within the potential
range of -300 to 600 mV.
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4.2. Hectrochem stry of solution redox species

Al though the inpedance studies provide val uable information about the
nature of the electrode surface-solution interface, it cannot predict
the behavior of the electrode towards redox properties of various

nol ecul es.  Towards this end, we have carried out cyclic voltammetric
(CV) studies on the nodified el ectrodes using potassium ferrocyanide
and p-benzoqui none as typical substrates. These are displayed in Figs
4.3a and 4. 3b. In these graphs, the zero currents were not offset to
facilitate conmparison. Al the three electrodes viz., bare Pt, and
the PT(NaOH), PT(H SO ) nvodified electrodes exhibit relatively
reversibl e redox behavior. The PT(H SO ) electrode curve is
essentially simlar to the bare el ectrode except that it is shifted by
approxi mately 0.5 - 0.6mA upwards. This suggests that the background
current at both nodified el ectrodes are relatively |ow when conpared
to the bare el ectrode.

For potassium ferrocyani de, which gives a high redox current at the
bare el ectrode, the PT(NaOH) el ectrode shows considerabl e inprovenent.
For the PT(HSO ) the electron transfer rate is significantly reduced
and the CV appears quite flat in conparison. The particular geonetry
used in our cyclic voltammetry nakes accurate and reproducible
positioning of the working and the reference el ectrode sonewhat
difficult. Hence, considerable iR drop possibly occurs in all our
experinments. In Table I, we have recorded the details of the various
cyclic voltammetric data as a function of scan rate (from5 to
200nVv/s). For ferrocyanide, it is seen that the peak separation is
consi derably larger conpared to the expected value (60nV). This we
attribute to the larger iR drop. In case of p-benzoquinone, the
currents are smaller and hence the iR drops are also snaller and at

| ower scan rates, the peak separation is as expected. The peak
currents are also seen to vary linearly as square root of the scan

rate, as theoretically expected.
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sodium perchlorate, pH 7.0. Scan rate is 20mV/sec. in both
cases.



TABLE ! Cyclic Voltammatiic Dnta lor Bare and Modified Electrodes

(V/s) (V vs. SCE) (V vs. SCE) (mv) (mA) \% {mA) v
(a) Bore elecirodo In 10 mM potassium forrocyanide

0.005 0.230 0.130 100 22 31.1 1.5 21.2
0.010 0.240 0.120 120 31 31.0 25 25.0
0.020 0.255 0.110 145 43 30.4 3.6 258
0.050 0.275 0.085 190 6.4 28.6 53 23.7
0.100 0.305 0.065 240 8.5 26.8 6.9 21.8
0.200 0.350 0.030 320 11.1 24.8 9.0 20.1
(b) PT(H,SO,) modified electrode in 10 mM potassium ferrocyanide

0.005 0.245 0.120 125 1.46 20.6 0.8 12.4
0.010 0.255 0.115 140 2.00 20.0 14 145
0.020 0270 0.100 170 2.60 18.4 21 15.2
0.050 0.205 0.090 195 3.60 16.1 2.7 12.3
0.100 0.295 0.0B0 215 4.50 142 3.3 10.4
0.200 0.310 0.075 ?35 5.80 12.9 4.0 8.9
(c) PT(NaOH) modiliod electrode In 10 mM potasslurn lerrocyanide

0.005 0.250 0.130 120 1.63 23.3 11 14.8
0010 0.260 0.115 145 2.35 23.5 18 18.0
0.020 0.270 0.100 170 3.25 22.9 25 18.0
0.050 0.290 0.085 205 4.70 21.0 3.6 16.0
0.100 0.325 0.075 255 6.30 19.9 4.6 145
0.200 0.355 0.055 300 8.20 18.3 53 11.8
(d) Bare electrode in 1 mM p-benzoquinons

0005 -0.110 -0.170 60 0.22 31 05 7.0
0.010 -0.110 -0.170 60 0.42 4.2 0.6 66
0.020 -0.110 -0.170 60 0.66 4.6 08 6.1
0.050 -0.100 -0.175 75 114 51 12 55
0.100 -0095 -0.185 9 165 52 16 52
0.200 -0.085 -0.190 95 2.35 53 24 5.3
(e) PT(H,S0.) modiliod electrode in 1 mM p-bonzoquinone

0.005 -0.105 -0.170 65 030 42 06 93
0.010 -0.105 -0.170 65 0.56 56 08 BO
0.020 -0.105 -0.175 70 0.88 62 10 7.4
0.050 -0.100 -0.175 75 1.52 6.8 1.4 66
0.100 -0.090 -0.190 100 2.25 71 2.3 74
0.200 -0.075 -0.195 120 3.45 77 3.0 6.8
() PT(NaOH) modifiad electrode in 1 mM p-benzoquinone

0.005 -0.115 -0.170 65 0.24 34 05 70
0.010 -0.115 -0.170 65 042 4.2 07 7.0
0.020 -0.115 -0.170 65 0.68 48 08 59
0.050 -0.110 -0.190 80 120 5.4 1.2 55
0.100 -0095 -0.190 95 1.65 52 19 62

0.200 ~0.090 -0.200 110 255 57 26 5.9
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In the present experinent, large currents are seen that cause
considerable iR errors. After modification, the peak currents do not
decrease considerably. W have still retained the larger electrode
mai nly because we are planning to couple enzymes onto this electrode
and observe the redox processes catalyzed by enzynes. At that stage,
the currents are expected to be in the pA range. In addition, a
larger electrode area permts us to examne the same film forned on

the el ectrode by spectroscopic techniques.

The same studies repeated for polytyrosine nodified electrode in

pot assi um ferrocyani de and p-benzoqui none. Since both are reactive at

a bare platinumelectrode, the performance of the nodified el ectrode

could easily be conpared. In Fig. 4.4 the cyclic voltammograms have

been presented for ferrocyanide (graph a) and p-benzoqui none (graph b)

for the film obtained from acidic and al kaline sol utions.

From the CV graphs for ferrocyanide one observes that the relatively
sharp peaks seen in bare electrode are reduced significantly in
anplitude (for both el ectrodes) nevertheless, a small hunp is still
visible suggesting that very fast electron transfer is sonmewhat
inhibited. This is expected because the filmis having sone
resistance which interferes with very fast electron transfer. Thus
such modifications are not effective, as expected, when the electron
transfer rate is very high in the bare electrode. Interestingly, the
peak positions are not altered suggesting that the polynmer is not
involved in any chenmical reactions with the substrate i.e. the
electron transfer fromthe polymer to the netal is not rate

det er m ni ng.

For the p-benzoqui none the three plots (bare electrode, PTyr(H SO and
PTyr(NaOH) are practically lidentical, suggesting that the presence of
the filmdoes not significantly alter the electron transfer process.
As in the case of ferrocyanide, peak positions /separations are not

altered suggesting that the filmformed is not acting like a nediator.
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electrolyte. Scan rate is 20mV/sec in both cases.



5. DI SCUSSI ONS

PT films made from H SO and NaCOH sol utions show relatively high
conductivity in the + 400nV potential range. This is a very inportant
range of potential for various biological systens. The nodified

el ectrodes show a smaller AE suggesting that it functions nore
reversibly conpared to the bare el ectrode. For ferrocyanide (Fig
4.3b), since the current is rather high a larger iR drop nmakes
accurate AE neasurerment difficult. Nevertheless, a wave is observed
suggesting fhat the high currents cannot be sustained by the PT(H SO )
films. On the other hand, the PT(NaCH) film shows conparable results

to that of a bare el ectrode.

Since the pol ytryptophan/pol ytyrosine films formed this way are quite
thin, it is difficult to accurately nmeasure its thickness by standard
techniques. The actual thickness of the filmformed may be estinmated
by coulometry. Under standard conditions, the thickness may be

consi dered proportional to the nunber of cycles used during

pol yneri zati on and we have been able to obtain quite reproducible
results. Once the electrode is conpletely covered, the thickness of
the filmdoes not appear to be critical. However, excessively thick

films may not be highly conducting.

Since the filmitself is colored, optical interference cannot be used
to determine its thickness. Measurenent of capacitance of the film
can be useful, but the dielectric constant of the polyner nust be
known to determne the thickness. In the early parts of

pol ynerization, optical interference of color is observed and hence
the filmformed is at least several hundred nanoneters in thickness.
The literature values of useful polypyrrole filnms are also in the same

range (11).
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Although it is not possible at this stage to indicate the nature of
the PT/PTyr films formed or the node of conduction, we suspect the
conduction to be electronic in nature. Simlar conducting films of
this type- viz., polypyrrole, polylndole, polyanillne etc, all have
aromatic rings that can conduct by a charge transfer interaction with
the electrode. Thus p-benzoquinone may interact with the film by a
charge transfer interaction nore readily conpared to ferrocyanide.
This may explain reduced currents for potassium ferrocyani de conpared

to p-benzoqui none, when conpared to the bare el ectrode.

In all these cases, there is no significant change in the peak

posi tions suggesting that the polymer is not acting as a mnediator.
This is inportant in several cases because we do not expect direct

oxi dati on/reduction of the polymer filmon the electrode. Further the
background current for this electrode al so appears to be snaller
conpared to the bare el ectrode, suggesting that the redox species
(p-benzoqui none) is preferentially reduced. The inpedance studies
reported here are prelimnary in nature as the frequency dependence of
the resistance and capacitance has not been carried out. However, we
have used a rather |ow nodul ation frequency (80Hz) and therefore the
results obtained may be correlated well with the DC or static

resi stance and capacitance. Further, the inpedance studies have been
carried out in a solution containing supporting electrolyte only and
therefore the results obtained are characteristic of the film al one
and are free fromthe effects of the el ectroactive species. | npor t ant
kinetic results may be obtained from studies of frequency dependence
in presence of an electroactive species. However the results are

conparatively difficult to analyze and interpret.

Since tryptophan and tyrosine are naturally occurring biol ogical
substances, it is expected to be nore suitable conpared to several
other electrodes currently in use, e.g., polypyrrole. Wen

cross-linked with spermine, there are considerable nunber of free



amino groups present on the film surface and these can be used for
coval ent coupling. For exanple, we have been successful in coupling
peroxidase by coval ent coupling with glutaral dehyde. It is also
possible to have entrapped enzyne (with BSA) using glutaral dehyde. It
is however, not possible to trap the enzyne during polyner film
formation.. For efficient entrapnment, a high enzyne concentration is
required and the high potentials used in electropolymerization can
inactivate the enzyne. Al though coval ent coupling shows somewhat

| oner enzyme |oading when conpared to the entrapped (cross-linked)
enzynme, the sensitivities are considerably higher (12). Oher nodes
of coval ent couplings are possible but has not been fully explored.
The el ectrodes so prepared have considerable analytical use as

possi bl e biosensors. The SEM picture suggests that the filmis
porous. Considerabl e modifications of preparation conditions are
required before a pore free honbgeneous film may be obtained. The
prelimnary data are of sufficient inportance to nerit further studies

and devel opnent as bi osensors.



84

6. REFERENCES

1.

10.

11.

12.

R W. Murray, Acc. Chem. Res., 13 (1980) 135.

A F. Diaz and K. Keiji Kanazawa, J. Chem Soc. Chem Comm.,
(1979) 635.

Masa-aki Sato, Susumu Tanaka and Kyoji Kaeriyama, J. Chem
Soc. Chem Comm., (1985) 713.

Prem C. Pandey, J. Chem Soc. Faraday Trans, 1. (1988), 2259.
Mercouri G Kanatzidis, C&EN, Decenber (1990) 36.

Jacques-Emile Dubols, Plerre-Camille Lacaze and Minh Chau Pham
J. Electroanal. Chem, 117 (1981) 233.

I. Tsuji, H Eguchi, K. Yasukouchi, M. Unoki and |. Taniguchi,
Bi osens. Bioelectron., 5 (1990) 87.

D. Narasal ah and Chanchal K. Mtra, Anal. Lett., 25, (1992) 443.

H Angerstein-Kozlowska, B. E Conway and W. B. A Sharp, J.
El ectroanal . Chem, 43 (1973) 9.

Fu-Ren F. Fan and Allen J. Bard, J. Electrochem. Soc, 128
(1981) 945.

Randy A Bull, Fu-ren F. Fan, and Allen J. Bard, J
El ectrochem Soc, 129 (1982) 1009

D. Narasai ah, Proceedings of the Second Wrld Congress on
Bi osensors, Ceneva, 1992, 211; comunicated to Bi osensors &
Bi oel ect roni cs.



5. An enzyme el ectrode for hydrogen peroxi de based on peroxi dase
immobi lized on glassy carbon el ectrode and impedance studies

1. | NTRCDUCTI ON

Hydr ogen peroxide is an inportant conpound both in biological and
industrial reactions. Developnent of reliable nonitoring techniques
has been of great interest in recent years. Anpong these techniques,
amperometric bi osensors show significant advantages such as high
sensitivity and large linear dynamic range (1). Only in a few cases
direct electron transfer between the active site of a redox enzyne and
el ectrode has been reported (2-5). In few cases, a direct electron
transfer has been the basis for the detection in amperometric enzyne
electrodes. Mire often, a soluble charge carrier has been used to
shuttle the charge between the active site and the el ectrode. @ ucose
bi osensors are based on a reaction catal yzed by gl ucose oxi dase where
the actual electrochenical detection is based on neasuring either the
decrease in the oxygen tension or the hydrogen peroxide produced. In
several instances an organic or organometallic redox nediator has been
used as a low nol ecul ar weight electron transfer agent between the
electrode and the active site of the enzyme (6). Recently it has been
shown that when gl ucose oxidase is inmobilized on the el ectrode
surface in the el ectropol ynerization process of N-methylpyrrole, a
direct electron transfer takes place (7). By binding the redox

nedi ator covalently to the enzyme a direct electron transfer between
the enzyme and an el ectrode can be obtained (8). These two approaches
seem very attractive and may have openings to make further use of

redox enzymes in biosensor configurations.

Recently there have been several reports on direct electron transfer
fromthe electrode to the oxidized form of peroxidase. It has been
shown to take place with the peroxi dase imobilized on carbon

el ectrodes and also to a lesser extent on platinum A nunber of

different peroxidases viz., horse radish peroxi dase, cytochrome c
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peroxidase, fungal peroxidase, microperoxidase, and |actoperoxidase
have been investigated and have been shown to display this activity,
(9-16). Cyclic voltammograms of graphite el ectrodes nodified with
adsor bed peroxi dase 1n plain buffer do not reveal any special
characteristics distinguishing them fromcyclic voltammograms obtai ned
for the basic electrode material. However, in the presence of

hydr ogen peroxide cyclic voltammograms reveal a very strong reduction

wave typical for an electrocatalytic reduction process (11,12,15,16).

2. EXPERI MENTAL

2.1. Instrunentation: The procedure for the inpedance neasurenent was
explained in the previous chapter. | npedance neasurenents were al so
carried out at different frequencies at zero bias potential (vs SCE)
using a PAR nodel 378 potentiostat and a nodel 5210EC lock in
anplifier. The inpedance studies are repeated for the bare el ectrode
as well as nodified el ectrode (polyner coating only; tryptophan in
acid solution containing spermine). The standard software supplied by

PAR were used for these data.

2.2. Electrodes: The nodified electrode was studied at several stages

of its preparation. The followi ng el ectrodes were studied.

Bare el ectrode
Bare el ectrode + enzyne (glutaral dehyde cross-Iinked)
El ectrode + polytryptophan film

El ectrode + film + enzyne (gl utaral dehyde coupl ed)

I N

El ectrode + enzynme (carbodiim de coupled on bare el ectrode)

El ectrode preparation
2.2.1. Bare electrode

The gl assy carbon disc (a kind gift fromDr Mrc Verhagen, The

Net her | ands) was cl eaned thoroughly by dipping in hot concentrated
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nitric acid for one hour and was rinsed with 0.1M phosphate buffer at
pH 4.5. The dianmeter of the glassy carbon el ectrode disc was 15nm
However, the current densities are low and pol arization effects are
therefore small. Al though no visible corrosion of the surface was
observed, it is highly probable that mcroscopic erosion of the carbon
material does take place and new carboxyl functionalities are formed
at the el ectrode when the el ectrode was cleaned hot concentrated
nitric acid. The high background current actually decreases after the
filmformation. For all the experinents this pretreatment was

essential for reproducible results.

2.2.2. Enzyne cross-linked by gl utaral dehyde on bare el ectrode

Hor se-radi sh peroxidase (E.C 1.11.1.7, Sigma Cat No.P-8375) was

di ssolved (5ng/nL) in 0.1M phosphate buffer pH 6.0. A stock solution
(20nmy/ m.) of BSA (Sigma Cat No. A-6918) was also nmade. To a clean
eppendorf tube, SO0ul of enzyme solution and 10ul of BSA sol ution were
m xed and 2.5ul of 25%gl utaral dehyde solution was added. The final
concentration of glutaral dehyde was 1% The sol ution was thoroughly
m xed and poured on to the electrode and left at 4 C for three to four
hours. The el ectrode was washed thoroughly with buffer foll owed by
distilled water and was finally stored in buffer. Polytryptophan film

was formed on the glassy carbon el ectrode as described earlier.

2.2.3. Enzyme coupling to the polytryptophan filmby gl utaral dehyde

The el ectrode with the pol ytryptophan film as prepared above, was

di pped in 2% gl utaral dehyde (GA) solution and left at 4°C with
stirring for three to four hours. After GA activation the electrode
was thoroughly washed with 0.1M phosphate buffer pH 6.0. and dipped in
enzyne solution (5ng/nm) and left at 4°C for three to four hours and

washed thoroughly to renmove unbound enzyne.
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2.2.4. Carbodiimide coupling of enzyme on bare el ectrode

The pretreated gl assy carbon el ectrode (bare, without polytryptophan)
was activated by treating with 1-Ethyl-3-(3-Dimethylamino-propyl)

Car bodi i mi de hydrochloride (EDO. The electrode was dipped in EDC
solution at a concentration of 20ng/m in 0.1M phosphate buffer at pH
4.5 for two to three hours at room tenperature. Later the el ectrode
was washed thoroughly with 0.1M phosphate buffer and was dipped in
5mg/ M enzyme solution and left at 4°C for three to four hours.
Finally the uncoupled enzyne was renoved by washing and the el ectrode

was stored in buffer.

3. CV STUDI ES

Cyclic voltammograms were obtained for the following el ectrodes:
1. Bare glassy carbon el ectrode

2. Electrode coated with polytryptophan film

3. Electrode coupled with enzyme by carbodiimde activation

4. Mdified electrode with filmand covalently coupled enzyne by
gl ut aral dehyde activation

4. | MPEDANCE STUDI ES

Two sets of inpedance studies were carried out for the above
el ectrodes. In one set of the experinents frequency was kept constant
(80Hz) and the bias potential was varied. The follow ng el ectrodes

were studied by this technique.

Bare el ectrode

El ectrode + film

El ectrode + enzyne (carbodiimide coupl ed)

El ectrode + film + enzyne (gl utaral dehyde coupl ed)

g h w DN e

El ectrochem cal |npedance Studies (Bode plots) were done for the
bare electrode and el ectrode nodified by polytryptophan coating, at
zero bias potential (vs SCE).
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5. RESULTS AND DI SCUSSI ON

5.1. General results

Fig 5.1 (a) shows Cyclic Voltammogram (CV) for the bare electrode in
phosphate buffer pH 6. Fig 5.1(b) shows CV for the el ectrode coated
with a polytryptophan filmin the sane buffer in absence of the
substrate. Fig 5.1(c) shows the CV for the electrode coupled to the
enzyme by carbodiimide modification. The graph is quite simlar to
Fig 5.1(a). Fig 5.1(d) is sinmlarly the CV for the electrode with a
pol ytryptophan film to which the enzyne is covalently attached by

gl utaral dehyde coupling. It can be seen that the redox groups on the
pol ytryptophan films have di sappeared after enzyne attachment

(gl utaral dehyde attaching to the free amino groups on the film.

Since the chenical structure of the polytryptophan forned by

el ectrochem cal oxidation is unknown at present, it is not possible to
state definitely the nunber of am no groups available on the polyner
for enzyme attachment. The enzyne was coupled to the film by coval ent
coupling and the enzyne |oading should be as an indication of the

avai |l abl e functional groups in the polymer. The enzyme does not
attach to the polynmer by adsorption because in absence of the coupling
agent, the free enzyme can be washed off quite easily. Al these
voltammograms were recorded in absence of substrate (H O ) and hence

no proninent peaks are observed.

Sorme general conclusions may be drawn on the basis of these
voltammograms. The general potential range for the oxidation of the
tryptophan is sonewhere around 1.1V (vs SCE) and a potential range of
-200 tO 400nV (vs SCE) was scanned because this range of potential is
biologically very inportant. A decrease In the background current is
clearly seen around OV (vs SCE). The bare electrode and the nodified
el ectrode cannot be directly conpared because of the presence of redox
groups on the film Al though the vol tammograns are not very clean,

qualitative conclusions can still be nade.



Current (uA)

Current (uA)

o
'
.1

. b
02+ 1
/—"\——; g |
00} -
E 0.0 J
3
“02 1~ <oz} ]
-200 0 200 400 -200 0 200 400
Potential (mV vs SCE) Potential (mV vs SCE)
0-3 1 T T T T T T
d
0.2 g
0.2 =
0.1 E oat
-
0.0 5 0.0} J
-0.1 g
-02} o T01f
-0.3 - N -0. : : "
—-200 0 200 400 -200 0 200 400
Potential (mV vs SCE) Potential (mV vs SCE)

Fig. S.1(a). Shows CV of bare electrode (b) is CV of polytryptophan
film modified electrode (c) CV of carbodiimide coupled enzyme
electrode (d) CV of polytryptophan film and glutaraldehyde

coupled enzyme electrode. Scan rate 50mV/sec, in sodium

phosphate buffer pH 6.0.
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For hydrogen peroxide estimation, a potential of -200nV (vs SCE) was
used and concentration determ ned amperometrically. The electrode was
usabl e after 7 days when stored in the refrigerator. No systematic
determi nation of the half-life of the electrode was attenpted, because
life of the electrode is best determined only when all the other
paraneters have been optimzed. Fig 5.2 shows the concentration
dependence of the immobilized enzyne el ectrodes. The graph with solid
circles were obtained in which the enzyme was i mobilized by
cross-linking with BSA by gl utaral dehyde. The pol ytryptophan fil mwas
absent. This technique gives the highest enzyme |oading on the

el ectrode and hence relatively high currents are observed. The
results obtained with the enzyne immobilized directly on the glassy
carbon by carbodiimide are shown by open triangles. This electrode
could not be used above 100uM of HO concentration for reasons not
very clear. The final set, represented by the solid triangles,
correspond to the electrode on which the enzyne has been inmobilized
by coval ent coupling using glutaral dehyde to the film This el ectrode
shows |owest currents (conpared to the other two) but relatively

hi gher sensitivity (as indicated by the |arger slope).

| npedance studies sinmlarly were carried out at a fixed frequency
(80Hz) but at variable bias potential. Fig 5. 3(a) shows the two
conponents of inpedance as a function of the bias potential for the
bare electrode. Fig 5.3(b) shows the inpedance plot under identical
conditions for the electrode covered with the polytryptophan film
Due to the increase in ohmic resistance and decrease in parallel
capacitance (in the terns of Randies cell nodel), both real and

i magi nary conponents are increased in this plot. In Fig 5.3(c) we see
the effect of the electrode to which enzyme has been coupl ed by
carbodiinmide technique. There is a significant increase in both the
series resistance and in the parallel capacitance when conpared Fig
5.3(b). The increase in series resistance can be attributed to the

bl ocki ng of the functional groups (nostly COOH) on the bare el ectrode.
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The Increase in parallel capacitance may be due to the non conducting
protein (enzyne) layer. In Fig 5.3(d), we present the plots for the
sane el ectrode as above but in the presence of 1mM substrate. In
presence of the substrate, the series resistance has considerably
reduced (due to enzyne catal yzed process) when conpared to 5.3(c)

| eaving the parallel capacitance virtually unaffected. In Fig 5.3(e)
shows the same plots for the electrode to which enzyme has been

coval ently coupled by glutaral dehyde to the film (of 5.3(b)). Fig
5.3(f) shows again the sane plot in presence of InM substrate (of
5.3(e)). Using same argunents as above, we note that the series

resi stance has slightly reduced in presence of the substrate. It is
to be noted that this technique of immobilization gives the |owest
enzyne |oading and hence the cases for two above enzyne el ectrodes are

not exactly conparable.

In Fig 5.4, we present the inpedance plots (Bode) for the sane

el ectrode (but prepared at a different time) at O bias potential (vs
SCE) as a function of frequency. The inpedance values in Fig 5.3 and
Fig 5.4 are not directly conparabl e because the el ectrodes have been
prepared at different tines and hence are not identical.

Neverthel ess, the trends seen in Fig 5.3 are clearly seen in this
diagram For exanple, considering the values at 80Hz (log 80=1.9), W
find that the log 2;¢ for the bare and the coated el ectrode are 2.1,
-2° and 1.4, -22 respectively. I nspection of these values shows that

capaci tance decreases, as described earlier (Fig 5.3).

5.2. Discussion

From the CV and inpedance studies, it is clear the polytryptophan film
formed as described is a prom sing nedium for enzyne immobilization.

Al though we have not been able to accurately characterize the chemical
nature of the filmformed, it appears to be electrically conducting in
nature. The inpedance studies show that the inpedance drops to a |ow

val ue only when both substrate and enzyne are present and this
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suggests that the film can act in a highly selective fashion. Enzyme
coupled to bare el ectrode by carbodiimide behaves sonewhat differently

and may not be so useful.

The anount of enzyme actually coupled to the el ectrode cannot be very
accurately determined but it appears that the pol ytryptophan film
coupled to the enzyme by gl utaral dehyde has a rather |ow enzyne
activity. It is however possible to increase the enzyme | oading by
(i) including a larger amount of cross-linker (spermine) or by (11)
coupling glutaral dehyde activated film to spernmine followed by
reaction with glutaral dehyde and finally adding the enzyme. These

possibilities have, however, not been expl ored.

The pol ytryptophan film when observed under a scanning el ectron

m croscope shows a porous structure. This therefore does not

conpl etely block the base el ectrode but increases diffusion resistance
to the base material. Also, Iimpedance spectroscopy has not very great
use in analyzing kinetic data for which low-frequency inpedance

dispersion is nore suitable. These are currently under investigation.

In conclusion, we add that the polytryptophan filmis electrically
conducting and enzyne can be easily attached to it. The redox
behavi our of the filmitself is not inportant in the potential range
studied. As far as the filmis concerned, inpedance studies show
clearly that it is a very inportant one and worth a nore detailed

i nvestigation.
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6. Low frequency inpedance studies on peroxi dase immobilized on a
pol ytryptophan film

1. 1 NTRCDUCTI ON

Al though the concept of chenically nodified el ectrodes (CMEs) was
first denonstrated in the early seventies, this approach has recently
assuned a dominant position in nodern electrochem stry. These

el ectrodes, which are nade by incorporating specific chenical groups
or microstructures on otherwi se conventional electrode surfaces, are
of special interest because their electrochem cal responses have two
conpl etely independent conmponents. The usual el ectrochem cal
conponent, deternmined primarily by the potential at which the
electrode is nmaintained electronically (externally with reference to
some standard potential electrode), is supplenmented by another
chenmical conponent, determined primarily by the reactivity of the
groups or structures on the electrode. Thus the electrode is no nore
an inert systemas in conventional electrochemstry, it is a reactive
reagent capabl e of undergoing el ectrochem cal transfornmation at
suitable potentials. Consequently, CMEs offer not only variable
characteristics but also the possibility of adjustable physical and
nore inportantly, chemcal properties such as charge, polarity,
chirality, perneability etc. Therefore, CMEs can be targeted for a
specific application or investigation to a much greater |evel of
selectivity or specificity than it was fornerly possible with
classical or unnodified electrodes. Now CMEs can be rationally
designed to provide for an optimal environment for a given task.

Anal ytical biochemstry is certainly one of the forenost areas that
are directly affected by this devel opnent. Therefore, new techniques

to study CMEs have to be developed with this application in mnd (1).



95

The primary aimof the nodified el ectrodes is to design or engineer
the surface of the electrode at a nolecular level so that it will be
recogni sed by the biological redox species and rapidly exchange
electrons with it. Athough this approach is fraught with
difficulties significant advances have been achieved in this field
over the past few years by building on fundamental work in the area of

the el ectrochenmi stry of nodified el ectrodes (2,4).

2. METHODOLOGY

Cassically, an electrode is basically an inert surface on which no
significant chenmical reaction (except electron transfer) takes place.
The el ectron transfer processes at an el ectrode has been quite well
studied over the last several decades. Wth functional group
modifications of the electrode surface, not only electron transfer but
al so potential dependent chem cal kinetics assunes a mgjor role. A
host of el ectrode surfaces has been devel oped to select, enhance and
stabilize the direct oxidation and reduction of proteins, thus
l'iberating the bioelectrochenist from the obligatory use of nediators
when using el ectrodes to study biological electron transfer. Many
researchers have described direct electron transfer to the el ectrode
fromthe biological nolecules (5-9). A sinple technique devel oped by
us is of the study of the low frequency inpedance neasurenments on such

el ectrodes.

Impedance spectroscopy of electrodes is not a new phenormena and many
studi es have been reported on nodified electrode with a reversible
redox polymer (10,11), at sem conductor el ectrodes (12), porous

el ectrodes (13,14) and conducting polynmers |ike polypyrrole,

pol yacetyl ene, polyaniline (15,16), etc. Cassically, inpedance

studi es have been conducted on sinple el ectrodes and the results have
been variously represented as (i) Bode plots, (ii) Nyquist plots (iii)
Adm ttance plots and various other representations of essentially the

sane phenonena. The basic limtations in these approaches are that
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the electrode is approximated as a sinple R-C conbination which nay be
satisfactory at mediumto high frequency regions of observations. On
the other hand, chemcal rate processes cannot be approximted to
sinple L-C-R circuits because new species are forned and old species
are consuned. The chemical reactions take place at characteristic
rates depending on the respective specific reaction rates and
concentrations of reactive species and these are typically slow

processes.

To study chenical processes at an electrode, the first step is to get
rid of the Randle's cell nodel and introduce the concept of sinks and
sources. Diffusion is a passive process and can introduce inportant
phase shifts depending on the rate of reaction and the frequency of
nmeasurenent. Thus low frequency inpedance studies assune greater
inportance in CMEs. Very few low frequency inpedance studies of the

nodi fied el ectrodes are available in literature (17,18).

2.1. Techni que:

Low frequency inpedance studies are generally difficult to carry out
in sinple lock-in-amplifier set ups. |Instead, a fast-fourier
transformation of the response of a stored waveform on the

el ectrochem cal systemis generally preferred. A superposition of
several sine (or cosine) waves (wth suitable phases, as necessary) is
stored in a conputer. This digitized waveformis applied to the

el ectrode systemas a potential and current values are neasured. The
current values are fourier transformed to separate the various
frequency conponents. These are further phase corrected and the real
and imaginary conponents of the current for various frequencies
determ ned. The major advantage of this technique is its sinplicity;
the major disadvantage is that it is restricted to |ow frequency

studies only.
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Since the frequencies of the stored waveform are already known,

"fol ding" of the spectra does not provide any significant disadvantage
and we have therefore deliberately used a number of frequencies that
are folded several tines. These frequencies are chosen carefully so

that they do not overlap with other frequencies after folding.

3. EXPERI MENT:

A sinple PC-XT was used in this experinent and the A/D and DA
conversion facilities of our lock-in-amplifier nodel PAR 5210 was
used. The lock-in-amplifier was used only for its A/D and DA
conversion functions provided. The potentiostat 174A (PAR) was used
in the AC node and the nodul ation potential was applied through the

external connection provided on the pol arographic anal yzer.

A file was created in BASIC using sinple programs to generate 1024
points for sine frequencies of 1, 3, 7, 15, 31, 63, 127, 255, 511,
1003, 2007, 4015 and 8031. Each frequency was phase shifted so as to
give a quadratic dependence of frequency. This is desirable so that
excitation power is rather uniformy distributed in tine (19). A plot
of this file is shown in Fig. 6.1(a). Each frequency conponent was
conveniently selected to have the sane anplitude. These 1024 points
are stored pernanently in a data file and is used by all excitation
prograns. A plot of the FFT of the excitation waveform show ng peaks
at different frequencies is shown in Fig. 6.1(b). This data file was
read, applied to the DA converter and the output of the DA is scale
down (this is done by a resistor voltage divider so as to provide

hi gher accuracy) and is fed to the pol arographic analyzer. The
current produced is read, after a constant delay, by the conputer
through the A/D converter. This constant delay which is required for
instrument el ectronics, introduces a variable phase shift proportional
to the frequency which need to be corrected. The 1024 different

current values are stored for subsequent fourier transfornation.
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There are two sources of phase error: one in the original stored
waveform and the other due to the lag in the acquiring of current
data. The phases can be adjusted manually or automatically in several
ways but we have followed a different approach. A separate file was
created for a dummy cell of 10KQ resistance (provided internally in
the pol arographi c anal yzer) and the phase was recorded for every
point. Since a pure resistance is supposed to give only real current,
these phase values therefore reflect the corrections that are required
to be applied to any spectra. For a better and nore accurate val ue,
we have averaged the phases from 10 scans and these are again stored
inafile. After the data acquisition is over, the current values are
fast fourier transformed, phase corrected using the above data to give
m ninum i magi nary current values. A plot of the phase corrections
required is shown in Fig. 6.1(c). The current values at the

appropriate frequencies are used for conputation of inpedances.

3.1. The cell:

A conventional three electrode single conpartnent cell was used in all
the experinents. The electrochemical cell holds nodified gl assy
carbon or bare glassy carbon as the working el ectrode. A thick
platinumw re (1mmdia) served as the counter electrode in the
voltammetric and inpedance neasurements. An aqueous saturated cal onel
el ectrode (SCE) was used as the reference el ectrode. 0.1M sodium

phosphate buffer at pH 6.0 was used as the supporting electrolyte.

The gl assy carbon disc was cleaned thoroughly by dipping in hot
concentrated nitric acid for one hour and was rinsed with 0.1M
phosphate buffer at pH 4.5. For all the experiments this pretreatment
was essential for reproducible results. Two different preparations of
nodi fied el ectrodes were attenpted. In one, the enzyme was

i mmobi |i zed with BSA using glutaral dehyde as the cross-1linker. In
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(c) The phase correction required for the dummy cell, averaged
for ten scans. The phase corrections appear to be noisy due to
multiple folding of the higher frequencies.
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anot her preparation, a polytryptophan film was forned by anodic
oxi dation and the enzyne was covalently coupled to this polynmer film

by gl utaral dehyde.

3.2. Electrode modification:

Hor se-radi sh peroxidase (E.C. 1.11.1.7, Signa Cat No.P-8375) was

di ssolved (5nmg/nL) in 0.1M phosphate buffer pH 6.0. A stock solution
(20mg/mL) of BSA (Sigma Cat No. A-6918) was al so nade. To a clean
eppendorf tube, SO0ul of enzyne solution and 10ul of BSA solution were
m xed and 2.5ul of 25% gl utaral dehyde solution was added. The final
concentration of glutaral dehyde was V/.. The solution was thoroughly
m xed and poured on to the electrode and left at 4°C for three to four
hours. The el ectrode was washed thoroughly with buffer followed by

distilled water and was finally stored in buffer.

Pol ytryptophan films were formed on to the pretreated glassy carbon

el ectrode from 0.2N sul phuric acid containing 100mM tryptophan.

Visible filns formed at 1500nV potential but a constant potential was
not applied. Instead, the potential was scanned from 0-1500-0nV (vs
SCE) at a rate of 20nV/sec for one hour (24-25 scans). Filns fornmed
this way adhered better to the electrode. A light-bluish polynmer film
could be seen on the electrode at this stage. This was washed
thoroughly with distilled water followed by a final rinse with the
supporting electrolyte. The electrode with the polytryptophan film,
as prepared above, was dipped in 2% gl utaral dehyde (GA) solution and
left at 4 Cwith gentle stirring for three to four hours. After GA
activation the el ectrode was thoroughly washed with 0.1M phosphate
buffer pH 6.0. and dipped in enzyne solution (5ng/ni) and left at 4 C
for three to four hours and washed thoroughly to renove unbound

enzyme.
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4. RESULTS AND DI SCUSSI O\

To establish the quality of the software devel oped and the hardware
used, we have run an experinment with a standard cell made up with with
a 100uF capacitor in parallel with a 120n resistor. A small series
resistor (202) was also used. This cell, made up of purely passive
el ements, was connected instead of the working cell as usual. The
results obtained with this configuration are shown in Fig 6.2. It is
to be noted that at the low frequencies used, the capacitor hardly
plays any significant role and the inpedance is 140Q throughout the
spectra. The imaginary conponent of the current appears very noisy
because of the low frequencies used. For all practical purposes the
real part of the spectra is virtually identical with nagnitude

spectra, as expected.

In Fig. 6.3, we have plotted the currents after fourier
transformations for the covalently coupled enzyme for two substrate
concentrations (10 and 1000uM of HO ) at two different bias
potentials. It is to be noted due to that multiple folding, high
frequency peaks are shifted to different locations. The peaks are
clear and strong at the bias potential of zeromV (wr.t. a SCE). At
160nV bias, the peaks are rather low in intensity, as expected. The
el ectrochemical process at the electrode clearly acts in a nmanner
simlar to an electronic notch filter at the characteristic frequency,
energy is absorbed and hence less current transmtted. At all other
frequenci es, however, the full current is allowed to flow freely.

Al though the differences are not dramatic, they are never the |ess
significant. Fig. 6.3 (a) is for real conponent at zero potential
bias (b) is for magnitude at zero bias (c) is for real conponent at
160nV bias and (d) is for magnitude at 160nV bias all these are at
10uM substrate concentration. The same neasurenents were taken for
1000uM substrate also they are e, f, g, and h.
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Simlar experinents carried out with enzyme cross-linked wth
gl utaral dehyde BSA, at two different bias potentials and substrate

concentrations, were carried out.

In Fig. 6.4, we have converted the currents values at different
frequencies and converted them to inpedance values. Plots of the
Impedance (Z) vs log frequency (f) are reported for both el ectrodes at
two different bias potentials and for two different substrate
concentrations. W observe two promlinent peaks (high inpedance) at
approximately 0.05 and 5 Hz in all the cases. These peaks are absent
for the clean electrode (no PT filmpresent) in Figs. 6.4(a) and
6.4(b). In Figs. 6.4(c) and 6.4(d), the blank el ectrode contains the
pol ytryptophan filnms and hence these peaks are also present in these

two figures.

In an AC inpedance experinment, a modulatory voltage (say 10mV) is
superinposed on the electrode (along with the bias potential). This
causes a snmall oscillatory voltage to be applied to the el ectrode and
al so the diffusion of reactive species. There is a particular |ow
frequency at which the specific reaction rate constant (heterogeneous
rate constant at the surface of the el ectrode) matches the oscillatory
frequency and current decreases and hence impedance increases sharply.
This we observe in our experinents at two major frequencies-- one
around 0.05Hz and the other around 5Hz. These two frequencies are
seen for the pol ytryptophan coated el ectrode also and hence are nost
probably linked with the electron transfer processes at the PT film
It is inportant to note that in our experinents, higher substrate
concentrations give rise to greater impedances (lower currents) at
these frequencies. Conputer sinulation of inpedance plots arising due
to chenical processes at an electrode has been treated by Diard et al
(20). Since the exact nature of the el ectrochem cal process is not

known in our case, a conplete analysis has not been possible.
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7. AMPEROMETRIC Bl CSENSCR BASED ON REDOX-ENZYME | N CARBON PASTE
ELECTRCDE

1. 1 NTRODUCTI ON

Carbon paste el ectrodes (CPE's) for voltammetry consist of a carbon
powder conbined with a pasting liquid. The CPE is characterized by a
decreased residual current and a better reproducibility of currents
compared to the pure carbon material and this improved detection
limts and reproducibility of analysis is obtained. The properties of
the CPE depend on the specific conponents enployed the nanner of

preparation and naintenance.

The nmain shortcomngs of the CPE are the solubility of the pasting
liquid in organic solvents and the fragile surface. Therefore,

several carbon conposite el ectrodes based on carbon and a solid nmatrix
have been evaluated. Due to its insulating nature efficiency in the
presence of a solid matrix decreases el ectrode reaction rates nore
than a pasting liquid does unless an active carbon surface is exposed

(1).

Amperometric bi osensors have been at the focus of electroanalytical
research since the first "enzyme electrode" for the detection of

gl ucose was reported by Updike and Hcks in 1967 (2). Mre than 1000
papers have been published since then on biosensors for glucose and
for a series of other analytes one of the najor obstacles to be sol ved
in the construction of enzyne based bi osensors is now to optim ze the
el ectron transfer reaction between the cofactor of the redox enzyme
used and the electrode. Al redox enzynes rely on a cofactor as the
redox active conmpound for activity. In all classes of redox enzynes,

except the nicotinamide dependent dehydrogenases, the cofactor is



104

strongly bound within the enzyme structure causing sterlc hindrances
for a direct electron transfer between the active site of the enzyme

and the el ectrode.

2. FLOW I NJECTI ON ANALYSI S (FIA)

The determ nation of chemcal paraneters is of great interest in all

ki nds of bloprocesses. In industry, on-line neasurenments of
nutrients, netabolites and products to be used for process control are
nost important. For the solution of such problems on-line analytical

nmet hods are in demand and the use of either FIA or biosensors (3)

FI'A was introduced by Ruzicka and Hansen (4) and Steward (5) in the
md 70s and has since become al nost universally adopted as an
inportant analytical tool. Sanples can be introduced either
continuously or as a well defined plug in a flow ng stream for
transport to a detection device where the concentration of the analyte
is nmeasured. The sanple can be processed in a nunber of ways in the
flow system (e.g., dilution, Chemical reaction, renoval of
interferents). The operation can be performed automatically and
reproducibly as the sanple is transported from the place of
introduction to the place of detection. The carrier may be a
honogeneous liquid, or it may be segnented by gas-bubbles. The
introduction of gas-bubbles decreases the dispersion of the sanple
drastically and consequently it decreases the tine for an anal ysis.
The technique is the nost exploited and it is used in many commerci al

auto anal yzer systens.

Usual Iy, changing the injected sanple volume is a powerful way to
change di spersion and the effects of the sanple volune on the FIA
response have been discussed in detail elsewhere (6). Small sanple
vol umes give |ow peak heights whereas large sanple vol umes produce

broad peaks, although increasing sanple volunmes may al so increase the
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sensitivity. Di spersion can be minimzed with a proper system design.
Lines connecting the injector port and the detector should be as close

as possible and flow rates should be |ow

The detection systemis an inportant conponent with' regard to the
dispersion. Flow cell detectors, e.g., amperometric should have |ow
dead volume to avoid peak broadening. Flow electrodes used in FIA are
generally of the wall-jet, thin layer or tubular type. The main

di fference between them is the position of the working electrode in
relation to the flowing stream The wall-jet electrode is a well
defined hydrodynamic el ectrode in which the flow is due to jet of
fluid which inpinges perpendicularly onto a planar electrode surface
and spreads out rapidly over the surface. Wall-jet electrodes were
first described by Gauert in 1956. Efficient mass transport, short
residence time on the electrode surface, |ow dead volune, and
insignificant surface fouling nmake the wall-Jet electrodes very

suitable to use in FIA systens (7).

Enzymes have been used in conjunction with various el ectrodes for the
construction of enzyme el ectrodes. The use of anperonetric enzyme
electrodes is rationalized by the proposed use of the inherent

sel ectivity shown by the enzyne to pronote a selective detection of
the enzyme substrate. However, in nost instances the necessary
applied potential of the enzyme electrode is either too |low or too
high to allow the el ectrochem cal reaction to occur without
interfering reactions or results in excessive background currents.
The optinal potential range for an anperonetric biosensor to pronote
sensitive and sel ective detection should be between -200 and 0 mV vs
SCE where the background current switches signs and thus takes its

| owest val ue, electrochemcal reduction of nolecular oxygen and

oxi dation of easily oxidizable species (e.g., ascorbate, urate,
paracetanol, catecholamine, etc) are negligible and not contributing

to the response signal.
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Oxi dor educt ases or "redox-enzymes" are of particular interest for the
construction of amperometric enzynme el ectrodes since an electron
transfer reaction takes place in the enzymatic conversion of the
substrate. Many investigations have been performed on trying to
obtain a direct electron transfer between the redox-cofactor of the
oxidoreductase and an el ectrode at a |low overpotential (8,9). I'n nost
instances, however, a direct electron transfer is hindered either
because steric or kinetic barriers prevail. To circunvent these
effects, small nolecules acting as charge transfer nediators can be
used to shuttle the charge to/fromthe active site of the redox-enzyme
fromto the el ectrode. The great interest shown in the construction
and studies of chenically nodified electrodes (OME) had a great

i npetus on recent devel opnents in the immbilization of both active
medi ators and enzynes on el ectrodes (10-13). The use of nediators and
nedi ator nodified el ectrodes for anperonetric biosensors was reviewed
by Bartlett et al. (14).

I mobi | i zation of the enzyme in close conjunction, directly on the
electrode surface, or in a conposite electrode are recent ways to
pronote fast overall reaction kinetics in contrast to inmobilize the
enzyne in a separate menbrane, which is after fabrication put on the
el ectrode surface. I n nost cases, however, these el ectrodes suffer
from lack of long-termstability. Sone attenpts have been made to
stabilize the inmmobilized enzyme in amperometric bi osensor
configurations (15,16). However, it seens as though only recently
systematic research been focused on how to stabilize the inmmobilized
enzyme (17,18). Simlarly, little attention has been paid on how to

further speed up the overall reaction kinetics of the enzyme probe.

The last decade has seen unprecedented interest in the devel opnent of
probes for the qualitative and quantitative nonitoring of biological
sanpl es of analytical interest. Many of these are based on enzynes

and a nunber of different procedures are available for enzyme
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immobilization. Whereas nuch enzyne-sensor devel opnent is devoted to
gl ucose oxidase, because of its recognized importance in gl ucose assay
as a diagnostic nonitor diabetes, there is also a growing interest in

the devel opnent and application of other sensors.

One of the major enzynmes that has attracted a considerabl e degree of
attention is lactate oxidase (LOD). Blood |lactate concentration is
indicative of certain pathol ogical states such as shock, respiratory
insufficiencies and heart diseases. Measurenent of blood lactate is
of inmportance in critical care, sports nedicine, and in neonatol ogy.
The lactate level 1in cerebrosplnal fluid is a sensitive determ nation
of serum | actate dehydrogenase (LDH) and is useful in the diagnosis of
many di seases including myocardial infraction, hepatitis and many

ki nds of carcinona (19).

The lactate concentration in the blood rises rapidly as a result of

anaer obi ¢ gl ucose metaboli sm when delivery of oxygen to body tissues
is insufficlent. The fact that the hydrogen ions produced from

di ssociation of lactic acid are effectively buffered by bicarbonate

makes pH neasurenents |ess useful than direct lactate determnation.

In sports nedicine, the lactate concentration is a very useful
indicator for assessing the general physical condition of an athlete
or racing aninal. Highly trained individuals produce |less |lactate

than uncondi tioned ones for a given exercise.

The invol venent of |actate in the metabolism of glucose posses nore
denmand on the use of a lactate sensor in conjunction with a gl ucose
sensor for diabetic patients, the applicability of such a conbination
has ben denonstrated in the evaluation of an endocrine artificial

pancr eas.

In the food industry, neasurenent of lactate in dairy products and for

the control of additives (in wines etc.) is also of considerable
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inportance. The lactic acid content of food products influences their

flavor, stability and storage quality.
Several different methods are available for the el ectrochem cal
determnation of lactic acid by use of inmobilized |actate oxidase,

but the bel ow three have been nopst wi dely used.

Lactate oxidase from Mycobacterium smegatis which acquires flavin

nononucl eoti de as a cofactor in the consunption of oxygen, converts
lactate into acetate and carbon di oxide. The neasurenents of oxygen
depletion is used as an indirect neans of estimating the lactate

level.

Lactate oxi dase from Pediococcus species, an enzyne dependent on

flavin adeni ne dinucleotide (FAD) catalyses the conversion of |actate
into pyruvate and hydrogen peroxide by consunption of oxygen. In this
case the production of hydrogen peroxide can be neasured as an

indicator of the lactate concentration.

In the third approach, the catalytic activities of LOD and |actate
dehydrogenase (LDH) are coupled. The LCD being enzymatically
regenerated by the LDH. This enzymatic cycling reaction greatly
anplifies the response. Although this systemis conceptually
attractive and yields low detection limts, it suffers from slow
response time (4-9 min). Also, the preparation of the enzyne support

i nvol ves sonme conplicated steps and takes several days (20).

3. EXPERI MENTAL:

3.1. Carbon paste el ectrodes:

Pl ain graphite-paraffin oil paste was prepared by thorough m xing of
40ul of paraffin oil (Fluka, cat. no. 76235) with 100 mg of graphite
powder (Fluka, cat. no. 50870). Plastic syringes (Fig. 7.1) 1.0 nm
syringe, Brunswick 81/79J03, with a tip of 7270 nmCD and 1.8 nm | D)
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Fig. 7.1. Lactate enzyme electrode
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were filled with the graphite-paraffin oil paste |eaving about 3 to 4
mmenpty in the top to be filled with enzyme nodified by inserting a
gold thread into the paste. After aliquots of enzynme nodified pastes
were filled into the end of the syringes, the end was gently rubbed on
glass to produce a flat shining el ectrode surface with an area of
about 0.024 cm. The final electrodes were mounted in a flowthrough
amperometric cell of the wall-Jet type (21) under three el ectrode
potentiostatic control using a potentiostat (Zata El ectronics, Lund,
Sweden). Wen not 1in use the enzynme el ectrodes were stored in a dry
state at 4 C A platinumwire and a saturated cal onel el ectrode (SCE)
served as the counter and reference el ectrodes respectively. The cell
was connected to a single line flow injection (FI) system using either
an Automated Sanple Injection Analyzer (Ismatec, SA, Glattburg-Zurich,
Swi tzerland) or an in-lab made systemdescribed earlier (21).
Connections between the various part of the FI systemwere nade with
Teflon tubings, ID 0.5 nm and Altex screw couplings. Al solutions
wer e degassed before use to prevent microbubules to appear in the flow

system

3.2. Lactate sensor based on co-immobilized l-lactate oxi dase and

fungal peroxidase:

1 mg of L-Lactate oxidase (LCD, EC 1.1.3.2, from pedl ococcus sp.,
Signma cat no. 10638, obtained as a |yophilized powder with an activity
of 30U ng" ) and 1 ng of fungal peroxidase (ARP, from Arthromyces
ramosus, EC 1.11.1.7, kindly provided as a gift from Suntroy Ltd.,
Japan, lot no. 900511, obtained as a |yophilized powder with an
activity of 250U mg_i) were dissolved into 200ul of 0.1 M phosphate
buffer at pH 7.0. 200ul of a 0.32%solution of PEI were al so added to
the enzyne solution before letting the mxture immobilize on 100 ng of
heat treated (700°C, 1.5 s) graphite for 16 hours at a°%. After t hat,
the graphite-enzyme nixture was allowed to dry in vacuum before
addition of the pasting liquid, 40ul of phenylmethylsilicon oil
(silicone DC 710, Alltech Associates, Arlington Heights, Il, USA)

(16).



4. RESULTS AND DI SCUSSI ON

Al oxlidases depend on a cofactor strongly bound within the enzyme
structure. The nature of the cofactor nay be of different chem cal
structures (e.g., flavins or copper containing structures). Wat they
all share and in contrast to the dehydrogenases is that they make use
of mol ecul ar oxygen as the natural reoxidation agent in the enzyne
catal yzed reaction. Depending on the class of oxidase, nolecular
oxygen is either reduced to form hydrogen peroxide or water.

Vel | - known hydrogen peroxide produci ng oxi dases are e.g., glucose, L-
and D-amino acid, gal actose, alcohol, and choline oxidases and water
produci ng oxi dases e.g., tyrosinase and ascorbate oxidase (7). As
nmol ecul ar oxygen is strong oxidizing agent all oxidase catalyzed
reactions can be regarded as chemically irreversible. A general

reaction for an oxidase catalyzed reaction can thus be witten:

oxi dase
Substrate + 0 > product + HO (1)

Fromreaction (1) it is obvious that the reaction can be followed

el ectrochem cal either by sensing the decrease in oxygen tension or
the increase in hydrogen peroxide concentration. The necessary
applied potentials to either of the el ectrochem cal detection
reactions (reduction of nolecular oxygen at -600 mV or oxidation of
hydrogen peroxide at +600 mV) are, however, far too low or too high to
allow very sensitive and/or interference free detection of the
substrate of the oxidase. Mich research has therefore been focused on
trying to be able to amperometrically fol |l ow oxi dase based reactions
at nore optinmal potentials (18). This can achieved e.g., by the use
of chemically nodified el ectrodes with electrocatalytic activity for
hydrogen peroxi de oxidation (13,16) or with nmediating functionalities

acting as alternative electron accepters to nol ecul ar oxygen (14, 16).
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Horse radi sh peroxi dase (HRP) and other peroxldase have often been
used 1n conjunction wth oxidase based reactions to pronbte selective
and sensitive detection of the substrate of the oxidase, be it
spectrophotonetrically or electrochemically (16). Recently it was
found that an apparent direct and a very efficient electron transfer
could be obtained primarily various carbon electrode materials and
immobilized peroxidases in the presence of hydrogen peroxide
(16,22-30). In the presence of hydrogen peroxide a

bi oel ectrocatal ytic reduction current of hydrogen peroxide starts to

appear at about +600 mV vs SCE at pH 7.0 (22-30). As the E is
appl

made nore negative the response current is increased and reaches a
steady-state plateau at about -200 mV. The mechanism for this
behaviour, a truly direct electron transfer or a nediated one brought
about by oxygen containing functionalities (quinones), is still
debated (16,22-30). Peroxidases contain a protoferriheme group, nost
often ferriprotoporphyrin IX as the redox active prosthetic group
contained in the active site. Wen the native form of the peroxi dase
reacts with hydrogen peroxi de, the prosthetic group oxidized in a

single 2e step, transforming the native forminto compound-I

native form+ HO > conpound- |

The rereduction of conmpound-1 to the native formoccurs in two
separate one electron steps with the internediate formation of

compound-I1I :

compound-1 + 1 e~ > compound-1II (2)

compound-I11 + 1 e~ > native form (3)

Qoviously reactions (2) and (3) can occur at the el ectrode surface
without the deliberate attachment of mnediating functionalities. I'n

the presence of high concentrations of hydrogen peroxide there is a
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risk for an irreversible deactivation of the peroxide due to the
transformation of the prosthetic group into a higher oxidation stage.

This formof the peroxidase is denoted compound-III.

Peroxidase nodified el ectrodes were shown to work successfully as

el ectrochem cal sensors for hydrogen peroxide nmonitoring within the
optimal potential range for an amperometric sensor. Several papers
have appeared on the construction of such sensors based on solid
(24-28), carbon fibers (16), carbon paste (16,22,29), or conposite
electrodes (29). A nunber of papers also report on the
co-immobilization of a hydrogen peroxi de producing oxi dase with a
peroxi dase on solid (26,28,31) or carbon paste el ectrodes (16). Fig.
7.2 shows the reaction cycle for a carbon paste el ectrode containing a
hydrogen produci ng oxi dase co-imobilized with HRP. Fig 7.3 shows a
hydrodynamic voltammogram obtai ned for the LOD/ARP el ectrode. As is
seen, the response current for hydrogen peroxide (0.1 mM) is
relatively high already at +300 mV and is increased as the potential
is made nore negative, reaching a constant response pl ateau between 0
and -200 mV. In the positive potential range the response to
L-lactate (0.1 mM) essentially follows that of hydrogen peroxide. For
potentials nore negative than -50nV, the response, however,
drastically decreases, probably reflecting a deactivation of LOD
within this potential range. An applied potential of -50nV was
considered as the optimumone for further investigations. Fig. 7.4
shows the calibration curves (log-log plot) for both substrates. As
is clearly seen strictly linear response ranges for both substrates
are obtained for alnost three orders of nmagnitude with the response to
L-lactate being about one tenth of that for hydrogen peroxide. The
detection limt was in the range of about 1 uM. The slopes of the
log-log plots differ, however, and was found to be 0.87 and 0.63 for
hydrogen peroxide and L-lactate, respectively. Concentrations higher
than 1 mM of hydrogen peroxide were not tested because of the risk for
irreversible deactivation of the ARP due to an expected formation of

compound-I11.
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Fig. 7.3. Hydrodynamic voltammograms for (¢) 0.lmM hydrogen
peroxide and (4 OImM L-lactate of a LOD/ARP-PElI modified carbon
paste electrode. The following conditions were chosen; injection
volume sSoul, carrier 0IM phosphate buffer a pH 7.0 (0.8 ml

min ).
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Fig. 7.4. Log-log plots of calibration curves for (@) hydrogen

peroxide and (M L-lactate obtained with a LOD/ARP-PEl modified
carbon paste electrode.
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8. SUMMARY AND CONCLUSI ONS

Several different enzynme el ectrodes were studied by both cyclic
voltammetry (CV) and impedance measurements. polytryptophan (PT) and
pol ytyroslne (PTyr) nodified el ectrodes were prepared by

el ectrochem cal oxidation. The polymer films so forned are studied by
CV and inpedance neasurenents. These films can be activated by

gl utaral dehyde or carbodiimide because they have free amino and
carboxyl groups. M studies on enzynme el ectrodes are divided in four

following parts.

(A) In first part of the study yeast al cohol dehydrogenase was
immobi | ized on Pt wire-mesh. Cyclic voltammetric studies on a

pl ati num el ectrode containi ng adsorbed ferrocene, NAD , and al cohol
dehydrogenase were carried out. To prevent adsorbed nol ecul ar |ayers
fromdesorption, the adsorption solution contained a snmall anount of
nitrocellul ose as binder. The el ectrode does not behave reversibly
but the response to alcohol solution is found to be approxinately
linear in the range of 10-1000uM al cohol concentration. The enzyne
was al so immbilized by cross-linking with glutaral dehyde and the
results are simlar. A plot of a log(peak current) vs loglalcohol]
gave a set of a parallel lines for different concentrations of

i mobi | i zed enzynes.

CV studies on electrode containing ferrocene and NAD adsorbed as

bef ore shows promi nent peaks. The electrode was used in a solution
containing al cohol and enzyme (1,2, and 5 units/m) and al so shows

cl ear dependence of the peak current on al cohol concentration, but no
clear relation has been observed. Presunably, the solution kinetics

is much faster conpared to the el ectrode processes.



(B) In the second part of the experinents the polynerization of

tyrosine and tryptophan and their inpedance behaviour, were studied.

Poly tyrosine/tryptophan filns were prepared by el ectrochenical
oxidation of a solution SOmM tyrosine/tryptophan in HSO or NaOH.
The base el ectrode substrate was a Pt-mesh el ectrode. A standard
three el ectrode setup was used in all the experinents. The Pt-nmesh
was cl eaned by dipping in concentrated HNO. These filns were
deposited onto the Pt-nesh el ectrode from the solution at 1500nV
potential with respect to SCE as reference el ectrode. I nstead of
applying a constant potential, the potential was scanned fromO0 to
1500nV to 0 at a rate of 20nmV/sec for 10 cycles. A light bluish-red
pol ymer film could be seen after 10 cycles. This was washed with

buffer and used in all cyclic voltammetric and inpedance studies.

The impedance studies were carried out using PAR nodel 5210
Lock-in-Amplifier (LIA). The cell was connected to the potentiostat
as usual. A known armount (20nV) of modulatory voltage at a known
frequency (80Hz) were applied to the potentiostat and the output of
the potentiostat was connected to the input of the LIA  The output of
the LIA was connected to a digital/analog recorder. There are two
outputs available on the LIA one in-phase (real part) and the
out-of -phase (imaginary part) and these were recorded separately.
After film formation inpedance studies were done by scanning from -800
to 700nV.

For the polytyrosine (PTyr) nodified el ectrode one can observe an
increase in the parallel resistance (Z real) around -500nV (vs SCE)
but this is not pronounced in the bare electrode. Again a sharp
decrease in parallel capacitance (Z inmaginary is increased) is
observed for the nodified electrode (particularly for the film

prepared from NaCH sol ution) around -700nV. This suggests the break
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down of the polymer filmwi th attendant decrease of capacitance. Thus
we conclude that the el ectrodes are expected to performwell wthin

the potential range of -300 to 600 mV.

CV studies of the nodified electrodes are checked for their redox
behavi or using potassium ferrocyanide and p-benzoqui none. From the CV
graphs for ferrocyanide, one observes that the relatively sharp peaks
seen in the bare electrode are reduced significantly in anplitude for
both the nodified el ectrodes. Neverthel ess, a small hunp is still

vi sible suggesting that fast electron transfer is somewhat inhibited.
This is expected because the filmis having sone resistance which
interferes with fast electron transfer. Thus, such modifications are
not effective, as expected, when the electron transfer rate is very
high in the bare el ectrode. Interestingly the peak positions are not
al tered suggesting that the polymer is not involved in any chenical
reactions with substrate, i.e, the electron transfer from the pol ynmer
to the metal is not rate determning. However, a reduction in
background current was clearly seen. Simlar results were obtained

for p-benzoquinone.

Pol ytryptophan (PT) filns were fornmed from acid/alkali as described in
previous experiment. The PT films forned fromH SO (denoted as
PT(H SO )) showed a considerably larger current in the + 400nV
potential range in the inpedance studies. The bare electrode in
conparison showed a relatively flat response. The PT filns forned
from NaCOH (denoted as PT(NaCH)) showed a very similar although
nunerically smaller characteristic curve conpared to that of the bare
electrode. It appears that PT(HSO ) film cannot support

significantly higher currents conpared to the bare electrode/PT(NaCH)

film

PT(HSO ) filmshows a significantly higher capacitance in the + 400nV
range whereas the features for the bare electrode and the PT(NaOH)

el ectrodes are conparatively simlar, wth sonewhat snaller
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capacitance for the PT(NaOH) film The nodified el ectrodes were also
checked towards redox properties of ferrocyanide and p-benzoquinone by
CV studies. These are showing the sinilar behavior Iike PTyr nodified
el ectrodes. Here again the background current is reduced

significantly when conpared to the bare el ectrode.

(© In the third part of the experinents, Horse-radish peroxidase was
i mobilized on a pol ytryptophan film by coval ent coupling and

gl ut aral dehyde cross-1inking. Here the working el ectrode used was a
gl assy carbon disk. Coval ent coupling was done by carbodiimide
activated bare el ectrode and al so by glutaral dehyde coupling to a
polytryptophan film  The pol ytryptophan film was fornmed by
electropolymerization of tryptophan fromacid solution (HSO) with a
cross-linker (spermine). The enzyne was coupled to this film by

coval ent coupling with glutaral dehyde.

Enzyme el ectrodes prepared by gl utaral dehyde coupling, cross-Ilinking
and carbodiimde coupling were shown to give a linear response from
10puM to 1000uM HO . | rpedance studies of the polytryptophan coated
el ectrode shows increased parallel resistance and decreased parallel
capaci tance, as expected. In presence of the substrate, the parallel
resi stance was considerably reduced (due to enzyme catal yzed process)
leaving the parallel capacitance virtually unaffected. The

pol ytrypt ophan nodified el ectrodes were also studied by varying the
frequency. Bode plots shows no significant difference for bare and PT
coated el ectrode. Low frequency studies nay be useful to study this

type of studies.

The same gl assy carbon el ectrode was nodified by polytryptophan
coating and horse-radi sh peroxi dase was imobilized by coval ent
coupling using glutaral dehyde. Low frequency inpedance was studied
by stored waveform excitation of the electrode and the current val ues

were stored in PC-XT. The current values were transforned by fourier



transformation and the impedance values were deternmined. Low
frequency inpedance neasurenents were done in 10 and 1000 @M HO

concentration. In brief, the results obtained are:

(1) Graphs suggest that current values saturate for 1000 uM hydrogen
per oxi de concentration. In other words 1000uM HO concentration does
not show 100 tines larger peak. Thus the chem cal and enzynatic rates

are rate limting.

(2) For zero and 160nV bias potentials the peak heights are different

as expected.

(3) Fromthe point of 2 magnitude vs log frequency, we see two
prom nent peaks. One around 10Hz (0.1 sec rate constant) and another
around 0.01 Hz (100 sec rate constant). Thus these are two process

associated with the el ectrode reactions different time val ues.

(D) In the last part of the the experinents a lactate biosensor was
constructed by co-immobilizing |actate oxidase and fungal peroxidase
in carbon paste electrodes. The calibration curves for both
substrates is clearly seen to give a linear response ranges for both
substrates are obtained for alnost three orders of nagnitude with the
response to lactate being about one tenth of that for hydrogen

peroxi de. The detection limt was in the range of about 1uM.



In brief the highlights of ny work can be concluded as foll ows.

1.

Polytyrosine and polytryptophan films are forned by
el ectrochem cal oxidation at suitable potentials. In both the

cases the conduction may be electronic in nature.

These nodified el ectrodes can be activated by gl utaral dehyde

and carbodiimide and coupled to enzynes.

I npedance studies show that both the films give higher
specificity and lower noise, and CV studies indicate that
although the response decreases (peak current) act ual
sensitivity increases (lower background current) for both the

films. These filns are expected to be biocompatible.

Lactate biosensor was prepared by co-immobilizing lactate
oxi dase and fungal peroxidase- shows |inear response over a

wi de range of lactate.
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