Russian Chemical Reviews, 45 (2), 1976

Translated from Uspekhi Khimii, 45, 180-201 (1976)
Enzyme Electrodes
1.V.Berezin and A.A.Klé&sov

87

U.D. C.543.866:541.13

The literature data on the use of immobilised enzymes in analytical chemistry are reviewed and the fundamental conditions for
the creation of kinetic methods in enzymatic analysis are described. The types of enzyme electrodes and the factors influencing
the response of such electrodes, their stability, and sensitivity are discussed in detail. The possible pathways towards further
development of enzyme electrodes for use in laboratory and technological practice and for monitoring the environment are

considered.
The bibliography includes 69 references.
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I. INTRODUCTION

The last decade has been marked by a vigorous devel-

" opment of research in the field of the immobilisation of
enzymes and their use for technological, analytical, and
scientific purposes, The conversion of enzymes into a
water -insoluble state with retention of catalytic activity
made it possible to extend greatly our ideas concerning
the possibility of using bio-organic catalysts in a wide
variety of different fields of chemistry, fine chemical
engineering, pharmacology, and medicine, Because of
their high specificity, enzymes have already been used for
many years in analytical chemistry; hundreds of studies
devoted to kinetic methods in enzymatic analysis are pub-
lished annually. The use of immobilised enzymes for
these purposes stimulated the creation of methods of
“reagent-free” analysis whereby continuous analysis of
aqueous solutions of organic (and in many instances inor-
ganic) compounds is possible in principle,

In their turn, the achievements in this field have pro-
moted the development of effective methods for monitoring
the state of the environment, clinical diagnosis, etc.
Finally, the so called “enzyme electrodes”, developed in
recent years, permit rapid automatic analysis of multi-
component systems on the basis of combined “electrode-
enzyme” electrochemical systems which exhibit a high
selectivity in the determination of individual compounds or
classes of compounds.

The attention devoted at the present time to the devel-
opment of enzyme electrodes and to the study of the pros-
pects for their application in analytical chemistry is partly
due to the vigorous development of methods for the iso-
lation, purification, and identification of enzymes.
According to data presented at the Symposium on Biotech-
nology and Bioengineering in Henicker !, the number of
enzymes which have been discovered and characterised
has increased from 80 in 1928 to 1500 in 1969, and con-
tinues to grow exponentially with a ten-year doubling
period.

The present review is an attempt to summarise and give
a systematic account of studies on the use of immobilised
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enzymes in analytical chemistry published up to April
1974, and to assess the immediate prospects in this field.

II. THE SPECIFICITY OF ENZYME ACTION

The most characteristic feature of enzymatic catalysis
is the specificity of enzyme action. At least three general
qualitative types of specificity have now come to be differ-
entiated from this extremely comprehensive term: speci-
ficity with respect to the medium, specificity with respect
to the reaction, and substrate specificity (specificity with
respect to the structure of the substrate). The first two
types of specificity are usually expressed in the fact that
the enzyme catalyses a reaction of a particular type under
specified conditions and constitutes the basis for the sub-
division of enzymes into the corresponding classes (oxido-
reductases, transferases, hydrolases, lyases, isomer-
ases, and ligases or synthetases)?. The substrate specificity
of the enzyme is its most characteristic feature, which
has not yet found adequate analogies in non-enzymatic
catalysis, and makes it possible to characterise unambig-
uously and to identify the given enzyme among hundreds
and thousands of others, The usual phenomenon in enzy-
matic reactions is that the enzyme catalyses the reaction
of only one stereochemical form of the substrate, being
completely inactive in relation to other stereocisomers
(the so called stereochemical specificity of the enzyme).

In many instances the enzyme exhibits absolute speci -
ficity, catalysing the reaction of only one substance and
not reacting with its derivatives or homologues, Thus,
butanediol dehydrogenase catalyses the conversion of
butane-2,3-diol into acetoin, but altogether fails to oxidise
ethylene glycol, glycerol, ethanol, isopropyl alcohol,
isobutyl alcohol, isopentyl alcohol, or glucose3, Lact-
aldehyde reductase, which catalyses the reversible con-
version of D-lactaldehyde into propane-1,2-diol, is com-
pletely inactive in relation to L-lactaldehyde, acetaldehyde,
propionaldehyde, glycolaldehyde, acetol, glyoxylic acid,
pyruvic acid, D-galactose, D-mannose, D-fructose, D-or
L-arabinose, and L-rhamnose¢, Mannitol dehydrogenase,
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which catalyses the conversion of D-fructose into
mannitol, does not act on D-glucose, D-mannose, or
D-ribose®, The activity of glucose oxidase, which oxi-
dises 8-D-glucose with formation of gluconic acid, is four
times lower with respect to 2-deoxy-D-glucose, 50 times
lower with respect to 6-methyl-D-glucose, 100 times
lower with respect to D-mannose and D-xylose, and 200
lower with respect to a-D-glucose; the enzyme altogether
failed to have any action on the remaining 80 sugars which
had been tested as substrates®, Formaldehyde dehydro-
genase, which oxidises formaldehyde to formic acid, does
not react with acetaldehyde, glycolaldehyde, and benzalde-
hyde’. Benzaldehyde dehydrogenase, which converts
benzaldehyde into benzoic acid, altogether fails to oxidise
acetaldehyde, propionaldehyde, crotonaldehyde, formalde-
hyde, and DL-glyceraldehyde® Among all the aliphatic
aldehydes; aminobutyraldehyde dehydrogenase acts only
on 4-aminobutyraldehyde, oxidising it to 4-aminobutyric
acid®,

On the other hand, many enzymes exhibit broad speci-
ficity without the imposition of stringent requirements on
the structure of the substrate. Thus a large number of
compounds having the general formula R,CH(R,)COR,,
where the substituents R;, R,, and R, can have virtually
infinitely variable structures, can serve as substrates for
o-chymotrypsini®, The extremely broad specificity of
a -chymotrypsin may be illustrated by the fact that this
enzyme is capable of catalysing the hydrolysis of proteins,
peptides, esters, amides, hydrazides, alkylamides, acid
anhydrides, acid chlorides, hydroxamides, anilides, thio-
esters, oxazolones, cyclic peptides, cyclic phosphates,
lactones, and sultones; in some cases it is also capable
of cleaving the C-C bond. Aldehyde oxidase exhibits
group specificity with respect to aliphatic aldehydes,
catalysing the oxidation of formaldehyde (1.0), acetalde-
hyde (4.6), propionaldehyde (5.1), butyraldehyde (12.2),
valeraldehyde (2.4), and crotonaldehyde (7.6); the relative
reactivities of the aldehydes in this enzymatic reaction are
indicated in brackets !,

The high enzyme specificity (absolute or group speci-
ficity) in combination with favourable factors such as the
high rate of enzymatic processes, the mild reaction con-
ditions (room temperature, atmospheric pressure, neutral
pH of the medium, etc.), and a fairly wide selection
of available enzymes have ensured the development of a
new trend in analytical chemistry—kinetic methods in
enzymatic analysis. Enzyme-catalysed reactions are used
to determine substrates, inhibitors, activators, and in
many instances the enzymes themselves (this applies
primarily to the analysis of biological liquids in clinical
laboratories). The use of enzymes in analytical chemistry
has been considered in a number of reviews and mono-
graphs 1271, However, despite a number of the evident
advantages of kinetic methods in enzymatic analysis, their
use in laboratory practice has so far been fairly limited.
One of the main reasons for this is still the high cost of
the majority of enzymes, which virtually precludes the
large-scale application of enzymatic analytical methods
(because enzymes can be used only once owing to the
extremely laborious procedures needed for their regenera-
tion from the mixture). This disadvantage is compounded
also by the low stability of the majority of enzymes, which
frequently leads to their complete inactivation in several
days, and sometimes in several hours under the optimal
conditions for analytical purposes.

Thus, in order to increase the “technological applica-
bility” of enzymes, it is necessary to increase their sta-
bility, on the one hand, and to ensure the possibility of
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their repeated use on the other. In principle this is
achieved by converting enzymes into heterogeneous cata-
lysts by immobilising them,

III, THE IMMOBILISATION OF ENZYMES

The immobilisation of enzymes is a procedure whereby
they are converted into a water-insoluble state with reten-
tion (partial or complete) of catalytic activity. Immobil-
ised enzymes are usually obtained by the following methods
(see the relevant reviews 20-2¢);

1, The covalent attachment of enzyme molecules to a
water -insoluble carrier (cellulose, agar, dextran, glass,
paper, fabrics, polystyrene, nylon, metals, ion-exchange
resins, ete).

2. The entrainment of the enzyme in a gel or polymer
network.

3. The covalent cross-linking of enzyme molecules
with one another using a di- or poly-functional reagent.

4, The adsorption of the enzyme on water-insoluble
carriers (as a rule ion-exchange resins).

5. Microencapsulation (the enclosure of an enzyme
solution in semipermeable capsules 5-300 um in size).

The first two immobilisation methods are most often
used. The covalent binding of the enzyme to a carrier
leads to a stable system in which the protein cannot be
desorbed when the temperature, pH, or the ionic strength
of the reaction medium are changed, and also when the
substrate is added to the reaction medium., The method
based on the entrainment of the enzyme in a gel is dis-
tinguished by simplicity and the absence of appreciable
influences on the active centre of the enzyme. In any case
the immobilisation of enzymes makes possible their
repeated use in practice when catalytic processes are
carried out in periodic or continuous operation “enzyme
reactors”, Furthermore, the immobilisation of enzymes
frequently increases their stability. According to the data
quoted in Melrose's review?!, in thirty out of fifty different
variants of immobilisation the stability of the immobilised
enzyme was higher than that of the corresponding soluble
enzymes, in eight cases the stability decreased on immo-
bilisation, and in twelve cases the stability hardly changed
following immobilisation.

Bearing in mind that the stability of immobilised
enzymes is influenced to a high extent by the nature of the
carrier, the nature of the grafting agent, and the method
and conditions of the immobilisation (in all instances there
is a possibility of a large number of different variants), it
is clear that the possibilities of stabilising enzymes on
immobilisation have been by no means exhausted. As an
example, one may quote the data of Kaplan and coworkers2s
according to which lactate dehydrogenase, which loses
1009, of its activity after incubation for approximately 1 h,
retains its activity fully under the same conditions for at
least 35 days following immobilisation on porous glass
with the aid of glutaraldehyde.

IV. THE APPLICATIONS OF IMMOBILISED ENZYMES
IN ANALYTICAL CHEMISTRY

The use of immobilised enzymes, whereby routine
chemical analyses can be carried out on individual samples
or ina stream (with repeated eniploynient of the sanie enzyuie
preparation), has to a large extent solved the problem of
the high cost of enzymatic analytical methods and has
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frequently increased the accuracy of the analytical pro-
cedure. There exist two general approaches to the ana-
lytical determination of the concentrations of reagents
(substrates) in the test system. In one of them the enzy-
matic reaction is continued until the complete exhaustion
of the substance to be determined (or until the attainment
of an equilibrium in the system between the initial reac-
tants and products), while recording at the same time the
change in a suitable physical or chemical property of the
system, the amount of substrate in the initial specimen
being calculated from the amount of product formed. In
the second approach use is made of kinetic analytical
methods, the rate of appearance of the product or of the
disappearance of the substrate in the enzymatic reaction
being determined and the initial substrate concentration
being calculated from the corresponding calibration curve.
This method is also applicable to the determination of the
concentrations of effectors (inhibitors or activators),
which are present in the reaction system. Both approaches
have been applied in practice using immobilised enzymes.

The first study in which the use of immobilised enzymes
for analytical purposes was described was carried out in
1965 by Guilbault and coworkers ?®, who found that cholin-
esterase entrained in a starch gel and deposited on a foam
plastic plate (to increase the mechanical strength of the
immobilised enzyme) retained its activity for 12 h, The
activity of the enzyme in the hydrolysis of butyrylthio-
choline iodide was determined electrochemically using
platinum electrodes between which a direct current was
passed. Depending on the rate of the enzymatic reaction,
the potential of the system changed from 150 mV (the oxi-
dation potential of the reaction product-thiocholine) to
350-400 mV (the potential of the oxidation of the iodide of
the substrate to iodine), which made it possible to inves-
tigate the influence of the added effectors on cholinester-
ase under continuous conditions. In the same year
Guilbault and Kramer 27 used similarly immobilised cho-
linesterase to detect small amounts of organophosphorus
insecticides in air. Foam plastic plates impregnated with
starch gel containing immobilised cholinesterase have
been used recently to devise a continuous analyser for
water designed to detect rapidly subtoxic concentrations
of anticholinesterase compounds 28,

A common disadvantage of all these devices is their
instability due to the appreciable elution of the enzyme
from the starch gel. Coprecipitation of cholinesterase
with aluminium hydroxide and suspension of the resulting
preparation in a starch gel with subsequent impregnation
of a foam plastic plate enabled Goodson et al.?® to obtain
a stable enzyme system capable of functioning for 56 h
without appreciable loss of enzyme. During this period,
2700 litres of water were passed through the carrier with
the immobilised cholinesterase. According to the results
of Goodson et al.?, the immobilised enzyme gives a
response after 3 min when water contains 0,2 part per
million of 2,2-dichlorovinyl dimethyl phosphate. Gutknecht
and Guilbault 3 also reported the development of an enzyme
system for the continuous monitoring of cyanide ions in
drainage waters, which is based on the specific reaction of
immobilised injectase (B8-cyanoalanine synthase).

Hicks and Updike 3! determined glucose and lactic acid
by means of a column with glucose oxidase and lactase
dehydrogenase immobilised on a polyacrylamide gel. The
substrate specimens were passed through columns filled
with gel-enzyme particles of standard size and subjected
to lyophilic drying, mixed with indicators changing colour
on interaction with the corresponding products of enzy~
matic reactions, and passed through the spectrophotometer
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cuvette, The authors 3! noted an appreciable increase of
the stability of lactase dehydrogenase following immobil-
isation in the gel, Thus at 37°C the activity of soluble
lactase dehydrogenase decreases to 109 of the initial value
after 2 h, while that of the gel-enzyme remains completely
unchanged for 10 h under the same conditions. Guilbault
and Das 3 made a comparative study of starch and poly-
acrylamide gels as carriers for the immobilisation of
cholinesterase and urease, Noting that immobilisation in
the starch gel can be carried out under milder conditions,
the authors 3 point out the higher stability of enzymes in
the polyacrylamide gel,

Hornby et al. 3% developed a method for the automated
analysis of solutions for glucose having immobilised glu-
cose oxidase on the inner surface of a polystyrene tube
(375 cm long, with an internal diameter of 2 mm). The
activity of the enzyme was recorded at 35°C and pH 5.6 by
the calorimetric determination of hydrogen peroxide (the
product of the enzymatic reaction) using potassium iodide.
The apparatus permitted 40 analyses per hour, glucose
being determined quantitatively over the concentration
range 5% 104 M-10"2 M, According to the authors'
data® the tube with immobilised glucose oxidase did not
exhibit an appreciable loss of catalytic activity in the
course of 1.5 months,

Subsequently Hornby and coworkers abandoned the poly-
styrene carrier because of its pronounced hydrophobic
properties, and their later studies on the immobilisation
of enzymes 3¢-38 were carried out using nylon, Thus
urease, bound via glutaraldehyde to the inner surface of
a partly hydrolysed nylon tube 3¢,% (2 m long, with an
internal diameter of 1 mm), was used to determine urea
in the course of four months, more than 400 analyses
being carried out during this period. Urate oxidase,
immobilised on a nylon powder, was used to analyse
aqueous solutions of uric acid % in the concentration range
10-5-10"* M. However, carboxy-groups, ionised under
experimental conditions, remain on the carrier surface
after partial hydrolysis of the nylon, which makes the
carrier unsuitable for the immobilisation of many enzymes.

In order to extend the scope of the proposed method,
Hornby et al. 3 converted the carboxy-group of the carrier
into an amide form by treatment with NN-dimethyl-1,3-
propylenediamine and used the modified carrier to immo-
bilise lactate dehydrogenase, malate dehydrogenase, and
alcohol dehydrogenase, which permitted the analysis of
aqueous solutions for pyruvic acid, oxaloacetic acid, and
ethanol respectively, According to their data 36, the
method is suitable for the quantitative determination of
4x107%-2 x 10~* M pyruvate, 2 X 1075-1,6 X 10~¢ M
oxaloacetate, and 0.01-0.1 M ethanol. All the immobil-
ised enzymes fully retained their activity in the course of
20 days. During this period, each was used to perform at
least 1000 analyses. Under these conditions, the soluble
enzymes lost more than 90% of their activity.

In a recent study by Weibel et al. 3, a general method
was developed, in relation to the analysis of solutions for
their glucose content, for quantitative determination of
compounds in the course of the enzymatic conversion of
which oxygen dissolved in water is absorbed. In the deter-
mination of glucose, the solution analysed is passed with
the aid of a micropump through a 5 X 35 mm column con-
taining glucose oxidase bound covalently to porous glass
and is passed through a cell containing a Clark oxygen
electrode, The analysis can be carried out either under
kinetic conditions or on the basis of the degree of reaction
established following the completion of the enzymatic pro-
cess. A single analysis takes 2 min and the error in the
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determination of glucose does not exceed 1-29%., According
to the results 37, the column functions for more than 2
weeks when used daily in the course of 8 h.

Mosbach and coworkers 3% described the use of flow
microcalorimetry in kinetic methods for enzymatic analy-
sis using immobilised enzymes. The advantages of the
method are the possibility of analysing opaque solutions
and high sensitivity (down to 107 M of the substance to be
determined).

An interesting and very promising approach to the
selective determination of small amounts of metals was
demonstrated recently by Stone and Townshend %,%,
Fungal polyphenol oxidase was immobilised by being bound
covalently to Enzacryl AA (obtained by reducing a copoly-
mer of acrylamide, p-nitroacrylanilide, and NN’-methyl-
enebisacrylamide) and was then dialysed until the complete
removal of copper(Il) ions forming part of the enzyme
active centre. The resulting inactive apoenzyme is reac-
tivated reproducibly and very selectively on being incu-
bated with trace amounts of Cu?* (10-200 ng), the observed
rate of the enzymatic reaction being unambiguously related
to the Cu?* concentration in the solution being analysed (a
linear relation between the rate of reaction and the con-
centration of copper ions in solution was observed in the
concentration range 10°7-2 X 10 M Cu?'). The authors 3
noted that, in relatively large volumes of solutions being
analysed, it is possible to determine 10-% mg/ml of Cu?*
ions with the aid of this method. The stability of the
immobilised polyphenol oxidase makes it possible to store
it for 3 months in aqueous solution at pH 7.0 and 6°C.

In all the analytical applications of immobilised enzymes
described above, the enzyme activity was determined by
the reaction of the biocatalyst with the corresponding sub-
strates or by the reaction of products of the enzymatic
reaction with the corresponding indicators specially intro-
duced into the test system. However, “reagent-free”
enzymatic analytical methods, based on the use for this
purpose of the so called “enzyme electrode” consisting of
electrochemical devices on the sensor element of which an
immobilised enzyme is deposited, have been developed to
the greatest extent at the present time. Such an electrode
possesses the fundamental properties required for the
analytical system—specificity to the given reaction and
the reagent being determined (provided that the latter is a
specific substrate of the given enzyme)—and permits rapid
analysis of the reaction mixture (generally speaking, the
rate of analysis depends both on the characteristics of the
electrochemical system itself and on the values of the
kinetic parameters of the enzymatic reaction).

When the enzyme electrode comes into contact with the
test solution, containing, in particular, the specific sub-
strate of the given enzyme, the enzymatic reaction takes
place in the layer near the electrode. If the product (or
the substrate) of the reaction is electrochemically active,
then the rate of the absolute change in electrode potential
is a measure of the amount of the reagent being deter-
mined in the mixture subjected to analysis. The advantage
of this analytical method is that it can be automated and
continuous quantitative determination of the given reagents,
including those in complex chemical or physiological sys-
tems, is possible,

The first enzyme electrode, constructed for a contin~
uous determination of the concentration of glucose with the
aid of immobilised glucose oxidase, was described by
Updike and Hicks 4! in 1967. The same authors introduced
the term “enzyme electrode” ¥ for a system consisting
of the polarographic oxygen electrode on the surface of
which a layer of polyacrylamide gel 25-50 um thick with
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entrained glucose oxidase has been deposited. When the

electrode prepared in this way is immersed in a solution
containing glucose, the substrate and oxygen diffuse from
the solution into the layer of the gel-enzyme. The enzy-

matic oxidation of glucose

B-D-glucose + O, D-glucono-§-lactone + H,0,, (1)

which takes place in the immediate vicinity of the electrode
surface, reduces the diffusional flux of oxygen through the
plastic membrane of the Clark oxygen electrode, which in
turn leads to an increase of the electrode current. Thus
the change of the current in the electrode system depends
on the rate of the enzymatic reaction and hence on the con-
centration of glucose in the mixture being analysed. By
plotting the appropriate calibration curve, the authors -4
were able to determine glucose quantitatively also in bio-
logical solutions and tissues,

A similar principle served as a basis of the design of
other enzyme electrodes (see the next Section), the cha-
racteristics of which are compiled in Table. Each elec-
trode is specific either to one particular compound (urea,
L-asparagine, L-glutamine, D-glucose, etc.) or exhibits
group specificity (L- or D-aminoacids, primary alcohols,
various penicillins)., Naturally, the nature of the selectiv-
ity of the enzymatic reaction determines the region where
the given enzyme electrode can be applied.

The use of coupled enzymatic reactions for analytical
purposes leads to fundamentally new possibilities in the
preparation of selective enzyme electrodes. This approach
has so far been demonstrated only on a single example—
the determination of L-phenylalanine with the aid of L-
aminoacid oxidase and peroxidase, immobilised in a poly-
acrylamide gel on the surface of an electrode sensitive to
iodide ions ¢, The operation of the electrode in the
coupled enzyme system is based on the following reactions}
L-aminoacid oxidase (2)

L-aminoacid + O, 2-oxo0-acid + NH;+ H,0,;

peroxidase
———

H,0,+ 2H" + 21" I,+ 2H,0. (3)
During the enzymatic reaction, the steady-state concen-
tration of iodide ions at the electrode surface decreases,
the rate of decrease of the I” concentration depending on
the amount of L-phenylalanine in the solution being ana-
lysed 44,

V. THE DESIGN OF ENZYME ELECTRODES

All enzyme electrodes consist of an electrochemical
sensor of one type or another, on which a layer of immo-
bilised enzyme is deposited. Apart from the polarographic
oxygen electrode, which has been used for the analytical
determination of glucose with the aid of immobilised glu-
cose oxidase 41743, this reaction has also been followed by
an enzyme electrode based on a platinum disc coated with
a thin layer of glucose oxidase bound chemically to a poly-
acrylamide gel%,%, The electrode is immersed in the
solution to be analysed and a potential of 0.6 V is estab-
lished in the system (with respect to the saturated calomel
electrode). Glucose diffuses tothe layer of the gel-enzyme
on the electrode, where it reacts in accordance with Eqn.
(1). The hydrogen peroxide formed is oxidised on the
platinum electrode, so that the observed current is pro-
portional to its concentration and hence to the initial con-
centration of glucose. Wingard et al. ¥ who used a differ-
ent design of the platinum electrode, determined by a
similar method the concentration of glucose with the aid of
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immobilised glucose oxidase., Polarographic enzyme
electrodes have also been used by Clark for the analytical
determination of glucose *® and L-aminoacids # with the
aid of immobilised glucose oxidase and L-aminoacid oxi-
dase. Recently Clark?! developed a method for the deter-
mination of methanol and ethanol in aqueous solutions and
vapours with the aid of a polarographic enzyme electrode
containing immobilised alcohol dehydrogenase. The sensi-
tivity of the enzyme- electrode is such that it gives an
appreciable response to human breath 16 h after the con-
sumption of alcoholic drinks,

Williams et al.5° described an enzyme electrode in
which glucose oxidase immobilised in a gel was deposited
on a platinum electrode and covered by a dialysis film to
prevent the diffusion of the enzyme into the solution. The
glucose in the solution being analysed diffuses into the
layer of gel-enzyme in an amount proportional to its bulk-
phase concentration, A distinctive feature of the enzyme
electrode employed in this investigation®° is that benzo-
quinone was used as the oxidant instead of oxygen. It was
shown®° that benzoquinone can also oxidise glucose under
the influence of glucose oxidase, so that the reaction
mechanism in the layer near the electrode and on the elec-
trode can be formulated as follows:

glucose oxidase . . .
————— gluconic acid + hydroquinone;

(4)

glucose + benzoquinone + H,0

Pt
hydroquinone — benzoquinone + 2H" + 2e.

(5)

The advantage of this method is that the concentration of
benzoquinone in the reaction mixture can be readily fol-
lowed. In addition, there is a possibility of measurements
over a longer linear range of glucose concentrations com-
pared with the method in which the oxygen content in the
aqueous solution is recorded during the reaction. By
carrying out the reaction in a buffer solution (to keep the
pH constant during the reaction) and by recording the cur-
rent in the electrode system, it is possible to determine
quantitatively the glucose content in the mixture being
analysed.
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A similar approach was used by Williams et al. % for
the analytic determination of lactic acid with the aid of
immobilised lactate dehydrogenase:

CH,—CH—CO0" 4 2Fe (CN)j~ —tate delydrogenase CHy~C~C00™ 4 2Fe (&4 21
Su o (6)

2Fe (CN)&~ 2 2Fe (CN)E~ -+ 2e.
) ) (N

The oxidation of lactate by hexacyanoferrate(Ill) is cata-
lysed by a preparation of yeast lactate dehydrogenase con-
taining cytochrome B, as the cofactor.

Ion-selective electrodes, on the basis of which a major
proportion of enzyme electrodes have been constructed,
are fundamentally distinctive electrochemical sensors.
The first enzyme electrode of this type was proposed in
1969 by Guilbault and Montalvo5!,52 for the quantitative
determination of urea in aqueous solutions. It was pre-
pared by depositing a layer of polyacrylamide gel contain-
ing urease on the surface of a glass cation electrode
sensitive to ammonium ions. When the enzyme electrode
is immersed in a solution containing urea, the substrate
diffuses into the layer of immobilised enzyme, which
catalyses the hydrolysis of urea via the following mecha-
nism:
urease

HyN—CO~-NH, + 2H,0 + H* — 2NH} - HCO;

(8)
Ammonium ions, which are products of the hydrolytic
reaction, are recorded by the cation electrode, so that
the observed potential is proportional, within certain
limits, to the concentration of urea in the sample being
analysed,

This approach was subsequently developed by Guilbault
and coworkers for the determination of L- and D-amino-
acids 53758, asparagine®, and glutamine®, However, the
authors noted %8,57,%° that the selectivity of commercial
cation electrodes so far precludes their use for the analy-
sis of biological liquids without a preliminary removal of
the interfering K* and Na* ions by ion exchangers. The
modification of enzyme electrodes is therefore directed at
the present time mainly towards an improvement of the
selectivity of their electrochemical response (see the
next Section).

Characteristics of enzyme electrodes.

T T
Enzyme : Meg‘;j‘:;if oj;nmo- Su::tl:;;:gnt:dbe Sensitivity Re:i[:::se Stability Conditions of determination| Refs.
i : _],
Urease entrainmentingel | urea 10-3-1 mg mr-1 25-60s - (Ejop= 175 mg mi-! 51
entrainment ingel | urea 5x10-5-10-2 M| 40-60s 2 weeks [Elg = 175 mg mt1,25°, 52,56,67
pH 7.0 (tris-buffer)
{ entrainment in gel urea 5% 105-102M - 3 weeks at 25° without  ditto 52,56,57
i and enclosure in appreciable decrease ] i
cellophane film of activity . {
entrainment in gel urea 11-81 mg % - - in blood serum 56
and enclosure in '
cellophane film H
entrainment in gel urea 0.55-3.50g/100 - — ! in urine 56
and enclosure in ml i
cellophane film !
entrainment in gel urea 10-5-102 M 60-180 s 1 week without i [Elp=175mgmr1,25°, 57
appreciable loss of i pH 7.0 (tris buffer)
activity
enclosute between urea 5x10°5-102 M - - [E)g= 100 mg mI-1, 25°, 61
electrode and i 0.1 MNaQl, pH 7.0 :
dialysis film i (tris buffer) !
entrainment in gel urea 10-5-103 M 15 min more than 2 weeks i 37°,pH 7.4 (physiological | 61
| saline soln.) ]
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Table (contd.).
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Enzyme Method (:it;nimmo- s&m:g bo Sensitivity R‘m“ Stability Conditions of determination Refs,
L-Amino- entrainment in gel L-phenylatanine  [104-5x 103 M [ 60-120s more than 1 week [Elg™= 200 mgmrl, 25°C, k3,54
acid oxidase pH 7.2
! b L-phenyl - 30-80s 2 weeks (Elg= 100 mg ml-! 56
electrode and
cellophane film
) b L-phenyl 104-5x 103 M | 60-120s 2 weeks [E]o= 100 mg mI-! 25°, 54
electrode and pH 7.2-7.5 (tsis buffer)
cellophane film
LAeucine 104-5x103 M - - - 54
L-methionine 104-5x 103 M - - - 54
L-alanine 103-5x103 M - - - 54
L-proline 103-5 x 103 M - - - 54
chemical binding to | L-phenylalanine  |104-102 M 60~180s - 25° 58
get (azo-coupling
with polymer of
o-aminoanilide of
acrylic acid)
L-Aminoacid ditto Lphonylalanine {5 x 10-5-10-3 M { fess than decrease of activity by  {25%,pH 5.0 [KI] =5 x 10-5M] 58
oxidase- 30s 4-5% after 3 weeks
peroxidase LAeucine 3x104-103 M - - -
L-methionine 3x103-103 M - - -
(2% reproduci-
bility)
DA d ingel | D-phenylal - - - -
oxidase D-alanine - - - -
Dwvaline, 5x105-102 M - 3 weeks without appre-  |25°, pH 8.2 (tris buffer) 55
D-methionine, ciable loss of activity
D-leucine, D-nor-
leucine, D-iso-
leucine
enclosure between appreciably less stable 55
electrode and than previous electrode -
dialysis film - - -
Penicillinase entrainment in gel | benzylpenicillin, [104-5 x 102 M 15-30 s 2 weeks (after this the {(Elg= 125 mgm!'l,pH 6.4. | 62
ampicillin, naf- (reproducibility time required for reading{ room temp.,/(not measured)
cillin, phenoxy- varied from 9 to increases by a factor of
methylpenicillin, | 17%in 3 days fo, 3-5)
cyclicillin, dicloxa-| different elec-
cillin trodes)
1 yipenicillin |5 x 104-102M | 2min 3 weeks {Elo ™= 50 mg ml-}, pH 6.8 61
electrode and (phosphate buffer), 0.1 M
dialysis film NaQ
A in gel L-asparagine 5x106-102M - 28 days without appreci- }[E)g = 25 units mi-1, 25°, 55
able loss of activity pH 8.0 (tris buffer)
2! b L - - 50% loss of activity after Jditto 55
electrode and 4 days
dialysis film
Gha in gel* - - - - - 59
| t Lg i 104-10-1 M 1-2 min 12h {Elp= 150 mgmi-l, 25°, 59
electrode and PpH 5.5 (tris buffer)
dialysis film
$-Glucosid ingel | amygdalin 105-102 M 15-40's 3 days [E]o= 100 mgmr-1, 25°, 64
pH 104
entrainment in gel amygdalin 5x106-103M | 1 min crystalline membrane [E]o= 50 mg mI1, 25°, 63
and enclosure in dissolves after 200 hours | PH 12.7
cellophane film of continuous operation
Glucose oxidase | entrainment in gel glucose - - - 37°,pH 3.2-10.3 47
entrainmentingel | glucose 0.15~2.0mgmi-}| 30-180s +10% change in activity  |[E]g= 1 mg mI'! or 10 mg 41
after the fist 24 hat  [mi-1, pH 7.4 (phosphate
100m temp, buffer)
enclosure between | glucose 10310l M - - {Elg= 200 mg mt-1, pH 6.9 61
electrode and (phosphate buffer), 0.1 M
dialysis fitm NayS04
enclosure between glucose 2x103- 3-10 min - pH 4 (phosphate buffer) or 50
electrode and 2x102M blood; (E]g =1 mgml'!
dialysis film ‘
chemical binding to | glucose §x104- 12 s (from increase of activity ata  {pH 6.0 or 6.6 (phosphate r$,46
gel 2x102M init. veloci- rate of 1.4% in 20 days |} buffer), 30°
ties or 1 min followed by a decrease
steady-state at arate of 0.3-0.7%
current) per day for 300 days
entrainment in gel glucose 5x 104~ ditto increase of activity from |pH 6.6 (phosphate buffer), 46
2x102M 0 to maximum in 40 30*
days followed by a de-
crease at a rate of
0.3-0.4% per day for
160 days
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Table (contd.).

Method of immo-  {Substance to be . Response " o
Enzyme bilisation determined Sensitivity time Stability Conditions of determination Refs.
entrainment in co- glucose - 1 min 1.5% decrease of activity] [Elg= 1-10 mg mrl, pH7.2 69
polymer of ethylene per day at 25°C (phosphate buffer), 25°
glycol methacrylate
and ethylene glycol
dimethacrylate (in
proportions of
100:1)
enclosure between glucose Sx104-2x102M | 1 min decrease of response pH 6.6 (phosphate 46
electrode and at arate of 2-3% per buffer), 30°
cellophane film day
Lactate dehydro- enclosure between lactic acid 104-2x103M |3-10min - blood 50
genase electrode and
dialysis film
Alcohol dehydro- | enclosure between methanol, 109-2.5 x 108 M| 2 min decrease of activity by physiological buffer soln., 1
genase electrode and ethanol a factor exceeding 2 in pH 8.5
cellophane film 12h

*The electrode was completely inactive.

In studies by Mosbach and coworkers 8 and
Papariello et al.®2, enzyme electrodes were prepared by
depositing a layer of the immobilised enzyme on a glass
pH electrode, with the aid of which the concentration of
hydrogen ions, formed as a result of the enzymatic reac-
tion, was recorded. Enzyme electrodes for glucose®!
[reaction (9)], urea® greaction (8)], and various penicil-
lins 81,82 [reaction (10)] have been developed on the basis
of this method:

glucose + O, + H,0

glucose oxidase
T,

gluconic acid + H,0,; (9)

s penicillinase e . A
penicillin + HyO ——— penicilloic acid.

(10)

Finally in 1971 Rechnitz and Llenado®3,%¢ described a
new type of enzyme electrode in which a non-glass mem-
brane was used as the electrochemical sensor. They
developed 83,84 an analytical method for the determination
of amygdalin using for this purpose a solid electrode con-
sisting of a crystalline cyanide sensor coated by a layer of
B-glucosidase immobilised in polyacrylamide gel, In the
enzymatic hydrolysis of amygdalin [reaction (11)] the
cyanide ions formed near the electrode as the reaction
product diffuse through the layer of gel to the surface of
the crystalline membrane and are recorded potentiometri-
cally by the electrode system:

lucosid
@—?HCN + op,0 Bglcosidase ) 0, + @—cno +Hen L (11)

OC3Hy 010

The Table shows that the principal method used to
immobilise the enzyme on the electrode involves its
entrainment in a gel (in many cases the layer of the gel-
enzyme was also covered by a cellophane film to reduce
the diffusion of the enzyme from the gel into the solution).
Approximately one-third of enzyme electrodes have been
prepared by the simple entrainment of the enzyme between
the electrode surface and the dialysis film. Finally,
covalent binding of the enzyme to a carrier was used as
the immobilisation method in only three investigations,,5¢
but the authors noted a somewhat higher stability of
enzyme electrodes with chemically combined enzymes
compared with electrodes based on gel-enzymes.

The simplest method for the preparation of an enzyme
electrode involves the mechanical entrainment of the
enzyme between the sensor element of the electrode and
the film membrane which retains the enzyme near the
electrode but is permeable to substrate and product mole-
cules (a dialysis film with definite pore dimensions is
usually employed for this purpose)., As a rule this enzyme
immobilisation procedure does not impair the character-
istics of the enzyme electrode relative to an enzyme
immobilised in a gel on the surface of the sensor (see
Table)., Furthermore, it has been noted54,%¢ that, in the
determination of L-aminoacids with the aid of L-amino-
acid oxidase, the gel-enzyme electrode was less stable
and had a longer response time compared with the elec-
trode coated by a thin layer of enzyme solution enclosed in
a dialysis film, In addition, the authors5¢ point out that
riboflavin, added to the acrylamide solution as the poly-
merisation catalyst, inhibits L-aminoacid oxidase, which
also impairs the electrode characteristics. On the other
hand, the immobilisation of the enzyme in a polyacryl-
amide gel for electrodes based on D-aminoacid oxidase
and asparaginase greatly increases their stability 55 (see
Table). The attempts to immobilise the enzyme in a
polyacrylamide gel for the glutaminase electrode resulted
in a complete loss of activity by L-glutaminase® while
the electrode covered by a dialysis film with an entrained
thin layer of enzyme solution exhibited the normalresponse
to the presence of L-glutamine in the mixture being ana-
lysed. Thus the available literature data so far do not
allow one to give preference a priori to any one immobil-
isation procedure in the preparation of enzyme electrodes.

Almost all gel-enzyme electrodes about which there is
at present information in the literature were prepared by
immobilising enzymes in a polyacrylamide gel{. The

TIn the study by J.Kulis and B. Panavo, which is being
carried out at the present time at the Institute of Bio-
chemistry of Lithuanian SSR, an enzyme electrode has
been developed for glucose in which glucose oxidase is
immobilised on the surface of a polarographic platinum
electrode in a copolymer of ethylene glycol methacrylate
and ethylene glycol dimethacrylate acids (see Table)®?,
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differences consist only in the method of polymerisation
(chemical or photoinitiated) used to prepare the gel-
enzyme. The advantages of polyacrylamide gels are that
the polymer formed can be readily granulated, the poly-
merisation is rapid, and, dpending on the reaction condi-
tions, it is possible to obtain gels with different porosi-
ties2¢, The methods for the immobilisation of enzymes

in a polyacrylamide gel on the electrode surface have been
described in detail by Montalvo and Guilbault 5,

VI. KINETIC ASPECTS OF THE OPERATION OF
ENZYME ELECTRODES. FACTORS INFLUENCING
THEIR RESPONSE

The quantitative determination of reagents in mixtures
being analysed with the aid of enzyme electrodes can be
achieved in principle in three different ways: (a) by con-
tinuing the enzymatic conversion of the substrate until
completion and by recording the total change in electrode
response as a result of the reaction; (b) by measuring
the rate of change of the electrode response in the initial
period of the enzymatic reaction (in other words by deter-
mining a quantity proportional to the initial reaction
velocity); (c) by recording the change in electrode
response from the beginning of the reaction to the attain-
ment of a constant response (in consequence of the estab-
lishment of a steady-state concentration of the reaction
product in the layer near the electrode).

The first procedure is probably the most accurate; it
is not subject to the influence of effectors (enzyme inhibi-
tors or activators), which may be present in the reaction
mixture; the inactivation of the enzyme immobilised on
the electrode occurring during the reaction does not affect
the analytical results, merely increasing the time required
for the analytical determination; finally, the calibration
plot for this method should be linear regardless of the
initial concentration of the reagent being determined.
However, for a comparatively rapid analysis, it is neces-
sary in this case to have electrodes with a low diffusional
resistance of the reaction layer with respect to the sub-
strate and the product and a very high concentration of the
enzyme in the layer adjoining the electrode, which is
usually difficult and frequently impossible under real
conditions. This factor probably explains why this method
has never been used for analytical determinations with the
aid of enzyme electrodes.

The main disadvantage of the second analytical method
is that the initial velocity of the enzymatic reaction
depends hyperbolically on the substrate concentration:

ka1 (Elo [Sh
T Kyt (12)
where k¢gt is the catalytic constant and Ky, the Michaelis
constant for the enzymatic reaction proceeding in accord-
ance with the general mechanism

E+SomES e E p . (13)

Eqn. (12), called the Michaelis~Menten equation, shows
that the initial velocity of the enzymatic reaction is a
linear function of substrate concentration only in the region
where [S], < Kp,.

Guilbault and Lubrano*, who used the “initial velocity”
method to determine the concentration of glucose with the
aid of immobilised glucose oxidase, noted the speed of
this method (the measurement of the initial velocities took
4-12 s under the experimental conditions %) and its repro-
ducibility (the error was less than 2%). The advantage of
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the “initial velocity” method has also been noted by
Guilbault and Nagy 58,

In the vast majority of different versions of analyses
carried out using enzyme electrodes (see Table), the
method based on recording the steady-state electrode
response in the system has been used. The essential fea-
ture of the method is that the steady-state concentration of
the enzymatic reaction products in the layer of immobilised
enzyme on the electrode, which is recorded by the electro-
chemical sensor, is attained after a definite period from
the instant of immersion of the electrode in the solution
being analysed.

Consider the following model. We have a plane mem-
brane with a thickness ! covering the sensor element of
the electrochemical device and containing the immobilised
enzyme at a concentration [E],, The electrochemical
device with the membrane is immersed in a substrate
solution at a concentration [S],. The partition coefficients
of the substrate and enzymatic reaction product between
the membrane and solution are 6g and 8p respectively. It
is necessary to find the relation between the steady-state
electrode potential in the system and the initial concentra-
tions of the substrate and the immobilised enzyme (taking
into account diffusion factors). According to Fick’s second
law, the rates of diffusion of the substrate and product
within the membrane in a direction x at right angles to its

2

surface are Dg %[8] and -Dp d_g, where Dg and Dy are

dx? dx?
the diffusion coefficients of the substrate and product
respectively. The rate of the enzymatic reaction in the
membrane is determined by the Michaelis—-Menten equa-
tion [Eqn.(12)]. In the steady state (with respect to diffu-
sion) of the system, the rates of these two processes
should be the same:

DS _ Feat (EbIS] (14)
S - = Lo ’

dx K +1S]

d2[P]  Acat[Elo(SI] (15)

TP de T K, 18]
where [S] and [P] are the concentrations of the substrate
and product in the membrane.

Blaedel et al.®® carried out a detailed analysis of this
model. They showed that, at low substrate concentrations
[S] « Ky, the steady-state concentration of the product in
the layer of the membrane near the electrode is defined by
Eqn. (16), provided that the reaction does not alter the
concentration ratio in the overall bulk of the solution
before the attainment of the steady state:

aD8

sP s

DS
sinhal + —D—cosh al — —

[P]=—~ = 2 Sl

h aD,
coshal + ..’_‘- sinhal
s

(16)

[

s

where {g and tp are the corresponding mass-transfer

coefficients, and
Feat [Elo
a= ‘/ ;‘;Ds" . )

At high substrate concentrations [S] > K, the steady-
state concentration of the product is
keat [Elo#®  8,kcat [Elo!

2D, ¢

{P] = (18)
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Thus in the region where [S] < K, the steady-state
concentration of the product in the layer near the electrode
and hence the steady-state response of the enzyme elec-
trode vary linearly with substrate concentration in solu-
tion [Eqn.(16)], while in the region where [S] > K, the
steady-state concentration of the product is independent of
the initial substrate concentration [Eqn.(18)]. Further-
more, it is seen from Eqn. (16) that the enzyme concen-
tration in the membrane influences the steady-state con-
centration of the product only up to a certain limit. For
high values of [E],, the steady-state electrode response
ceases to depend on the concentration of the immobilised
enzyme, in this case we have the limiting value [P] =
(6pts/tp)[so]. Finally, the steady-state electrode response
depends also on the Michaelis constant and the catalytic
constant for the enzymatic reaction (which are in their
turn influenced by pH, temperature, ionic strength, etc.),
on the diffusion coefficients of the substrate and product,
and on the thickness of the reaction layer.

According to the Nernst equation, in the presence of
charged products of the enzymatic reaction the potential
of the electrode system should vary logarithmically with
the activity of the product. Assuming that the steady-
state concentration of the product defined by Eqn. (16) is
approximately equal to its activity under the experimental
conditions, the Nernst equation can be written as follows:

uDsﬁp Dy N
. ; sinhal 4 D coshal — D
E—pry Rlpp b o e sy, (19)
nF cosh al + Dy sinhat
e 1

8,

s s

or, in the case of a singly-charged ionic product (» = 1):

E = E° 4 0.0591 log S}, (20)
It follows from Eqn.(20) that at low substrate concentra-
tions one may expect a potential change of 59.1 mV for a
tenfold change in the initial substrate concentration (at
25°C). However, for the majority of real systems the
electrode response is not fully of the “ Nernst” type. As
examples, one may quote the experimental slopes of plots
of E against lg [S],, which are 0.055 (determination of
urea®), 0.050 (determination of urea®’), and 0.048 (deter-
mination of amygdalin®), In the determination of various
penicillins (see Table), the slope varies from 0.052 for
ampicillin to 0.038 for dicloxacillin®?; the authors were
unable to explain this finding, but suggested that the dif-
ferences between the responses of enzyme electrodes with
respect to various penicillins may be due to the different
thicknesses of the gel layer on the electrode surface.

In the determination of glutamine with the aid of an
enzyme electrode®, this slope was found to depend on the
pH, varying from 0,048 (pH 6.0) to 0.040 (pH 5.0), which
indicates, according to the authors, the influence of hydro-
nium ions on the ion-selective electrode. Guilbault and
Montalvo®? found that the response of the electrode, on the
surface of which immobilised urease had been deposited,
in relation to a standard ammonium chloride solution
actually exceeded the response of the usual glass electrode
reversible with respect to ammonium ions. The authors®?
explained the higher sensitivity of the enzyme electrode by
the fact that, under the experimental conditions (pH 7.0},
urease is negatively charged, so that the enzyme immo-
bilised on the electrode behaves similarly to a cation
exchanger.

When the solution being analysed contains “interfering”
ions, which also influence the electrode potential®  the
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dependence of the potential on substrate concentration can
be formulated as follows:

. DS DS
sinh af + o coshal — —

E=p 4 Zin{— 2 2si” + 3) mat” } (21)

coshas @D
T +
s

aD 8,

sinh al
s

where 7 is the ratio of the selectivities with respect to the
ions, aj the activity of the interfering ion, and z its
charge. The potential of the enzyme pH electrode should
in fact vary in accordance with this law if the hydrogen
ions formed as a result of the enzymatic reaction are
determined in buffer solutions.

Mossbach and coworkers S who investigated the opera-
tion of enzyme pH electrodes in buffer solutions at differ-
ent concentrations, showed that urea may be determined
with the aid of the urease electrode at phosphate buffer
concentrations not exceeding 0.01 M. If is seen from
Eqn.(21) that, when the substrate concentration is reduced,
the electrode potential tends to the constant value

E:E"—L—RFTln (2, na}/’). (22)
The electrode potential tends to the same value when the
concentration of the enzyme immobilised on the electrode
is reduced. Thus, the S-shaped relation between the
potential of the enzyme electrode and the logarithm of the
concentration of the substance being determined in solu-
tion, which is usually observed experimentally, can be
readily accounted for with the aid of Eqns.(16)~-(22).

A considerable proportion of enzyme electrodes described
in the literature (see Table) are sensitive to ammonium
ions %, A significant disadvantage of these electrodes is
their response to virtually all univalent cations 3¢, which
can be described by the following sequences®: Ag*>H*>
K*> NH} > Na® > Li*. The low selectivity of cation elec-
trodes with respect to ammonium ions has so far precluded
the quantitative analysis of biological liquids for amino-
acids and urea (with the aid of immobilised aminoacid
oxidases, asparaginase, glutaminase, and urease) without
their preliminary treatment using exchangers -5, How-
ever, Guilbault and Nagy recently reported an improvement
of the selectivity of electrodes based on urease® and L-
aminoacid oxidase 58 by the addition of the antibiotic nonac-
tin to the layer of gel-enzyme. Under these conditions,
the selectivity of the electrodes was expressed by the
ratios [NHJ/[K *] = 6.5 and [NH}|/[Na*] = 750, Montalvo®®
also reported an appreciable increase of the selectivity of
the cationic glass cation electrode following the deposition
on its surface of a thin hydrophobic membrane (a silicono-
polycarbonate film) which is permeable to ammonium ions.

Guilbault and Montalvo®’ studied in detail the factors
influencing the response of the urease electrode. Almost
all the observed effects are consistent with Eqns.(16)~(22).
The authors®’ also showed that, when urease is immobi-
lised in a polyacrylamide gel on the surface of a cation-
responsive electrode, the thickness of the gel and its
composition have almost no influence on the steady-state
response of the enzyme electrode. Thus, when the thick-
ness of the gel is reduced from 350 to 60 pm, the steady-
state response diminishes only by 29; variation of the gel
concentration from 5 to 17.6% for a constant ratio of the
concentrations of the monomer and the cross-linking agent
leads to a change in the response smaller than 2%, finally,
variation of the concentration of the cross-linking agent in
the system from 5 to 199 at a constant gel concentration
also leads only to a very small change in the response of
the enzyme electrode®’,
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VI. THE STABILITY OF ENZYME ELECTRODES

The stability of enzyme electrodes or their ability to
retain the catalytic activity of the immobilised enzyme over
a period of time varies over fairly wide limits depending
on the type of enzyme and the nature of its immobilisation.
The main disadvantage of the immobilisation of the enzyme
in a gel is its gradual “elution” into the solution surround-
ing the enzyme electrode5?,57,%¢ which leads to a gradual
decrease of the activity of the electrode. As a rule, the
stability of such electrodes can be increased by placing
around the layer of the gel-enzyme a thin cellophane
(dialysis) film, which is readily permeable to substrate
and product molecules, but not to enzyme molecules 52,56,87,
Electrodes with a higher enzyme concentration in the layer
deposited on them are usually more stable5455, The sta-
bility of enzyme electrodes containing immobilised D-
aminoacid oxidase greatly increased when they were stored
in a solution of flavin-adenine dinucleotide, which is a
cofactor of the enzyme5%,%°, When asparaginase was
immobilised in a polyacrylamide gel, the stability of the
corresponding electrode greatly increased compared with
that of the homogeneous enzyme (see Table); on the other
hand, the stability of L-aminoacid oxidase immobilised in
a gel was significantly lower than that of the goluble
enzyme5¢, Finally, the immobilisation of glutaminase in
a polyacrylamide gel, carried out in a study by Guilbault
and Shu%®, led to the complete inactivation of the enzyme.
Thus both these and other available literature data (see
Table) do not allow an a priorvi choice of the immobilisation
procedure for the preparation of a stable enzyme electrode.

The most detailed and systematic study of the stability
of gel-enzyme electrodes prepared under different condi-
tions has been carried out by Guilbault and Montalvo ®7,
The following factors influencing the stability of the urease
electrode were noted: (a) the concentration of urea in the
test solution; (b) the concentration of the enzyme in the
gel; (c) the initial activity of the immobilised enzyme;

(d) the thickness of the layer of the gel-enzyme on the
electrode; (e) the light intensity during photopolymerisa-
tion; (f) the duration of photopolymerisation in the prepa-
ration of the gel-enzyme; (g) the temperature of the gel-
enzyme during photopolymerisation; (h) the type of enzyme
electrode.

Guilbault and Montalvo$? found the optimal conditions
for the preparation of the gel-enzyme under which the sta-
bility of the immobilised urease is highest (the enzyme
works periodically for 3 weeks without appreciable loss of
activity). It was shown that the stability of the electrode
depends on the urea concentration in the solution being
analysed, becoming impaired with increasing substrate
concentration. According to a number of data®,%:7  an
increase of the stability of the enzyme electrode is
observed with increase of the thickness of the gel-layer
(from 60 to 350 um), with increase of the enzyme concen-
tration in the reaction layer, and, finally, when the layer
of gel-enzyme on the electrode is covered by a thin cello-
phane film. :

Guilbault and Lubrano“® made a comparative study of
the stabilities of three types of electrodes with immobi-
lised glucose oxidase—bound chemically to derivatives of
polyacrylic acid, entrained in a polyacrylamide gel, and
immobilised in a thin layer of solution between the surface
of the electrode and a cellophane film. It has been noted*
that the third type of electrode not only loses its activity
appreciably on storage in a buffer solution but also its
response diminishes in each successive determination of
the glucose concentration in solution. For this reason,
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this type of electrode has not been used for the analytic
determination of glucose (see Table). The response of
enzyme electrodes of the first two types reaches a maxi-
mum after they have been working for 20-40 days and then
diminishes during 200-300 days (see Table), the electrode
with chemically immobilised glucose oxidase being more
stable than the gel-enzyme electrode. The authors ¥ sug-
gest that the bell-shaped curve for the dependence of the
electrode response on time may be accounted for by the
superposition of two effects—the gradual formation of
diffusion channels in the matrix of the immobilised enzyme
and the simultaneous denaturation of the latter,

VIiII. PROBLEMS AND PROSPECTS

The wide scale and effective application of immobilised
enzymes in analytical chemistry requires the solution of a
number of general biochemical problems (the development
of methods for the isolation and purification of enzymes,
the development of methods for the determination of the
catalytic activities of specific enzymes, the study of the
mechanisms of the action of specific enzymes, the eluci-
dation of factors influencing enzyme activity, etc.). Apart
from these problems, which have no direct bearing on the
subject of the present review, the following problems
must be solved for the development of highly specific and
economical enzyme electrodes suitable for the selective
determination of a wide range of chemical compounds:

(1) An increase of the stability of immobilised enzymes
to such an extent that they can function for several months
and years,

(2) The determination of universal immobilisation
methods permitting immobilisation by standard procedures
suitable for all enzymes (or for specific groups of
enzymes).

{3) An increase of the specificity of ion-selective elec-
trodes with respect to particular ions (for example
ammonium ions), which will permit the quantitative deter-
mination of given reagents with the aid of the correspond-
ing enzyme electrodes in the presence of extraneous ions.

(4) An increase of the sensitivity of electrochemical
systems with respect to electrochemically active products
of the corresponding enzymatic reactions. This will make
it possible to extend the limits of the sensitivity of enzy-
matic analytical methods towards lower concentrations of
the given reagents.

In order to assess the possibilities of enzymatic ana-
lytical methods and the prospects of their development, it
is sufficient to quote a by no means complete list of
reagents the quantitative determination of which is of
interest for analytical chemistry and which can be deter-
mined with the aid of enzyme electrodes. These reagents
include aliphatic and aromatic alcohols, aldehydes, acids,
hydroxyacids, ketoacids, dicarboxylic acids, aminoacids,
esters, amides, carboxylic acid nitriles, primary,
secondary, and tertiary amines, diamines, glycols
(including ethylene glycol, propane-1,2-diol, and butane-
2,3-diol), glycerol, acetoin, acetoacetate, hydrazine,
hydroxylamine, ethanolamine, tyramine, nitroethane and
other aliphatic nitro-compounds, phenols, o- and p-
dihydroxybenzenes, xanthine, hypoxanthine, cholesterol,
androsterone and other 3-a-hydroxysteroids, testosterone
and other 3-B- and 17-B-hydroxysteroids, 20-dihydrocorti-
sone, penicillins, sugars, thiols, diisopropyl phosphoro-
fluoridate and other organophosphorus compounds, DDT,
hydrogen peroxide, nitrates, nitrites, sulphites, hydro-
gen sulphide, ammonia, nitric oxide, pyrophosphate,
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halides, cyanides, and metal ions (calcium, barium,
zine, cadmium, copper, manganese, cobalt, and nickel
ions).

It is noteworthy that, in order to determine any of
these reagents, one can select, in principle, a suitable
chain of coupled enzymatic reactions, with the substance
to be determined at the beginning and the electrochemi-
cally active enzymatic reaction product at the end. In
other words, in principle, a suitable enzyme electrode
can be prepared for the quantitative determination of
virtually any of the reagents enumerated above.
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