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Abstract: The antigen—antiboby immobilization technique has been extended, with glucose oxidase and glassy carbon
electrodes as an illustrating example, so as to obtain up to 10 active successive monolayers. A slight modification
of the technique allows the deactivation of any number of enzyme layers adjacent to the electrode and the deposition
on top of the inactivated film of any number of active monolayers. Using these structures and varying the rate of
the enzymatic reaction makes it possible to observe the interference of mediator mass transport in the control of the
current responses together with the enzymatic reaction. The fact that the thickness of the enzyme monolayers derived
from these experiments is the same with all of these film structures demonstrates their high degree of spatial order.
The value thus found, 470 A, as well as the value of mediator partition coefficients close to one and of the diffusion
coefficients close to their value in solution indicate the low compactness of the enzyme films. The study also provides
a starting point for modulating layer by layer the activity of the enzyme film.

Considerable attention is currently devoted to immobilization
of enzymes on electrode surfaces in relation with the develop-
ment of biosensors and biotechnological processes.>® Chemical
attachment and entrapment in polymer matrixes have been used
in this purpose. A brief review of these studies was given in
ref 4. Since then, several extensions have been described.’~!!

Another approach has been to utilize antigen—antibody
interactions. In pioneering studies,'>'? such an immunological
method was employed to deposit enzymes on a surface that was
however not used as an electrode. The method described also
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did not allow an easy estimation of the number of enzyme
monolayers deposited and of their activity. More recently an
antibody—antigen method for attaching a single enzyme mono-
layer on an electrode has been described and illustrated by the
deposition of a glucose oxidase monolayer on a glassy carbon
surface.*2

The method was then extended to layer-by-layer construction
of a fully active electrode.'* Up to eight successive monolayers
could then be deposited on the electrode. With relatively high
concentrations of the mediator (methanol ferrocene, 0.1 mM)
and of glucose (0.5 M), the catalytic cyclic voltammetric plateau
current was close to proportionality to the number of enzyme
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Figure 1. Plateau currents as a function of the number of enzyme
monolayers for several concentrations of the ferrocene methanol
mediator, C° (mM) = 0.2 (O), 0.05 (¥), 0.02 (<), 0.01 (O), 0.005 (A),
in a in pH 8 phosphate buffer (ionic strength = 0.1 M) solution
containing 0.5 M glucose. The straight lines are the linear response
corresponding to T3, ks = 1.2 x 107 M7 s™", ky = 700 57!, and kreq =
10* M~! s7', Curved lines show simulation of the interference of
mediator mass transport (see text). Scan rate = 0.04 V/s. Temp. = 25
°C.

monolayers, up to eight of them (see Figures 2 and 3 in ref
4b), indicating that each monolayer contains the same amount
of active enzyme. The slight downward deviation observed with
seven and eight monolayers suggested that mass transport of
the mediator through the enzyme film may start to interfere in
the overall kinetics governing current response. The deviation
was however too small for firm conclusions to be drawn in this
respect.

The purpose of the work described below was to investigate
in a systematic manner the possible role of mediator mass
transport in the control of the current responses. The problem
was tackled from different angles. The immunological proce-
dure was extended up to 10 enzyme monolayers so as to enlarge
the film thickness, therefore giving more opportunity to mediator
mass transport to transpire in the current responses. A much
larger range of mediator concentrations was investigated. In
the framework of Michaelis—Menten kinetics, a decrease in
mediator concentration indeed raises the enzymatic reaction rate
relative to the rate of mediator diffusion throughout the film,
thus increasing the participation of the latter factor to rate
control. Under these conditions, examination of the cyclic
voltammetric responses allows a quantitative analysis of the
competition between enzymatic reaction and mass transport and
therefore an estimation of the thickness of each monolayer. A
complementary approach was to modify the procedure for
constructing the successive enzyme layers so as to inactivate a
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prescribed number of them adjacent to the electrode surface and
to graft successively one or more active layers. Examining the
consistency of the resulting statuses of the competition between
enzymatic reaction and mass transport under these conditions
and in the case of a film made of active successive layers
provides a test of the spatial ordering of the construction.

All the enzyme coatings thus constructed were found to be
stable in time with a decrease of enzymatic activity less than
10% over a period of 40 days.

Results and Discussion

The same technique as described in ref 4b was used to deposit
successively up to 10 monolayers of glucose oxidase. Plateau-
shaped cyclic voltammograms were obtained in the presence
of a large glucose concentration (0.5 M) with ferrocene methanol
as the mediator that are of the same general type as reported
earlier (see Figure 2 in ref 4b).

When the enzymatic reaction is the sole rate-determining step,
the plateau current, iy, is expected to be proportional to the
number of monolayers, N, on the electrode. As seen in Figure
1, this situation is met at a relatively high concentration of the
mediator (2 107* M). There is a slight downward deviation
from proportionality when N = 9 and 10, suggesting that the
mediator mass transport commences to interfere. Deviation
from proportionality is more and more evident and starts earlier
and earlier as the concentration of the mediator is decreased
(down to 5 x 1075 M) in accord with a decrease of the rate of
the enzymatic reaction relative to the rate of mass transport.

In the absence of mass transport limitations, the plateau
current is given by eq 1 in the framework of the following
catalytic reaction scheme:

P=Q+e [0]
k
FAD + G ﬁ FADG (1]
k2
FADG — FADH, + GL [I1]
k
FADH, + 2Q — FAD + 2P [II]

where P = ferrocene methanol, Q = ferrocenium methanol, G
= glucose, GL = gluconolactone, and FADH; and FAD =
reduced and oxidized forms of the flavine adenine dinucleotide
enzyme prosthetic group).

- 2FSkyT 2k C°
=

P 1 1
1+ ki, c"(— + ———)
e k2 kredKGCG

N (1)

where F = faraday, § = electrode surface area, 'y surface
concentration of enzyme in each monolayer, C° = bulk
concentration of ferrocene methanol, ko = partition coefficient
of ferrocenium methanol from the bathing solution to the
enzyme film, N = number of enzyme monolayers, Cg and «g
= bulk concentration and partition coefficient of glucose,
respectively, and krq is defined as

k.= kik,
Tk +k

Since glucose is present in very large excess, its concentration
remains constant an equal to kgCg in the film and to Cg in the
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Figure 2. Sketch of the N monolayers of glucose oxidase film on a
glassy carbon electrode surface: A, adsorbed mouse IgG (antigen); B,
antimouse IgG glucose oxidase conjugate (antibody); C, monoclonal
antibody to glucose oxidase produced in mouse. * indicates the
approximate location of a glucose oxidase moiety.

solution. The Ku relative to glucose, Kmg = ko/ked = 7 X
1072 M, is small. Thus, with such high concentrations of
glucose, the enzyme kinetics are practically saturated, i.e., the
second term in the denominator parentheses of eq 1 is negligible
as compared to the first term. It follows that the value of kg
does not influence the enzyme kinetics.

In previous studies, the partition coefficient of ferrocenium
methanol was tacitly assumed to be unity. The assignment of
this value derives from the observation that the values of k>
and k.4 found from the “secondary plots” are very close to the
solution values.*>¢ More precisely, the Ky relative to the
mediator, Kmq = ko/ks = 5.8 x 1075 M, is small. Thus, at
high mediator concentrations (0.2—0.4 mM) in the linear region
where the current response is controlled by the enzymatic
reaction, the value of kg does not influence the enzyme kinetics
because the first term in the denominator of eq 1 is negligible
as compared to the second term. Upon decreasing the mediator
concentration, the downward deviation from proportionality
takes place at smaller and smaller values of N. However in the
linear section of the i;—N plot, where the current response is
still solely controlled by the enzymatic reaction, eq 1 applies.
The first term in the denominator of eq 1 is no longer negligible
as compared to the second term, and therefore, the value of «g
should influence the enzyme kinetics. The comparison of the
slopes observed over the whole range of mediator concentrations
then shows that kg = 1.

Investigation of mediator diffusion through the enzyme film
(Figure 2) as a possible rate-limiting factor, together with the
enzymatic reaction, requires consideration of the ferrocene
methanol partition coefficient, xp, and of the diffusion coef-
ficients of both forms of the mediator, Dp and Dq. In solution,
the diffusion coefficients of ferrocene methanol and ferrocenium
methanol are the same. Their common value is D = 6.7 10~°
cm? s71.1% In the presence of large amounts of glucose the
solution becomes more viscous. With 0.5 M glucose, cyclic
voltammetry at a bare glassy carbon electrode revealed that D
=5510"6cm? s™. _

Information on the partition coefficients may be derived from
cyclic voltammetry of the enzyme electrode in the absence of
glucose. At low scan rate, the oxidation of ferrocene methanol
shows a Nernstian reversible behavior and the voltammograms
are practically identical at a bare glassy electrode and at the
enzyme electrode (Figure 3). In slow scans, the diffusion layers
of P and Q largely exceed the film thickness and therefore the

(16) (a) Ohsawa, Y.; Aoyagni, S. J. Electroanal. Chem. 1978, 86, 289.
(b) The distance { between two successive enzyme monolayers is 6 times
the radius of a protein of ca. 150 000 molecular weight, whereas in between
the electrode and the first monolayer, the distance corresponds approximately
to five such radii. This is the reason that ! was estimated as L/(11 — /g).
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Figure 3. Cyclic voltammetry of ferrocene methanol 0.2 mM in the
absence of glucose and in pH 8 phosphate buffer (ionic strength = 0.1
M). Scan rate v = 0.1 V/s: (- - -) at a bare electrode, (—) at a glucose
oxidase electrode coated with 12 monolayers.

current response is insensitive to the diffusion of the two species
within the film. The only manifestation of the presence of the
film on the electrode thus derives from the partition coefficients
in the relation between the bulk and the electrode concentrations,
namely the standard potential in the Nermnst law, Eg,Q at a bare
electrode becomes Eg,Q + (RT/F) In(xp/kg). Since the peak
potentials are the same in the presence and absence of the film
we can conclude that xp ~ kg =~ 1.

Information concerning the diffusion coefficients within the
film may be derived from two sources. One is the catalytic
response obtained in the presence of glucose with an electrode
where the first N — 1 monolayers of enzyme have been
deactivated while the Nth layer remains active. The other is
examination of the cyclic voltammetry of a set of active layers
in the absence of glucose upon raising the scan rate. When the
diffusion layer then reaches a size comparable to the film
thickness, the magnitude of the mediator diffusion coefficients
starts to influence the current response.

The enzymes in the first N — 1 monolayers can be deactivated
with iodoacetate (see the Experimental Section) under monitor-
ing by the cyclic voltammetric response. When complete
deactivation is reached, an active Nth layer is grafted on top of
the N — 1 inactive layers. We observed that this procedure
leads to a surface concentration of enzyme in the Nth layer (as
monitored by the catalytic response at high mediator concentra-
tion using eq 1 with N = 1) which is 60—80% of T2, the
surface concentration of enzyme per active layer. However
when a (N + 1)" active layer is deposited, the surface
concentration reaches back I"g. This is also true for all active
layers that can be successively deposited. These results indicate
that 20—40% of the enzymes are affected by the chemical
deactivation in a way that hampers their recognition by the
monoclonal antibodies to glucose oxidase which allows the
attachment of the Nth layer. This deficit is however canceled
when the (N + 1)" layer is grafted, suggesting that each of the
two monoclonal antibodies used in the experiments can recog-
nize two different sites of the same glucose oxidase unit. The
reproducible r‘; value, obtained for the (N + 1) and the
successive layers thus corresponds to an optimum in the lateral
compactness of each monolayer

Figure 4 shows the variation of the catalytic plateau current
with the mediator concentration, in the presence of 0.5 M
glucose, with an electrode made of 10 inactivated monolayers
and of an eleventh active layer. That the apparently linear
reciprocal plot does not merely correspond to a primary plot of
the type previously obtained with one monolayer adjacent to
the electrode surface* can be shown as follows. At the highest
mediator concentration, 0.4 mM, the plateau current is governed
solely by the enzymatic reaction and thus eq 1 applies. The
reciprocal plot of the plateau current vs mediator concen-
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Figure 4. Cyclic voltammetry, in the presence of glucose (0.5 M), of
an electrode coated with 10 inactivated enzyme layers (I‘?E =2.0 x
1072 M/cm?) and an active eleventh monolayer (Tg = 1.5 x 1072
M/cm?) with ferrocene methanol as mediator in a pH 8 phosphate buffer
(ionic strength = 0.1 M). @ shows experimental data. Dashed line shows
kinetic control by the enzymatic reaction. Full and dotted lines show
simulation of the mixed kinetic control by enzymatic reaction and
mediator diffusion (see text).
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Figure 5. Concentration profiles of the reduced (P) and oxidized forms
of the mediator in one of the experiments described in Figure 4
(mediator concentration = 0.01 mM). Vertical dotted lines show
inactivated enzyme layers; solid line shows active enzyme layer.

tration that would correspond to the same type of kinetic control,
i.e., the primary plot, can be obtained from eq 1 using the same
values of the rate constants as before and the value of T'g (the
actual surface concentration of enzyme, smaller than Fg)
derived from the plateau current at 0.4 mM:

FS 1 1 1
== + )

It is represented as a dashed line in Figure 4 (using k3 = 1.2 x
107 M~ s7! ky; = 700 571, and kg = 10* M~ s71). Itis seen
that the experimental points corresponding to lower mediator
concentrations stand above the predicted primary plot, indicating
the interference of mediator diffusion in the kinetic control of
the current response. These results may be analyzed quantita-
tively as follows. Because the diffusion layer in the solution is
much larger than the enzyme film (=3 x 103 vs & § x 1073
cm as discussed later in more details), the mediator concentration
profiles within the film can be considered as linear (Figure 5).
Because the enzymatic reaction is fast, resulting in a catalytic
plateau current much higher than the one-electron current for
the oxidation of the mediator, the flux of Q getting out of the
film from the active enzyme layer is negligible in front of the
flux entering this layer from the inside of the film. The same
is true for the flux of P getting out the active enzyme layer on
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the film side as compared to the flux entering the active enzyme
layer from the solution side.
Thus, inside the film

_i_l'; =D (Co)e=r- = (Cp)r=o — (Cle=o = (CQr=t- —
FS P L Q L
2k, Te(Co) =1

1 I
O )

with (Cp)x=0 = O (plateau current condition) (the Cs are the
concentrations inside the film, x = L™ means that we consider
the active enzyme plane on the film side, and x = L™ , the
active enzyme plane on the solution side). At the film/solution
interface

(Cole=t- = kp(Cplympsr (CQlumy- = K(CQly=y+» and

acp) (acQ)
D('a; e = P\ et 0

Therefore (Cp)y=1.+ + (Co)r=1+ = CP and thus

(Coli=t- | (CQli=t-
P/x=L + Q/x=L - C()
Appropriate combination of the above equations then leads
to

FS 1 1

=_1(1
I S E(k2 kredKGCG) "

1

h L
2k3rEKQCO(1 - F'—%,W)
P
3

The difference with the primary plot (eq 2) resides in the
bracketed term in the denominator of the right-hand member
of eq 3. This equation was applied to the data points in the
experiment in Figure 4 (using k3 = 1.2 x 10’ M~ s7!, k, =
700 57!, and kg = 10* M~! s7!) leading to a best-fit value of
Likpdp = 8500 A (6p = Dp/D is the ratio of the diffusion
coefficients of P inside and outside the film). The thickness of
each monolayer, /, is related to the total film thickness, L, by !
= L/(11 — 1/6). Therefore, l/kpSp = 785 A.16> The two dotted
lines below and above the best-fit line in Figure 4 correspond
to L/kpdp = 9210 and 7730 A, respectively.

As seen before, kp ~ 1. We will see later on, based on further
independent experiments, that 8p ~ 0.6 + 0.1, Thus L = 5100
+ 1300 A and [ = 470 £ 120 A,

It may be noticed that the current response, as expressed by
eq 3, involves a parameter, kplp, characterizing the diffusion
of P across the enzyme film and not kgdq characterizing the
diffusion of Q. The physical reason behind this mathematical
result is that the flux of P at the electrode surface is converted
into a diffusion flux of Q that remains constant throughout the
film and is eventually used up entirely in the enzymatic reaction
at the active enzyme layer located at the film/solution interface.

The mediator concentration profiles can also be derived from
the above equations leading to

&= Bk ]_ iy
c° KQ[l FSDC"\KQ%) FS8,DC°

where ip is given by eq 3. The concentration profiles for C° =
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Figure 6. Cyclic voltammetry of ferrocene methanol 0.2 mM in the
absence of glucose and in pH 8 phosphate buffer (ionic strength = 0.1
M) at a bare electrode (- - -) and at a glucose oxidase electrode coated
with 12 monolayers (—). Experimental and simulated voltammograms
at 20 V/s. Parameters for the simulation: xp =xq=1,0¢=1,0p =
0.6, (WSp)(FU/RTD)'"? = 8.5 x 1072, a. = 0.5. ks = 0.19 cm/s for the
bare electrode and 0.13 cm/s for the enzyme-coated electrode.

0.01 mM are shown in Figure 5. At the highest mediator
concentration, 0.4 mM, where the enzymatic reaction is rate
determining, the concentration of P is zero, and the concentration
of Q equal to koC? throughout the film, The comparison we
made earlier of the thicknesses of the film and of the diffusion
layer in solution (&5 x 107> vs ~3 x 1073 ¢cm) was based on
the above estimation of L and on an estimate of the diffusion
layer as (ZDRT/Fv)'”2, Therefore, at the film solution boundary,
the fluxes in solution are ca. 50 times smaller than the fluxes
on the film side, thus giving support to the neglect of the solution
fluxes. The validity of this approximation can be assessed in
another manner. Diffusion of P and Q in the solution is
described by the following time-dependent equations.

8C
(Colemr-=C° = [f )=
=Vi—q
8C
(CQhumss = = ff -
==

If diffusion in the solution were to interfere in the current
response, this should be time dependent and therefore scan rate
dependent. The fact that the voltammograms are plateau-shaped
curves not changing with scan rate demonstrates per se the
validity of the approximation.

We come now to the determination of the diffusion coef-
ficients of the mediator in the film by means of cyclic
voltammetric experiments of electrodes containing layers of
active enzyme in the absence of glucose. Upon raising the scan
rate, the ratio between the diffusion layer and the film thickness
diminishes, entailing the interference of the diffusion across the
film in the current response. At the same time, the kinetics of
electron transfer at the electrode starts also to influence the cyclic
voltammogram as revealed by an increasing gap between the
anodic and cathodic peak. A typical example is given in Figure
6 for an electrode coated with 12 monolayers of active enzyme.
Starting from the previous observation that xp = kg = 1, the
current response is a function of the parameters dp, 6q, and
(/6p)(FU/IRTD)2 as well as of the kinetics of the electron
transfer reaction at the electrode through two parameters, ks(RT/
FuD)'”2 (kg = standard electron transfer rate constant) and a,
the transfer coefficient (see the Appendix). The standard
electron transfer rate constant at a bare GC electrode was
determined from the anodic-to-cathodic peak potential separa-
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Table 1. Determination of the Heterogeneous Charge Transfer
Kinetics of the Ferrocene Methanol Mediator Couple®

anodic-to-cathodic peak

scan rate (V/s) potential separation (mV) ks (cms™!)
2 63 0.23
4 67 0.20
8 72 0.16
20 81 0.165
av: 0.19 £0.05

¢ From the cyclic voltammetry of ferrocene methanol (0.1 mM) in
a pH 8 phosphate buffer (ionic strength = 0.1 M) at a bare GC electrode,
a =05.

Ip/ v12 (uA Vil2g112

logv (V5
5 gv (Vhs)
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Figure 7. Cyclic voltammetry of ferrocene methanol 0.2 mM in the
absence of glucose and in pH 8 phosphate buffer (ionic strength = 0.1
M) at a glucose oxidase electrode coated with 12 monolayers.
Experimental (@) and simulated (—) anodic peak current as a function
of scan rate. Parameters for the simulation: xp =kq=1,0¢q =1, l/dp
=785 A, ks = 0.13 cm/s, o = 0.5. The number on each curve is the
value of Jp.

tion!” (Table 1) and thus found to be ks = 0.19 cm s~!. The
deviation from a Nernstian behavior is not sufficient to
determine & with much accuracy. In the following discussion
o will be taken as equal to 0.5.

A striking feature of the experimental cyclic voltammogram
of the enzyme coated electrode shown in Figure 6 is that the
anodic peak current is significantly smaller than the cathodic
peak current, the magnitude of the latter being close to the value
at the bare electrode. As seen from the simulation in Figure 6,
a satisfactory fitting of the experimental curves (taking for l/Op
the value, 785 A, derived from the experiment in Figure 4) is
obtained for g = 1 and dp = 0.6, with a value of ks, 0.13 cm
s™!, slightly smaller than the value at the bare electrode.'®
Figure 7 describes in more details the variation of the anodic
peak current with the scan rate. Simulation then confirms the
above assignment of the values of 6q and dp (6p = 0.6 £ 0.1).

We may now come back to the experiments involving
electrodes where the successive enzyme layers are all active
such as those summarized in Figure 1 and see if we can simulate
the mixed kinetic control by mediator mass transport and
enzymatic reaction using the parameters that have just been
estimated.

For the same reasons as established before, the concentration
profiles of the two forms of the mediator can be regarded as
linear in between two successive enzyme layers. Also, the flux
of Q getting out of the film from the active enzyme layer can
be regarded as negligible in front of the flux entering this layer
from the inside of the film, the same being true for the flux of
P getting out the active enzyme layer on the film side as
compared to the flux entering the active enzyme layer from the

(17) Nicholson, R. S. Aral. Chem. 1965, 37, 1351.

(18) A reverse situation was observed at pH = 4, where the global charge
of the protein system is positive whereas it is negative at pH = 8. The
complex interplay of electrostatic interactions and viscosity factors behind
these behaviors is not known at present.
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solution side. The key equations in the description of the
kinetics in the film are those expressing, at each enzyme
monolayer, the balance between the diffusion flux entering the
layer on one side, the diffusion flux leaving the layer on the
other side, and the enzymatic reaction in the enzyme plane. At
layer n

b {(acQ) (acQ) } B 2k,TR(CY), B
AWax ) Vax/-fn ™ L 11 (C)‘
Nk, keaiCo) @7

o) -l o

(the subscripts + and — mean right- and left-hand sides,
respectively, by reference to the representation given in Figures
5 and 9). Because the concentration profiles are linear in
between each enzyme layer, eq 4 translates into

DQ[(CQ)n—l - 2(CQ)n + (CQ)n+1] =
2k,TR1(CQ),
1 1 -
tr k3(k_z - kredKGCG)(CQ)n
DP[(CP)n+1 - 2(CP)n + (CP)n—l]

The concentration profiles and the fluxes at the electrode, given
the current, can be easily computed from this series of finite
difference equations taking into account the boundary conditions
at the electrode:

B (G = Gy (Colo =~ (Co
ES~ 7P (5/6) Q@ (5/6)
(Gp)y =0 (plateau current condition)

and

and at the film-solution boundary:

CON | €y _ 0
Kp ICQ

where N designates the last layer (see the Appendix for details,
introduction of the appropriate dimensionless variables and of
the minimal number of parameters that govern the plateau
current, and description of the computational procedures).

Besides the mediator concentration, the diffusion coefficient
in the solution (D = 5.5 x 107% cm? s~!), and the characteristic
rate constants k3 = 1.2 x 107 M~ 57!, k, = 700 s™}, and keeq
= 10* M~! 57!, the magnitude of the plateau current depends
on two dimensionless parameters, l/kpdp and kpdp/dg. We thus
simulated the plateau currents observed in the experiments
summarized in Figure 1 with no adjustable parameters, using
for l/kpdSp the value 785 A derived above from the experiment
with 10 inactivated layers and an eleventh active layer (Figure
4). kpbp/dq was taken as equal to 0.6, using kg = 1 from the
analysis of the linear sections of the plots in Figure 1, kp/kq =
1 from the slow scan experiments in the absence of glucose at
a bare and an enzyme-coated electrode (Figure 3), and dq =1
and 8p = 0.6 from the higher scan rate experiments with the
same electrodes (Figures 6 and 7). As seen in Figure 1, there
is a good agreement between the experimental and predicted
plateau currents. A more detailed picture of the simulation is
shown in Figure 8 for the lowest mediator concentration (0.005
M) where the interference of mass transport is maximal. Testing
the effect of a variation of xpdp/dq confirms that the previous
assignement of 6p = 0.6 £ 0.1 is correct.

Figure 9 shows the mediator concentration profiles in the
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Figure 8. Variation of the plateau current with the number of layers
for an electrode coated with active enzyme monolayers with 0.005 mM
ferrocene methanol as mediator in a pH 8 phosphate buffer (ionic
strength = 0.1 M) in the presence of 0.5 M glucose. rg,,, = 1.6 x
1072 mol/em? Scan rate = 0.04 V/s. Temp = 25 °C. Comparison
between experimental data (A) and simulated values for l/kpdp = 785
A and kpdp/dg = 1 (---), 0.7 (= = =), 0.6 (—) , and 0.5 (-++) (for

other parameters, see text).
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Figure 9. Mediator concentration profiles in the experiments described

in Figures 1 and 8 for C° = 0.2 mM (top) and 0.005 mM (bottom).

enzyme film for a slight (C° = 0.2 mM) and a strong (C° =
0.005 mM) participation of mass transport to the kinetics of
the current response. .

The good agreement between the experimental data obtained
with a series of active enzyme layers and the simulation based
on a layer thickness derived from the experiment with 10
inactivated layer and an eleventh active layer demonstrates that
the immunological layer-by-layer construction employed allows
a precise spatial ordering of the enzyme film.

This point was confirmed by examining the current responses
obtained with an electrode coated with five inactivated mono-
layers on top of which one to five active monolayers were
deposited. As seen in Figure 10, simulation (see the Appendix),
again with no adjustable parameters, of the variation of the
plateau current with the number of active layers for three
different low concentrations of the mediator reproduces satis-
factorily the experimental data.



Catalysis and Mass Transport in Enzyme Assemblies

9
8

ip (1A)

Figure 10. Variation of the plateau current with the number of layers,
N, for an electrode coated with five inactivated monolayers (I'e = 1.9
x 107'2 M/cm?) and N — 5 active layers (Tg = 1.15 x 107'2 M/cm?
for the sixth layer and 2.0 x 107'2 M/cm? for the seventh, eight, ninth,
and tenth layers) with ferrocene methanol as mediator in a pH 8
phosphate buffer (ionic strength = 0.1 M) in the presence of 0.5 M
glucose. Scan rate = 0.04 V/s. Temp = 25 °C. C° = 0.02 (<), 0.01
(0), and 0.005 (A) mM. Solid line simulation with Jkpdp = 785 A,
k:0p/00 = 0.6, k3 = 1.2 x 10" M7} §7' k; = 700 57}, kg = 10* M™!
s7!, and D = 5.5 1076 cm?s (see text).

Conclusions

The antigen—antibody technique allows the layer-after-layer
construction of stable enzyme coatings containing any prescribed
number of monolayers. In this manner, up to 10 successive
active monolayers have been deposited on the electrode. The
technique can also be modified to inactivate a first stack of
enzyme layers adjacent to the electrode and then continue to
deposit on top of this film one or more active monolayers. These
structures give rise, in the presence of glucose and of a mediator,
to large catalytic plateau currents in cyclic voltammetry. The
systematic analysis of these data as a function of the number
of active and inactivated enzyme layers and of the mediator
concentration was used to unravel the role of mediator mass
transport as a current governing factor together with the kinetics
of the enzymatic reaction.

Among the parameters that could be determined from these
analyses, the average distance between the enzymatic layers was
found to be 475 & 120 A. It represents three times the diameter
of proteins, including glucose oxidase, of ca. 150 000 molecular
weight. From ellipsometry and scanning tunneling microscop,
data, glucose oxidase appears as an ellipsoid with a 50—80 ,{
shorter axis and a 140—180 A longer axis.'® Assuming that
the other proteins present in the construction have comparable
dimensions, our estimation of the thickness of one enzyme layer
is thus consistent with these data, closer to the highest edge of
the range of uncertainty. This observation points to the notion
that we are dealing with enzyme films of low compactness thus
containing a large proportion of water. It is presumably for
the same reason that the partition and diffusion coefficients of
the mediator are not very different in the enzyme film and in
the bathing solution.

The very fact that the enzyme layer thickness was found to
be the same with different film structures containing active and
inactivated enzyme layers is a strong indication of the spatial
order entailed in its step-by-step construction. A factor which
could be vary to a larger extent than done in the present study
is the degree of activity of the glucose oxidase conjugate before
immobilization. In this manner, the spatial order resulting from
the layer-by-layer attachment of the enzyme may be imple-
mented by a modulation of the enzyme activity in each of the

(19) (a) Szucs, A.; Hitchens, G. D.; Bockris, J. O'M. J. Electrochem.
Soc. 1989, 136, 3748. (b) Czajka, R.; Koopal, C. G. J.; Feiters, M. C.;
Gerristen, J. W.; Nolte, R. J. M.; Van Kempen, H. Bioelectrochem. Bioenerg.
1992, 29, 47.
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monolayers. These possible extension of the technique may
prove of interest for future applications to multi-enzymatic
systems.

Experimental Section

Chemicals. Chromatography purified rabbit IgG (whole molecule)
and mouse IgG (whole molecule) were purchased from Jackson Immuno
Research Laboratories. The affinity purified glucose oxidase conjugated
antimouse IgG s (whole molecule) was from Organon Teknika Cappel.
In the various batches we used, the enzymes had not exactly the same
activity leading to somewhat different values of T2, The two different
kinds of monoclonal antibodies to glucose oxidase, produced in mouse
and certified to react with glucose oxidase in solution without altering
its enzymatic activity, were from Clonatech and Sigma Immuno
Chemicals. All other chemicals were purchased from Aldrich. The
stock solutions of glucose were allowed to mutarotate overnight before
use. The phosphate buffers for the electrochemical measurements were
made of 0.0365 M KH,PO, adjusted to pH 8 with a | M NaOH solution
leading to an ionic strength of 0.1 M. All solutions were purged from
dioxygen before each cyclic voltammetric run.

Successive Immobilization of the Enzyme Monolayers. Solutions
of the antigen (0.5 mg/mL), gelatin (0.1 mg/mL), glucose oxidase
conjugated antibody (10 #g/mL), and monoclonal antibody to glucose
oxidase (40 pg/mL) were all prepared in a buffer composed of 0.01 M
KH;PO, and 0.15 M NaCl. The pH was adjusted at 7.4 witha 1 M
NaOH solution. In the two latter cases, 0.1 mg/mL of sodium azide
was also added to the solution to prevent the formation of bacterial
colonies.

The procedure for immobilizing the first monolayer of enzyme was
similar to that described in a previous report.** Adsorption of the
antigen resulted from a 2 h exposure of the electrode surface to the
corresponding solution. The electrode was then thoroughly washed
with the buffer and dipped for 10 min in the solution of gelatin, After
another thorough washing, the antigen—antibody reaction took place
after overnight immersion of the electrode in the solution of glucose
oxidase conjugated antibody. This procedure ensures that the first
monolayer is saturated with catalytically active glucose oxidase.*

For the immobilization of the next monolayers on top of the first or
of any preceding layer we proceeded as follows. The electrode was
first immersed in the mouse IgG monoclonal antibody to glucose
oxidase solution for 5 h, thus allowing recognition and binding to the
glucose oxidase units of the preceding layer. Then, after thorough
washing, the electrode thus obtained was left overnightin contact with
the glucose oxidase conjugated antimouse IgG. Assays of the total
enzymatic activity, as described in the text, showed that no increase of
the amount of glucose oxidase thus immobilized resulted from increased
immersion times and/or antibody concentrations in each of the two
steps of the procedure.

“Thorough washing” consisted in rinsing the electrode with the buffer
solution and dipping it in the buffer solution for 30 min.

When not in use, the electrode was stored in the buffer solution
containing 0.1 mg/mL NaNa.

Cyclic Voltammetry Instrumentation. The glassy carbon electrode
and the instrument were the same as previously described.**® The
temperature in all experiments was 25 °C.

Appendix

Catalytic Plateau Currents. The following changes in
variables and introduction of characteristic parameters, leading
to dimensionless formulation of the diffusion/reaction problem,
are appropriate for all types of enzyme coated eletrodes that
have been considered in this work.

g = Co/koC’, p= CplicpC°
A = (kgllkpbp)sTH/D), 0 = ky[(1ky) + kogiCoiigC°

@ = (iIFSDC°)(Ukp0p)
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The most general case corresponds to an electrode coated
with N enzyme layers, the first j — 1 of them are inactive and
the following N — j are active as sketched in the scheme below.

enzyme film

electrode
uognjos

31 3 n-1l n o on+l N-1 N

Owing to the linearization of concentration gradients in
between two adjacent active or inactive enzyme layers, the
following relationships apply as a consequence of the balance
of diffusion fluxes and enzymatic reaction:

po=0
_PL TPy _ %% %~ 4
¥~ "s506) K0 (5/6)
_ _P1—Po__KQ6Q[ _ _ 9T 4 —
@, —py) (5/6) KpOp l(qz qy) —-—(5/6)

;- P~ @1~ P = )

kg0q
P [(g; = g;-) — (gj-1 — ¢-)1=0

@1 =)~ @ —p-)=

o) 2Aq;
- %[(qjﬁ»-l —q)—(g—g-D)I=~ .
pOp

1 + ogq;

(pn+1 —pn)—(pn—pn—l)= ’
) N — __ 4
Kpép [(qn+1 qn) (qn qn—l)] - 1+ aq,

2Aqy,
1+ ogy

K0
—(py— Py = m(%\/ gy )=

pvtav=1

Combination of the equations belonging to the left-hand
column leads to the following relationship between the values
of g at the electrode and at the film—solution interface, g and

qn.

=gy + “%% |
9= B qv)

The set of equations in the right-hand column is then resolved
iteratively to obtain the whole set of g values. One may start
from a set of g values deriving from the equations in which o
has been taken equal to zero in the denominator of the kinetic
terms. This transformation renders each equation linear, and
the Gauss elimination method?® can thus be used to obtain the
starting set of g values. These values are then introduce in the

(20) Crank, J. Mathematics of Diffusion; Oxford University Press;
London, 1964; pp 789—790.
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denominator of the kinetic term of each equation. The resulting
set of linear equations is then resolved by means of the Gauss
method leadind to a new set of g values. The procedure is
repeated until the relative variation on g is less than 1075, The
plateau current is finally obtained through:

KQéQ 91~ 499

Kkp0p  (5/6)

Except in the case of one single active monolayer on top of
a stack of inactive layers, the calculation of the current depends
on the parameters, kqdg/kpdp, l/kpdp, 4, and 0. If I"g, D, xq,
and the rate constants of the enzymatic reaction are known
independently, the parameters reduce to do/kpdp and l/kpdp. In
the particular case of one single active monolayer on top of a
stack of inactive layers, this number of independent parameters
is further reduced to one, //kpdp, In the case of j — 1 inactive
layers and N — j successive active layer, account should be
taken of the fact that 4 is not the same for the jth layer as for
the successive layers since I'g is not equal to T2,

Cyclic Voltammetry in the Absence of Glucose. In the
absence of glucose, the current response results from the
diffusion of P and Q in the solution and, when the scan rate is
high enough, in the enzyme film with different diffusion
coefficient while account should also be taken of the partition
coefficients of P and Q. The following changes in variables
and introduction of characteristic parameters, leading to a
dimensionless formulation of the diffusion, are now appropriate
(v = scan rate, t = time, E = electrode potential, E?,,Q =
standard potential of the mediator couple).

v = (Fu/RT)t and & = (F/RT)E — Epg) = —u + t with u =
—(F/RT)(E; — E},p) during the anodic scan starting at E;, and &
= (FIRTY(E — E}p) = =« + T with u’ = —(F/RT)(2E; — E; —
Eg,Q) during the the reverse cathodic scan starting at E;, y =
(FUIRTD)"%x, € = (N — Y/)(FUIRTD)'2, g = Co/C% p = Cp/
C°, A = ks(Fy/RTD)'2, and v = i/FS(FvD/RT)"2. The current
can be obtained, through 1, by numerical resolution of the
following set of partial derivative equations and boundary and
initial conditions using the Crank—Nicholson finite difference
method.

dplde = 8,0°pl8y"  dqloT = 643 °q/dy’
1=0, 0=y=<e p=«p qg=0, p=149=0
y=0, 7<0: y=08p3p/dy = —0,dq/dy,

¥ = A exp(aé)lg — p exp(—§)]

y=¢ 20 p_.=Kppy, g- = KQq+
Op(3p/3y)_ = (0p/dy),, 64(3g/dy)_ = (dq/3y)..

Each dimensionless voltammogram depends separately on the
parameters kp, kQ, Op, O, A, and a.
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