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FORMULATION OF THE PROBLEM

The term “immobilized enzymes” was suggested
three decades ago at the I International conference on
engineering enzymology (1971, United States). Since
that time a plethora of techniques of enzyme immobili-
zation on supports have been tested [1]. These include
the adsorption on insoluble supports; the incorporation
of enzymes into gel, hollow fibers, and liposomes; the
microencapsulation; and the cross-linkage of enzymes
by bi- or polyfunctional reactants. The incorporation of
enzymes into porous electrodes (PE) is a case apart. In
the first place, the support in this case must be a con-
ductor of electrons. Secondly, the support particles (SP)
must be highly-dispersed in the porous space of the
electrode. Only then an mixture of SP and enzymes
may ensure considerable current densities in a unit vol-
ume of a porous electrode with immobilized enzymes
(PIE).

The feasibility of realizing reversible electrochemi-
cal reactions with the participation of immobilized
enzymes was shown in a number of works. The organi-
zation of transport of electrons between an active center
of an enzyme and an electrode may be realized by two
fundamentally different techniques: (1) by means of
low-molecular-weight carriers or mediators and (2) by
direct oxidation or reduction of active centers of the

enzymes. The second version is more alluring as it
gives one a chance to eliminate an intermediate link,
which is connected with a mediated electron transport
from enzymes onto SP. For the first time the mediator-
less technique of electron exchange between SP and
enzymes was realized in [2]. In this particular commu-
nication we presume that there takes place a direct oxi-
dation or reduction of active centers of enzymes on the
electrode.

One of the absolutely new problems associated with
use of enzymes in PE is the necessity to know in more
detail the structure of the protein part of enzyme mole-
cules. Compared with traditional catalysts that have
atomic size, the volume of enzymes is considerable and
the view that a biocatalyst is simply “smeared” over the
support surface is erroneous. Hence it is necessary to
have information about the degree of localization of
active center in the ternary structure of enzymes, about
the nature of electron transport over the protein part of
enzymes, and about desirable position of an enzyme
relative to particles in contact with it.

Another problem is the necessity to know more
about specific features of the adsorption or chemical
interaction of enzymes with aggregated SP. Earlier
studies dealt with enzymes immobilized on electrodes
whose size was much greater than that of the enzyme.
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Abstract

 

—The percolation characteristics of porous electrodes with immobilized enzymes are calculated. It is
presumed that active centers of the enzymes undergo direct oxidation or reduction on the electrode. Two ver-
sions of a three-dimensional electrode structure consisting of particles of identical size are studied. In one, the
frame of the porous electrode (PE) comprises only those parts of the support that conduct electrons. In the other,
the electrode is a two-component structure capable of ensuring the supply of two participants of the electro-
chemical process to the enzymes. Calculated are: the fraction of the support parts that conduct electrons (taken
as a whole, they form an “electron cluster”); the electron cluster’s transparency; and the number of exits the
electron cluster has onto the rear surface of PE. The character of distribution of enzymes that are in contact with
one or two macroscopic clusters, which comprise “conductive” particles, over the PE thickness is established.
In doing so, it is assumed that the two clusters can be supplied either from one side (“parallel” clusters) or from
two opposite sides (“collision” clusters) of PE. The electron cluster surface accessible to contact with enzymes
and the number of enzymes in contact with such an electron cluster are determined. Two possibilities of the PE
functioning are examined. In one, the electrochemical process proceeds at any contact of the enzyme with the
support particles. In the other, a certain type of enzyme immobilization on the support is required. The region
of optimum concentrations of components that make PE is established. Within this region the electrochemical
activity may reach a maximum.
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The enzyme size in PIE, may be commensurate with
that of SP and even exceed it. Hence, it is necessary to
find out the degree of contact the enzyme makes with
SP, and the nature of ensembles formed by SP and
enzymes.

And thirdly, it is necessary to have more information
about the porous structure of the “filled” electrodes,
into which one is going to implant enzymes by one
means or another. It is necessary to study percolation
properties of active layer that comprise an aggregate of
SP and other particles that are required for the organi-
zation of electrochemical process in PIE.

At present the solution of the first two involved
problems seems out of reach. Therefore, we will focus
on the third point. Our aim will be to find conditions
that would ensure an optimum degree of functioning of
enzymes in PIE. We will construct computer models for
PIE, examine their percolation properties, and compute
a dependence of the electrochemical activity of PIE on
their composition.

An example of the way one can conduct computer
simulation of the structure of PIE, as well as the basic
notions and terms that emerge in doing so—all this has
been demonstrated in sufficient detail in [3]. In that
study we used two-dimensional lattices as a simplest
example that admitted a vivid presentation. We showed
how one must perform calculations of percolation char-
acteristics of PIE. In the present work we explore three-
dimensional structures that are closer to reality.

We will carry out our theoretical research using
three simplifying assumptions. Firstly, we will repre-
sent a PIE as a cube with a volume of 

 

N

 

 × 

 

N

 

 × 

 

N

 

 arbi-
trary sizes (sizes of particles that make the electrode).
All the particles that make the electrode are assumed to
have an absolutely identical size, be shaped as “small
cubes,” and be randomly scattered over the points of a
cubic lattice that occupies the space of our model elec-
trode. Thus, the electrode’s capacity is exactly 

 

N

 

3

 

 parti-
cles. There are strong grounds for believing that this
electrode is “porous.” This belief is based on the algo-
rithms of percolation calculations remaining the same
if we pass to studying more realistic components of a
PE—spherical particles. Secondly, we assume that the
principal parameter in a model of PIE is the concentra-
tion of SP in a unit volume and denote this parameter as

 

g

 

. And thirdly, the shape and size of the enzyme will be
identical to those of all the other particles that make a PE.

Thus, from the viewpoint of percolation theory [4–
12], we will consider a 3D model of percolation of a
wetting fluid (say, electrons, over trains of SP) in a
porous body with a random configuration of particles in
a volume of 

 

N

 

 × 

 

N

 

 × 

 

N

 

 arbitrary sizes. If we restrict our
consideration for the time being to the case of a single-
component structure, then every point of such a lattice
will be an elementary cubic cell, which exists in two
possible “phase states,” specifically, either as SP or as
void into which an enzyme molecule may, in principle,
be placed. Moreover, we assume that one of the six

faces of this “lattice of sites” (porous electrode) is in
contact with a liquid phase (source of electrons, current
lead).

In order to obtain high overall current densities in a
PIE or produce a sufficient amount of a target product,
it is necessary to supply a reactant, ions (supplied or
removed), and an electric current (supplied or removed
with the aid of SP) into a certain region of the porous
structure. This is the region where enzymes are located
and where the electrochemical process mainly occurs
(we call this region “region of electrochemical conver-
sions”). As for the reactant, it may be, for example,
oxygen or hydrogen, if we speak of a biofuel cell with
gaseous reactants. Thus, in a PIE, it is necessary to
ensure conditions for a meeting of all the participants in
electrochemical conversions in a maximum volume
possible. Moreover, it is necessary to secure the occur-
rence of the following symbolic reaction:

 

(1)

 

where R stands for the reactant, I represents the sup-
plied or removed ions, e means electrons, E denotes the
enzyme, and P is the target product. Naturally, in doing
so, the central moment in the construction of the struc-
ture of a PIE must be the organization of a developed
surface of contact of SP with the enzyme. It is explora-
tion of brand new opportunities that unfold here that we
will busy ourselves with in the first place.

ONE CONDUCTING CLUSTER

We commence constructing a support of the “fill-
ing” type for an enzyme. We scatter SP in a random
fashion over points of a cubic lattice in a volume that is
isolated for constructing a model electrode. Each SP
possesses electron conduction. However, for a SP to be
a real supplier of electrons for the enzyme immobilized
on the support, the particle must be connected with an
electron source. A current lead situated on a PE face is
such a supplier of electrons.

At small concentrations of SP in a unit volume, on
average SP happen to be disconnected. That is why the
enzymes cannot take part in the electrochemical pro-
cess. As sufficiently large concentrations of SP, how-
ever, the enzymes begin forming linked (common face
of neighboring SP) systems of particles called clusters.
The properties of such clusters are the subject studied
by a special branch of mathematics called the percola-
tion theory. Its main conclusion is that, upon reaching a
certain threshold value (called percolation threshold) of
the concentration of “conductive” elements (in our
case, SP) in infinite lattice-like structures, there
emerges an infinitely large conductive cluster. It is quite
understandable that the existence of such practically
infinite (macroscopic) clusters is absolutely necessary
for the PE functioning. The point here is that diameters
and thicknesses of PE usually exceed the size of struc-
tural units that make the PE by a few orders of magni-
tude. That is why only a practically infinitely large con-

R I e  +  E+ + P,=
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ductive cluster is capable to supply electrons to a large
number of enzymes linked with this cluster or, in other
words, to create acceptable for practice overall current
densities in PIE. We will call such a macroscopic clus-
ter an “electron cluster.”

An electron cluster is bound to perform two func-
tions in a PIE. In the first place, an electron cluster is
one common support for all enzymes attached to it.
Therefore, it is important for an electron cluster to have
free surface on which to adsorb enzymes. We intro-
duced this property of an electron cluster in [3] and
called it “transparency.” The transparency of an elec-
tron cluster is the ratio of the number of it faces open
for the adsorption of enzymes to the number of all the
faces constituting the electron cluster. It stands to rea-
son that the transparency is maximum when parameter

 

g

 

 tends to zero (when SP are disconnected) and then it
steadily decays. We will obtain an example of an abso-
lutely non-transparent cluster at 

 

g

 

 = 1. In this case all
the cells of a porous space are occupied by SP; there-
fore, all the SP kind of stick to one another, and there is
absolutely no chance for the cluster to adsorb enzymes.
The transparency of such a cluster is rigorously equal to
zero. If, of course, we ignore the PE external surfaces.

Another function of an electron cluster in PIE (we
have already dwelt on this problem somewhat) is to
ensure the supply or removal of electrons from a cur-
rent lead situated on one of the electrode sides to all the
enzymes sitting on the electron cluster. This property of
an electron cluster comes into force only after parame-
ter 

 

g

 

 reaches a certain threshold value, which we denote
as 

 

g

 

cr

 

. At smaller values of parameter 

 

g

 

, support parti-
cles an electron cluster still do not form. Thus, in the
interval 

 

g

 

cr

 

 

 

≤

 

 

 

g

 

 

 

≤

 

 1

 

, there must exist a region of optimum
values of parameter 

 

g

 

 at which the number of enzymes
sitting on an electron cluster and supplied by electrons
reaches a maximum. Naturally, we assume that any

conceivable limitations (ohmic, diffusion) on the cur-
rent generation in PIE are either absent or simply
ignored, for the time being.

Let us note also that the character of occupation of
our model electrode by an electron cluster must, natu-
rally, be essentially dependent on the PE size. Accord-
ing to preliminary calculations, beginning with the size

 

100

 

 × 

 

100

 

 × 

 

100

 

, percolation characteristics of PE
undergo no substantial variations any longer. This cal-
culation testifies that PE whose size is equal to or
greater than 

 

100

 

 × 

 

100

 

 × 

 

100

 

 could be called macro-
scopic electrodes or electrodes of an infinitely large
size.

Having finished with this terse prolegomenon we
turn our attention to expounding on the results of a
computer simulation of the process of formation of an
electron cluster in an electrode space and to calculating
the number of enzymes that are in contact with it and
make their contribution to the magnitude of the electro-
chemical activity of a PIE.

The major characteristics of a single-component
electrode, which comprises only SP, appear in Tables 1
and 2. With parameter 

 

g

 

 tending to zero, the only SP
that can take part in electron exchange are those in
direct contact with a current lead. That is why, here, the
fraction of SP that conduct electrons is infinitesimally
small. We denote this fraction as 

 

g

 

e

 

. However, with the
density of SP in an electrode increasing, 

 

g

 

e

 

 also begins
increasing. Should the electrode size have been infinite,
the percolation threshold, i.e. the instant when there
begins an explosive growth of 

 

g

 

e

 

, would have begun in
a cubic lattice of sites at the value

 

(2)

 

as was demonstrated in [13]. In reality, however, an
electrode, although being macroscopic, has non-infinite
dimensions. Therefore, some of the conducting paths

g = gcr = 1 21/2+( )1/3
1 21/2–( )1/3

+[ ] /2 = 0.298,

Table 1.  Dependence of principal parameters of a PIE on the fraction of SP; single-component system, volume 100 × 100 × 100

g ge Smax S ρ n

0.05 5.5 × 10–4 3.31 × 103 2.6 × 103 0.786 0

0.1 1.2 × 10–3 7.25 × 103 5.39 × 103 0.744 0

0.2 3.3 × 10–3 1.99 × 104 1.34 × 104 0.676 0

0.3 1.7 × 10–2 1.02 × 105 6.28 × 104 0.617 0

0.315 3.11 × 10–2 1.87 × 105 1.14 × 105 0.612 0

0.317 7.63 × 10–2 4.58 × 105 2.8 × 105 0.613 160

0.4 0.357 2.14 × 106 1.22 × 106 0.57 3 × 103

0.5 0.488 2.93 × 106 1.44 × 106 0.491 4.7 × 103

0.6 0.597 3.58 × 106 1.43 × 106 0.399 5.9 × 103

0.7 0.699 4.2 × 106 1.27 × 106 0.303 7 × 103

0.8 0.8 4.8 × 106 9.82 × 105 0.205 8 × 103

0.9 0.9 5.4 × 106 5.71 × 105 0.106 9 × 103

0.999 0.999 5.99 × 106 4.59 × 104 7.65 × 10–3 1 × 104
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that do exist in an infinite space happen to be “axed off”
in a finite electrode (we discuss the possibility of such
percolation effects in [14–17]). That is why the perco-
lation threshold is reached not at gcr = 0.298 ≈ 0.3, but
at a greater value of parameter g. As we see from a com-
parison of data presented in the first and sixth columns
of Table 1, an electron cluster emerges in an electrode
at g = 0.317. This is the only value of parameter g at
which SP supplied with electrons emerge on the elec-
trode side opposite to the current lead, because in the
last column of Table 1 we present values of quantity n,
which is the number of exits an electron cluster has
onto the PE rear surface.

Comparing the data presented in the first and second
columns of Table 1 shows that there exist three charac-
teristic ranges for parameter g. In the range 0 ≤ g ≤ gcr =
0.317, the growth of the number of SP that conduct
electrons ge heavily lags behind the growth of the num-
ber of all SP. Once parameter g reached the threshold
value gcr , there begins the range of a rapid growth of ge,
in which ge tends to take over g. And finally, in the
range of large values of g we can assume that ge is at last
approximately equal to g. This implies that practically
all SP enter an electron cluster. Vividly, the run of a ge
vs. g dependence in all the three ranges is presented in
Fig. 1. Clearly distinguishable are the range of practi-
cally vanishing values of quantity ge; the range of a
rapid growth of ge, which approximately terminates at
g = 0.5 (see also the data we present in Table 1); and the
range where ge approximately equals g.

In the third column of Table 1 we present values of
the surface area of all SP that conduct electrons, Smax. In
the fourth column of Table 1 there appear values the
surface area of electron-conducting SP that is ready to
adsorb enzymes, S. Values of the ratio ρ = S/Smax, which
defines the transparency of an electron cluster, appear
in the fifth column of Table 1. As we have already men-
tioned in the foregoing, the transparency steadily
decays with increasing parameter g. The transparency ρ
reaches maximum value ρ = ρmax = 5/6 = 0.833 at
parameter g tending to zero. Then to conduct electrons
are capable only SP that are in direct contact with a cur-
rent lead. In this case, obviously, five out of six faces of

a cubic lattice “straddling” the current lead happen to
be ready to adsorb enzymes. That is where the value
ρmax = 5/6 stems from. The run of an S vs. g dependence
is illustrated by curve 2 in Fig. 1. The dependences of
the transparency and the number of exits of the electron
cluster onto the rear surface of PE on parameter g
appear in Fig. 3 (curves 1 and 3, respectively).

We will address now an important point of our
investigation, which is to establish the number of
immobilized and accessible to bioelectrocatalysis
enzymes and thus estimate the magnitude of the current
generated in a PIE. These data are collected in Table 2.

Another distinguishing feature of enzymes as bio-
catalysts, which makes them different from metallic
catalysts, is that in the course of an enzyme immobili-
zation in a PE it is important that a certain part of

Table 2.  The number of enzyme particles in contact with SP
and reacting enzyme particles as a function of the fraction of SP
in a PIE; single-component system, volume 100 × 100 × 100

g Ne Nc/106 Nr/106 ρ*

0.05 9.5 × 105 2.38 × 10–3 4.22 × 10–4 0.719

0.1 9 × 105 4.72 × 10–3 8.92 × 10–4 0.651

0.2 8 × 105 1.01 × 10–2 2.22 × 10–3 0.553

0.3 7 × 105 3.8 × 10–2 1.04 × 10–2 0.373

0.31 6.9 × 105 5.25 × 10–2 1.47 × 10–2 0.362

0.32 6.8 × 105 0.249 7.15 × 10–2 0.354

0.33 6.7 × 105 0.37 0.11 0.336

0.35 6.5 × 105 0.474 0.152 0.308

0.4 6 × 105 0.535 0.201 0.25

0.5 5 × 105 0.488 0.237 0.167

0.6 4 × 105 0.398 0.235 0.111

0.7 3 × 105 0.3 0.207 0.071

0.8 2 × 105 0.2 0.158 0.042

0.9 1 × 105 0.1 8.92 × 10–2 0.019

0.999 1 × 103 1 × 10–3 9.87 × 10–4 0.00017

0.5

0.4 0.60.2 0.8 1.0

1.0
ge

g

Fig. 1. The fraction of SP that conduct electrons vs. the frac-
tion of SP in single-component PIE of volume 100 × 100 ×
100.

9 × 105

0.2 0.4 0.6 0.8 1.0
g

1.5 × 106

3 × 105

S, S*, S**

1

2
3

Fig. 2. Dependences of (1, 3) true and (2) effective surface
areas ready to adsorb enzymes on the SP fraction in single-
component PIE of volume 100 × 100 × 100.
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enzymes should made contact with the SP that conduct
electrons. We call it a “contact” center. Let us try and
allow for this circumstance in calculations. Let us
assume, for simplicity, that the contact center of an
enzyme is located on one of its six faces (it will be
remembered that we conditionally represent both
enzymes and SP as small cubes of the same size). Then,
it is obvious that an enzyme surrounded by six neigh-
boring SP that conduct electrons may take part in bio-
electrocatalysis with probability ω6 = 1. Similar proba-
bilities ω5 through ω1 for enzymes surrounded by five
to one electron-conducting SP equal 5/6, 2/3, 1/2, 1/3,
and 1/6. Thus, knowing how many enzymes in a PE
have as their neighbors s SP that conduct electrons, and
denoting these quantities as Ns, where s runs values
from 1 to 6, we can find the number of enzymes, Nr, that
take part in a bioelectrocatalysis process with the for-
mula

(3)

This formula is valid under the assumptions that we
adopted in the foregoing. Specifically, the contact cen-
ter of an enzyme, which is localized at one of the six
faces of a cubic enzyme, must be in direct contact with
SP that conduct electrons.

The second column of Table 2 lists values of the
number of maximum permissible enzymes that are
capable of occupying a PE. This quantity was calcu-
lated with the obvious formula

(4)

Here, g represents the fraction of SP in a PE. The third
and fourth columns of Table 2 contain the fraction of
enzymes in contact with an electron cluster, Nc/106, and
the fraction of reacting enzymes, Nr/106, under the con-
dition that a certain type of fixation of the enzyme on a
SP (see relationship (3)) is required for taking part in
the electrochemical process. To calculate quantities Ns
and Nc we used methods presented in [3].

N r N1ω1 N2ω2 N3ω3 N4ω4+ + +=

+ N5ω5 N6ω6.+

Ne N3 1 g–( ) 106 1 g–( ),= =

In the last column of Table 2 we present values of
the effective transparency of an electron cluster. The
meaning of this quantity is as follows. The surface area
of an electron cluster, which is ready to adsorb
enzymes, S, is the number of faces that make an elec-
tron cluster of SP, which may, in principle, adsorb
enzymes. If the size of enzymes is smaller than the size
of SP, all these faces may adsorb the enzymes. The sit-
uation alters when the shape and size of enzymes and
SP are identical. We see from a comparison of the data
presented in the fourth column of Table 1 with the data
presented in the third column of Table 2 that in this case
the number of free faces of an electron cluster is greater
than the number of enzymes sitting on the electron clus-
ter, i.e. S > Nc. For every enzyme may be in contact with
one, two, and so on free faces of an electron cluster.
That is precisely why we have introduced the notion of
an effective transparency of an electron cluster, which
is defined by the expression ρ* = Nc/Smax. The effective
surface area of an electron cluster, S* = Nc, as a function
of the fraction of SP in the PE bulk is indicated by curve 2
in Fig. 2. And the run of a ρ* vs. g dependence is
pointed out in Fig. 3 by curve 2.

Figures 4a and 4b show dependences of, respec-
tively, absolute and relative numbers of enzymes in
contact with an electron cluster on the fraction of SP.
The curves that are marked in Fig. 4 with number “1”
presume that an enzyme takes part in the electrochemi-
cal process no matter the way it contacts the SP. The
curves that we marked with number “2” in Fig. 4 pre-
sume that an enzyme takes part in the electrochemical
process under the condition that a certain type of fixa-
tion of the enzyme on a SP (see relationship (3)) is
required. Curve 3 in Fig. 4a points out a maximum pos-
sible fraction of enzymes that may be contained in a PE.
Exact numerical values of quantities Nc, Nr, and Ne
appear in relevant columns of Table 2.

At g  1, Nc = Nr (Table 2, Fig. 4), because at high
g practically all enzymes are surrounded by electron-
conducting SP. Hence, a bioelectrocatalysis act occurs
the position of the enzyme and its contact center not-

0.2

0.2 0.4 0.6 0.8 1.0
g

0.4

0.6

0.8

1.0
ρ, ρ*, n × 10–4

12

3

Fig. 3. Dependences of (1) true and (2) effective transpar-
ency and (3) the number of exits of an electron cluster onto
the PIE rear surface on the SP fraction; single-component
PIE of volume 100 × 100 × 100.

0.12

0.1 0.3 0.5 0.7 0.9
g

0.24

0.36

0.48

0.60

Nc × 10–6, Nr × 10–6

Ne × 10–6

1

2

3 (‡)

0.2 0.4 0.6 0.8 1.0
g

0.5

1.0

Nc/Ne, Nr/Ne

1
2

(b)

Fig. 4. Dependences of (a) absolute and (b) relative number
of enzymes in contact with electron cluster on the SP frac-
tion for a single-component PIE of volume 100 × 100 × 100;
see text for explanations.
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withstanding: formally, terms Ns in (3) tend to zero at
s < 6. Regretfully, at large g, the overall number of
enzymes and the current generated by them tend to
zero.

As follows from curve 1 in Fig. 4b, with the excep-
tion of a small region near a point of breakdown, prac-
tically every enzyme in a single-component PE is in
contact with electron-conducting SP: Nc/Ne ≅ 1 in the
interval 0.5 < g ≤ 1.0. However, as follows from curve 2
in Fig. 4b, not every enzyme in contact with electron-
conducting SP is capable of taking part in the electro-
chemical reaction, under the assumptions we adopted
in the foregoing (see relationship (3)).

Let us also note that we can evaluate the maximum
possible electrochemical activity of a PIE, I, under the
conditions where a certain type of fixation of the
enzyme on a SP is required. The evaluation can be done
with the aid of a simple formula on the basis of the data
presented in Fig. 4 and in the fourth column of Table 2,
provided the contribution of each particular enzyme to
the generation of current i is known. Specifically, we
can assume that

(5)

Note that the current computed with the aid of formula
(5) gives maximum of what we can hope for when deal-
ing with PIE. For formula (5) fails to take into account
a multitude of possible constraints that may take place
(see general symbolic formula (1)) in the course of
functioning of systems that complex. Possible are

I iN r.=

outer- and inner-diffusion limitations, ohmic (elec-
tronic, ionic) losses, etc.

TWO CONDUCTING CLUSTERS

In the foregoing we considered only conditions that
ensured enzymes’ contact with SP (with an electron
cluster) supplied with electrons. However, in accor-
dance with formula (1), to successfully conduct an
electrochemical process in a PIE, it might become nec-
essary to guarantee also a continuous supply (or
removal) of other participants in the electrochemical
reaction to the enzymes. Let us examine one more sim-
plest case, say, a two-component system that is a mix-
ture of SP with particles that facilitate a continuous
penetration of one more participant of the electrochem-
ical reaction into the region of electrochemical conver-
sions. In principle, SP could be mixed with particles of
a solid polymer electrolyte, agglomerates of polytetra-
fluoroethylene particles, and so on. We will condition-
ally call the second, besides the SP, component “com-
ponent two” (CT).

Consider now a SP with an enzyme immobilized on
it, which is present somewhere at an arbitrary point of
a PE. This SP must be connected through continuous
“paths” both with current leads (via trains of SP) and
with the source of the other (besides electrons) partici-
pant of the electrochemical process (via trains of CT).
The source is localized on one of the PE faces. Under
these conditions, for a full-fledged functioning of a PIE,

Table 3.  The number of enzyme particles in contact with SP
and reacting enzyme particles as a function of the fraction of
SP in a PIE; two-component system, two collision clusters,
volume 100 × 100 × 100

g Nc/106 Nr/106 S**

1 × 10–4 0 0 5

1 × 10–3 0 0 50

0.01 0 0 498

0.1 0 0 4.62 × 103

0.2 0 0 1.03 × 104

0.3 0 0 3.48 × 104

0.311 0 0 4.5 × 104

0.312 3.47 × 10–3 8.92 × 10–4 8.28 × 104

0.32 4.68 × 10–2 1.23 × 10–2 2.35 × 105

0.33 9.86 × 10–2 2.72 × 10–2 3.39 × 105

0.35 0.157 4.72 × 10–2 4.31 × 105

0.37 0.174 5.63 × 10–2 4.49 × 105

0.4 0.161 5.76 × 10–2 4.17 × 105

0.45 9.21 × 10–2 3.82 × 10–2 2.62 × 105

0.47 5.68 × 10–2 2.48 × 10–2 1.74 × 105

0.499 1.95 × 10–3 9.27 × 10–4 2.45 × 104

Table 4.  The number of enzyme particles in contact with SP
and reacting enzyme particles as a function of the fraction of SP
in a PIE; two-component system, two parallel clusters, volume
100 × 100 × 100

g Nc/106 Nr/106

1 × 10–4 0 0

1 × 10–3 0 0

0.01 2.1 × 10–5 2.33 × 10–6

0.1 2.38 × 10–3 2.97 × 10–4

0.2 6.8 × 10–3 1.05 × 10–3

0.3 1.29 × 10–2 2.78 × 10–3

0.32 5.28 × 10–2 1.35 × 10–2

0.33 0.105 2.87 × 10–2

0.35 0.16 4.78 × 10–2

0.37 0.176 5.65 × 10–2

0.4 0.162 5.76 × 10–2

0.45 9.21 × 10–2 3.82 × 10–2

0.47 5.68 × 10–2 2.48 × 10–2

0.499 1.95 × 10–3 9.29 × 10–4
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in addition to the electron cluster, one more macro-
scopic cluster must be present in the electrode bulk.

As before, we assume that the principal parameter of
a model PIE is the concentration of SP in a unit volume,
i.e. parameter g. To simplify our analysis, we also
assume that the concentration of CT (we denote it as g*)
was equal to g. That is why the maximum number of
permissible enzymes that are capable of positioning
themselves in a two-component PE is

(6)

and now parameter g may vary only in the interval 0 ≤
g ≤ 0.5.

There exist two possibilities for supplying a cluster
of SP by electrons and a cluster of particles of CT by
some substance (ions, gas, etc.). In one, both clusters
are supplied and “grow” from one of the PE sides. This
is the case of what we call “parallel” clusters. In the
other, both clusters are supplied and “grow” from the
opposite sides of PE. This is the case of what we call
“collision” clusters. The results of modeling these two
cases on a computer and a calculation of percolation
characteristics appear in Tables 3 and 4.

We begin our analysis of calculation results with the
case of collision clusters. The second column of Table 3
lists the fraction of enzymes that contact simulta-
neously two clusters. The third column represents the
fraction of reacting enzymes. When computing this
quantity we were once again guided by formula (3).
The fourth column is the surface area, S**, of SP that
conduct electrons and is open for enzymes. The quan-
tity S** must be smaller than the quantity S determined
previously in Table 1 for a single-component system.
The point is that, with CT present in a PIE, some of the
faces of the electron cluster that were previously open
for enzymes now can be in contact with particles of
component two and is no longer available for adsorbing
enzymes. Apparently, it is irrelevant for quantity S**
how the supply of clusters occurs: from one side or
from both sides. That is why Table 4 contains no fourth
column. The way quantity S** depends on parameter g
is illustrated by curve 2 in Fig. 3. We see that the pres-
ence of CT considerably reduces the number of

Ne N3 1 2g–( ) 106 1 2g–( ),= =

enzymes capable of positioning themselves on the elec-
tron cluster.

We continue with our analysis of a two-component
system by considering the case of collision clusters.
With increasing g, these “grow” and “reach out” for
each other from the opposite sides of PE. As a result, at
small values of parameter g, the principal “body” of
clusters is still concentrated next to the relevant sides.
Consequently, the number of enzymes, which could
have been in simultaneous contact with two clusters,
rigorously equals zero. That is precisely what the data
in Table 3 demonstrate (zeros in the second and third
columns). And only at g = 0.312 the clusters become
capable for the first time to touch one another, and
quantities Nc and Nr become other than zero.

Note also that, as follows from the data of Table 1,
an electron cluster in a single-component PE reaches
the rear side of the electrode at a larger value of param-
eter g, specifically, at g = 0.317 (it is only here that the
quantity n in the last column becomes other than zero).
The difference between values g = 0.312 in Table 3 and
g = 0.317 in Table 1 is explained by the fact that an elec-
tron cluster in a single-component PE must work its
way through a path that is twice that it must overcome
in a two-component PE with collision clusters, which
are on the whole absolutely symmetrical.

We are coming now to the case of a parallel cluster.
Consider the data we present in Table 4. Here both clus-
ters grow on the same side of PIE. As we see, with the
exception of a very narrow range of values of parameter
g, at which isolated, accidental particles of two sorts
“sit” on the PIE surface and still have no chance to
simultaneously touch the enzyme (we still believe that
all the particles, which make PE, and the enzyme have
an identical shape and size), values of quantities Nc and
Nr presented in Table 4, as opposed to those in Table 3,
rather rapidly turn other than zero.

Interestingly enough, in the region of large values of
parameter g (starting with g = 0.4), values of quantities
Nc and Nr presented in Tables 3 and 4 become practi-
cally identical (apart from small fluctuations that
emerge if clusters of different realizations are calcu-
lated). In the transition region of values of parameter g
(0 ≤ g ≤ 0.4), values of quantities Nc and Nr for the case
of parallel clusters marginally exceed those for the case
of collision clusters.

The data compiled in Tables 3 and 4 give us a chance
to construct curves that show how quantities Nc and Nr
depend on parameter g (Fig. 5). Curve 1 shows the frac-
tion of enzymes that take part in the electrochemical
process no matter in what manner they contact the SP.
Curve 2 shows the fraction of enzymes that take part in
the electrochemical process under the condition that a
certain type of fixation of the enzymes on a SP (accord-
ing to relationship (3)) is required. Curve 3 is the max-
imum possible fraction of enzymes that can be con-
tained in a PE.

0.2

0.40 0.450.35 0.50

0.4

g

Nc × 10–6, Nr × 10–6, Ne10–6

3

2

1

(‡)

0.6

0.40.3 0.5

1.0

g

Nc/Ne, Nr/Ne

2

1

(b)
0.8

0.4

0.2

Fig. 5. Same as in Fig. 4, for a two-component PIE of vol-
ume 100 × 100 × 100; see text for explanations.
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Figure 5a shows quantities Nc and Nr normalized to
the maximum possible number of particles in the PE
bulk, i.e. to 100 × 100 × 100 = 106. Figure 5b presents
the same quantities normalized to the number of
enzymes permissible for a given value of parameter g.
As we see (here it is useful to compare Figs. 4a and 4b,
i.e. single-component PE with two-component PE), at
g = 0.5, almost every enzyme is capable of making con-
tact with two clusters (curve 1, Fig. 5b) and only
approximately half the enzymes are capable of taking
part in the electrochemical reaction under the condition
that a certain type of fixation of the enzymes on a SP is
required.

The difference between the cases of parallel and col-
lision clusters becomes still more pronounced when we
examine the distribution of enzymes, which make
simultaneous contact with two clusters of conducting
particles of two sorts, over the PE thickness. The shape
of these distributions is clear from Fig. 6. In Fig. 6a, the
two clusters are supplied from one of the PE sides (par-
allel clusters). In Fig. 6b, the two clusters are supplied
from the opposite sides of PE (collision clusters). The
curves that appear in Fig. 6 were calculated for the fol-
lowing values of parameter g: (1) 0.45, (2) 0.4, (3) 0.37,
(4) 0.35, (5) 0.33, (6) 0.32, and (7) 0.29.

In Fig. 6 we see assemblies of fluctuating curves.
This is connected with the fact that even in the neigh-
boring layers both the number of enzymes and the num-
ber of particles of two sorts that make a PE may heavily

fluctuate. The distribution of the density of  over the
thickness and the amplitude of fluctuations discernibly
level out at large values of parameter g (dashed curves

1 and 2). Obviously, by summing values of  over all
the layers we will obtain the quantity Nc.

Nc
s

Nc
s

Comparing Figs. 6a and 6b we comprehend that the
curves in these two figures behave differently. In the
case of parallel clusters (Fig. 6a), even in the pre-break-
down range of values of parameter g there is a chance
for the existence of enzymes that are capable of making
contact with both clusters (curve 7). No such “tails”
exist in the case of collision clusters (Fig. 6b). Here, all

the distributions of quantity  in the pre-breakdown
range of values of parameter g vanish. Besides, in the
case of collision clusters, all the distributions of quan-

tity  slightly decay near the front and rear surfaces of
PE. In the case of parallel clusters, a rather considerable

decay of curves for  occurs only near the rear side (at
large values of parameter s), while near the front sur-

face there is a narrow region of increased values of .
However, on the whole, in their rather extended central

portions, curves for  in the cases of parallel and col-
lision clusters by absolute values happen to be close to
each other. And the larger the quantity g the more con-
siderable this similarity (dashed curves 1 and 2 in
Figs. 6a and 6b).

CONCLUSIONS

The general conclusion that follows from this explo-
ration is: with increasing number of components that
make a PIE the number of enzymes that take part in the
electrochemical process and, consequently, the overall
current densities substantially decrease. A comparison
of Figs. 4a and 5a shows that, upon going from a single-
component PE to a two-component system, the currents
drop by approximately 2.5 times.
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Fig. 6. The distribution of the density of enzymes that simultaneously make contact with two clusters of conducting particles, over
the PIE thickness; see text for explanations.
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