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Non-Competitive Reversible Inhibition of Laccase by H2O2 in
Osmium Mediated Layer-By-Layer Multilayer O2 Biocathodes
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A systematic study of the inhibition of laccase by hydrogen peroxide in oxygen biocathodes composed of layer-by-layer self-
assembled multilayers of Trametes-trogii laccase and osmium derivatized poly(allylamine) redox mediator has been accomplished
using a rotating disc electrode at different electrode potentials, oxygen partial pressures and hydrogen peroxide concentrations.
The experimental results are consistent with a reversible non-competitive inhibition mechanism in agreement with the Solomon
mechanism for laccase previously reported.
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The multicopper enzyme laccase (EC1.10.3.2; benzenediol: oxy-
gen oxido-reductase) is an extracellular blue copper enzyme in plants
and fungi which catalyzes the oxidation of biphenols and the four-
electron reduction of molecular oxygen to water. It contains four
copper atoms, denoted T1, T2 and T3 according to their spectroscopic
properties. In high potential laccases the copper center T1 can be re-
duced by phenol compounds,1 one-electron redox mediators2–4 and
direct electron transfer from electrodes.5–8 While substrates are oxi-
dized at T1 copper site, further internal electron transfer leads to the
reduction of molecular O2 at the trinuclear T2/T3 cluster.9,10

The catalytic ability of laccases to activate the O2 4-electron reduc-
tion under physiological conditions at unprecedented high electrode
potentials (c.a. 0.60 V vs. Ag/AgCl) has encouraged their study in
cathodes for bio-fuel cells and an extensive literature on the electro-
chemistry of laccases from different sources has followed in recent
years.3,11–13

In order to achieve reproducible enzyme electrodes, it is essential to
control film thickness, enzyme and mediator surface loading, variation
of oxygen partial pressure, convective-diffusion mass transport in
the liquid electrolyte, and the charge of the topmost layer.14,15 This
can be achieved by using the layer-by-layer electrostatic adsorption
technique pioneered by Decher.16 The advantage of the LbL self-
assembly over hydrogels of same composition is that the electrodes
can be designed and built choosing from different variables such as
thickness, enzyme loading, osmium concentration and charge of the
topmost layer. Unlike randomly oriented redox hydrogels, cast or
electropolymerized films, organized nanostructured thin films allow
control over the film thickness, the enzyme loading and the mediator
concentration. While one assumes homogeneous composition in the
x-y plane at any normal distance z from the metal surface, there
is a normal distribution of species, electrostatic potential and vector
electron transfer given by a redox concentration gradient. LbL laccase
(Lac) and osmium poly(allylamine) multilayers, (Lac)n(PAH-Os)m,
have been characterized by ellipsometry, quartz crystal microbalance,
cyclic voltammetry,4,17,18 XPS,19 etc.

In 2010 our research group reported the first evidence that lac-
case could be inhibited by H2O2 produced by the enzymatic reduc-
tion of oxygen in osmium mediated electron transfer.4 Subsequently
Minteer’s group reported on the inhibition of laccase in biofuel cells
with glucose anodes that produced peroxide.20 Furthermore, Mil-
ton and Minteer21 have recently reported the reversible inhibition
of laccase by hydrogen peroxide both under direct electron trans-
fer (DET) and mediated by (2,2′-azino-bis(3-ethylbenzothiazoline-6-
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sulfonic acid) ABTS. Since hydrogen peroxide can be formed at the
anodes of biofuel cells and also be accumulated during oxygen reduc-
tion in laccase modified electrodes, it is imperative to understand the
mechanism of inhibition.

In the present report we extend the previous work with Trametes
trogii laccase4,18 self-assembled layer-by-layer by sequential electro-
static adsorption of the redox mediator polyelectrolyte PAH-Os and
laccase on mercaptopropanesulfonate (MPS) thiolated gold surfaces,
and systematically study the inhibition of the enzyme in the O2 bio-
cathodes by H2O2.

Experimental

Purified enzyme laccase from Trametes-trogii has been employed
in this study.22 Strain 463 (BAFC: Mycological Culture Collection
of the Department of Biological Sciences, Faculty of Exact and
Natural Sciences, University of Buenos Aires) of Trametes-trogii
(Funalia-trogii) (Polyporaceae, Aphyllo phora-les, Basidiomycetes)
was used in these experiments. Stock cultures were maintained on
malt extract agar slants at 4◦C. Details of culture conditions and
purification of the enzyme laccase have been reported elsewhere.4

3-mercaptopropane sulfonate (MPS) was purchased from Sigma-
Aldrich Argentina. Poly(allylamine) (PAH), sodium acetate and acetic
acid (100%) were obtained from Fluka. All reagents were analytical
grade and used without further purification except PAH which was
dialyzed against Milli-Q water. Ultra pure water was obtained from
a Milli-Q purification system (nominal resistivity 18.2 M� at 25◦C)
and used to prepare all solutions.

The complex osmium poly(allylamine) (PAH-Os) was synthesized
as described elsewhere.23 The osmium content was evaluated spectro-
photometrically at λ = 475 nm (ε = 8100 M−1 · cm−1).

A gold electrode primed with 20 mM 3-mercaptopropane sulfonate
in 0.01 M H2SO4 was further modified on top with a layer of Os
bipyridine covalently tethered to poly(allylamine) cationic polyelec-
trolyte followed by adsorption of laccase from a solution of a suitable
pH value (around 5) where the protein carries a net negative charge
(pI = 3.3). This process was repeated with rinsing between each ad-
sorption step to yield an all-integrated enzyme-mediator system as
previously reported.18 The enzyme laccase (Lac) was co-immobilized
with 100 μL of 0.44 mM osmium bipyridine redox polyelectrolyte
mediator (PAH-Os, pH 8) via layer-by-layer (LbL) electrostatic self-
assembly technique. After rinsing the electrode with Milli-Q water, the
following layer was deposited covering the modified electrode with
100 μL of 8 μM laccase solution in Milli-Q water for 20 minutes.
In every case we covered the LbL self-assembled electrode structures
with a topmost layer of PAH-Os.

Electrochemistry.— Cyclic voltammetry was performed using an
Autolab PGSTAT 30 potentiostat in a three-electrode cell with a plat-
inum gauze as counter electrode and Ag/AgCl/3 M as reference elec-
trode (all potentials herein are referred to this reference electrode).
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Figure 1. Cyclic Voltammetry of (Lac)3(PAH-Os)4 biocathode in 0.1 M ac-
etate buffer (pH 4.7) + 0.2 M KNO3 in absence of oxygen (curve a and b), and
at pO2 = 1 atm (curve c), without H2O2 (curves a,c) and with 1 mM H2O2
(curve b). The right axis corresponds to curves a,b and the left axis to curve c.

The working electrodes were rotating gold discs (d = 5 mm) embed-
ded in KelF polymer. All measurements were performed in 0.1 M
acetate buffer of pH 4.7 containing 0.2 M KNO3.

Before measurements, all solutions were degassed with pure ni-
trogen or saturated with gas mixtures of nitrogen/oxygen in different
ratios. In order to control the oxygen partial pressure, the N2/O2 ratio
of this gas mixture was controlled by means of precision flow meters
and flow regulators (G. Bruno Schilling, Argentina). Calibration of the
O2/N2 gas mixtures was performed with the rotating disc electrode
(RDE) convective-diffusion limiting current density.

Results

The adsorption of Laccase on the PAH-Os layers was monitored
with the quartz crystal microbalance obtaining an average surface
concentration of 1.34 × 10−11 mol. cm−2 in each adsorption step,
while the thickness of the enzyme-mediator multilayer thin films was
monitored by in-situ ellipsometry at 632 nm. As shown by XPS,19 the
enzyme multilayer films are comprised of alternate layers of Lac and
osmium polyelectrolyte mediator with some intermixing and interpen-
etration of the layers contributing to a flexible wiring of the enzyme
due to segmental motion and electron hopping between adjacent redox
centers and the enzyme Cu(T1) center.4,24

Figure 1 depicts the electrochemical response of the biocathode
in absence and presence of oxygen. Under anaerobic conditions, the
characteristic redox wave due to the surface confined osmium complex
can be clearly indentified. In presence of oxygen, the Nerstian shape of
the laccase mediated O2 reduction catalytic current clearly develops.
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Figure 2. Chronoamperometry of (Lac)3(PAH-Os)4 biocathode at pO2 = 0.2
atm with added H2O2 in 0.1 M acetate buffer (pH 4.7) + 0.2 M KNO3 at E =
0.15 V, RDE: w = 16 Hz. Inset: expanded plot for 1 mM.
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Figure 3. Cyclic Voltammetry of (Lac)3(PAH-Os)4 at different H2O2 concen-
trations (0, 1, 10, 50, 100, 250, 500 and 1000 μM) for pO2 = 1.00 atm in 0.1
M acetate buffer (pH 4.7) + 0.2 M KNO3 at 25 mVs−1, RDE: w = 16 Hz.

Figure 2 shows the O2 reduction current evolution after addition
of H2O2 from 1 μM to 1 mM final concentrations. In all cases, the
current drops to a steady state value at each peroxide concentration.
Notice in the inset that for the highest peroxide concentration a steady
current density value is reached after more than two hours. This result
is indicative of a reversible inhibition by peroxide since a steady
state current arises from a balance between the inhibition rate, which
increases with peroxide concentration, and the rate of the enzyme
inhibitor release. Irreversible enzyme inhibition would result in a
drop to zero of the catalytic O2 reduction current at all peroxide
concentrations.

Thus at each peroxide concentration a fraction of the enzyme
molecules is inactivated while there is a population of remaining
active enzyme for each inhibitor concentration.

Figure 3 depicts current density-potential curves for the enzymatic
reduction of oxygen mediated by the osmium polymer at different
peroxide concentrations. The Nernstian potential dependence is iden-
tical with and without peroxide in solution and the decrease in the
catalytic current is proportional to the peroxide concentration.

Larger inhibition is observed at higher oxygen partial pressures as
can be seen in linear Dixon plots of Figure 4 with a decrease in the
slopes at higher pO2.

Linearity of Dixon plots indicates that the enzyme-inhibitor com-
plex cannot reduce oxygen (complete inhibition).25 It should be no-
ticed that for thin films the current density is proportional to the
enzyme reaction rate since diffusion effects are negligible in ultra thin
films (see below).

A complete set of catalytic waves at increasing inhibitor concentra-
tions is shown in Figure 5 as a function of the oxygen partial pressure.

The curves have been normalized to the limiting current at pO2 =
1.00 atm in peroxide free solution, c.a. 114 μA. cm−2. The data was
collected at 0.15 V where the complete reduction of the Os polymer
can be reached.
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Figure 4. Dixon plot 1/i vs. [H2O2] for pO2 = 0.2, 0.5 and 1.00 for
(Lac)3(PAH-Os)4 biocathode.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 159.149.99.86Downloaded on 2015-07-10 to IP 

http://ecsdl.org/site/terms_use


G84 Journal of The Electrochemical Society, 162 (9) G82-G86 (2015)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0
[H

2
O

2
] 

[H
2
O

2
] = 0

I/I
lim

pO
2

Figure 5. Normalized O2 reduction catalytic currents at different peroxide
concentrations (0, 1, 10, 50, 100, 250, 500 and 1000 μM) at E = 0.15 V, RDE:
w = 16 Hz. Lines are best fit to Eq. 10.

For each peroxide concentration, the O2 reduction bio-catalytic
current density increases with oxygen concentration as it does in the
absence of the inhibitor. The larger the concentration of peroxide in
solution, the lower the bio-cathode current density. However, in all
cases the characteristic enzyme electrode response is maintained.

The reversible inhibition of laccase biocatalytic oxygen reduction
by peroxide results in a decrease of imax and the apparent Michaelis
Menten constant, KO2 = 0.5–0.6 atm, c.a. below 250 μM. In order to
determine the type of inhibition on the catalytic current, the complex
interplay between diffusion and non-linear enzyme kinetics needs to
be taken into account, since the current density is not necessarily
proportional to the rate of the enzyme reaction. This is discussed in
the next section.

Discussion

During the catalytic reduction of oxygen by laccase mediated by
the osmium complex tethered to the poly-electrolyte, PAH-Os, the
reactions occurring in the film can be written as:4

4P AH -Os (I I ) +Lac [4Cu(II)]
k→ Lac [4Cu(I)] +4P AH -Os (I I I )

[1]

Lac [4Cu(I)] + O2 + 4H+ KM,S←−−−−−−−−−−−−→ ES
kcat→ Lac [4Cu(II)] + H2 O

[2]
Where ES is the complex formed between Lac and molecular oxygen.

At the electrode surface:

4
{

P AH -Os (I I I ) + e− (electrode) → P AH -Os (I I )
}

[3]

with further redox charge propagation by electron hopping between
adjacent osmium redox sites covalently bound to the polymer back-
bone in the normal direction to the electrode surface in the multilayer
film assisted by segmental motion of the polymer strands.

In Eq. 8 the stoichiometry number is ς = 4 since four moles
of osmium complex are needed to fully reduce the 4-copper sites of
Lac, while the number of electrons is n = 1 for the osmium redox
mediator.26

The substrate O2 undergoes partition between the bulk solution
and the film (we assume a partition coefficient KS = 1 for oxygen
since the thin enzyme films are highly hydrated) and then diffuses
within the film with a diffusion coefficient DO2. The mediator is as-
sumed to be confined within the film, PAH-Os, covalently attached
to the polyelectrolyte backbone. Charge propagation occurs by elec-
tron hopping self-exchange between adjacent sites of the reduced and
the oxidized forms of the mediator described by a diffusion coeffi-
cient De.27,28 Michaelis-Menten kinetics is assumed for the enzyme-
substrate reaction with the association constant KMS and enzyme turn-
over, kcat. The reduced mediator, PAH-Os(II) regenerates the enzyme
from the “Native Intermediate”, NI, into the “Fully Reduced Laccase”

Lac[4 Cu(II)] and Lac[4 Cu(I)] respectively29 by exchanging 4 elec-
trons with a mediator-enzyme constant k, according to the conven-
tional “ping-pong” mechanism. It should be noted that under phys-
iological conditions these four electrons are exchanged sequentially
through the T1 copper site of the enzyme and further transferred by
internal electron transfer (ET) to the tri-nuclear T2-T3 cluster.29

The second-order differential equations describing the system in
the steady state are given by Eqs. 4 and 5.2,30 The symbols in brack-
ets refer to the concentrations of the corresponding species which
vary across the film. Equations 4 and 5 are non-linear second order
differential equations and have no closed analytical solutions.

De
d2 [PAH-Os]

dx2
= ξkkcat [PAH-Os] [O2] [Lac]TOT

k [PAH-Os]
(
KMS + [O2]

) + kcat [O2]
[4]

DO2

d2 [O2]

dx2
= kkcat [PAH-Os] [O2] [Lac]TOT

k [PAH-Os]
(
KM S + [O2]

) + kcat [O2]
[5]

Pratt and Bartlett30,31 have described a kinetic case-diagram for
approximate solutions of the differential Eqs. 4 and 5 with the bound-
ary conditions for multilayer enzyme electrode with self-contained
immobilized redox mediator and freely diffusing enzyme-substrate
(cases I to VII). These approximations have been recently verified
experimentally for glucose oxidase and PAH-Os in LbL films.32

In LbL films, the film thickness, Os surface concentration and en-
zyme loading grow with the number of adsorption steps. The catalytic
current varies with the film thickness since charge propagates within
the film by electron hopping and the charge increases with thickness.27

At high bulk oxygen concentrations the model predicts that the
current will be limited by the kinetics of the reaction between the
mediator and the enzyme T1 Cu site, cases I and II in Bartlett-Pratt
model for thin and thick films respectively.24,25

I (caseI ) = ζnF[P AH -Os]TOTk[Lac]TOT L [6]

I (caseI I ) = nF[P AH -Os]TOT

√
ζDek[Lac]TOT [7]

Therefore at high oxygen concentration, the catalytic current increases
linearly with the film thickness (number of enzyme bilayers), the
[PAH-Os(II)] follows a Nernstian dependence on the electrode poten-
tial:

ln

[
iL

i
− 1

]
= F

(
E − E1/2

)
RT

[8]

At low oxygen concentration, cases V and VII in Bartlett-Pratt
model describe the biocathode current density for thin and thick films
respectively:30

I (caseV ) = ζnF
L[Lac]TOTkcat KS[O2]∞

KMS + KS[O2]∞
[9]

I (caseV I I ) = nF

√
2ζDe[P AH -Os]TOTkcat[Lac]TOT KS[O2]∞

KMS + KS[O2]∞
[10]

Figure 6 depicts a plot of the catalytic current density at pO2 =
1 atm at the plateau potential (0.15 V) as a function of the number
of laccase layers and PAH-Os, i.e. the film thickness. For the thinnest
films (corresponding to the lower coverage) the current increases lin-
early as the film thickness increases (case I). For the thicker films,
on the other hand, the current density reaches a constant value, imax

(case II).
This is in excellent agreement with the predictions of the model: in

case I, for the thinnest films, the current dependence in film thickness
is first order while for thicker films, case II predicts a current density
independent of film thickness. It is noteworthy that evidence for the
transition of the limiting cases of Pratt-Bartlett model for ampero-
metric enzyme electrodes could be obtained because of the unique
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Figure 6. O2 reduction catalytic current at 0.15 V vs. Ag/AgCl as function
of number of PAH-Os/Laccase layers; measured by cyclic voltammetry (v
= 5 mV/sec) in O2 saturated 0.1 M acetate buffer 0.2 M KNO3 pH 4.7;
RDE: w = 9 Hz. Ellipsometric thickness d.

features of the LbL enzyme multilayer strategy, i.e. the ability to vary
the film thickness in a controlled way at the nanometer scale.

In both cases, for the enzyme-mediator rate determining step, one
expects a Nernstian dependence of the catalytic current that follows
the Os(II) redox mediator concentration dependence on electrode po-
tential (Eq. 9) giving rise to a catalytic wave in Figure 5.30 It should be
noted that E1/2 shifts from the reversible potential of the Os(II)/Os(III)
surface redox couple, 0.35 V, toward less positive potentials as the
number of layers increases, approaching the redox potential of the
surface Os(III)/Os(II) couple under these experimental conditions,
i.e. 0.31 V.30

At low O2 concentration with [O2]∞ � KMS, case V predicts
a Michaelis Menten dependence on O2 concentration, while for case
VII, a square root dependence is expected. Notice the different laccase
concentration dependence for thin (Eq. 8) and thick films (Eq. 10),
i.e. linear and square root respectively because of electron diffusion
limitations in thick films.

We can approximate the current density to the enzyme reaction rate
only for thin films (see below). Figure 7 shows different diagnostic
plots for the enzyme inhibition in thin films.25,33,34

Linear Lineweaver Burke double reciprocal plots (Fig. 7A) with
convergence on the x-axis corresponds to apparent non-competitive
inhibition. However, convergence of data on the ordinate, character-
istic of competitive inhibition, cannot be completely ruled out.

Parallel linear Eadie-Hofstee plots (Fig. 7B) are characteristic of
non-competitive inhibition which is confirmed by the non-parallel
Hanes plots (Fig. 7C).25

In non-competitive enzyme inhibition mechanism, the inhibitor
binds to a different site than the substrate binding site.25,34 The in-
hibitor may bind to the free enzyme or to the enzyme-substrate com-
plex. Similar inhibition has been recently reported for another arti-
ficial mediator of laccase oxygen biocathodes (ABTS) by Minteer’s
group.21

Furthemore, the (Lac)n(PAH-Os)m biocathodes do not electro-
chemically reduce hydrogen peroxide.4 A comparison of the CV in
the absence and presence of peroxide in solution is shown in Figure 1
under anaerobic conditions and demonstrates that H2O2 cannot be re-
duced by laccase since there is no difference after addition of peroxide
to the electrolyte.

We unambiguously may conclude that soluble hydrogen peroxide
is a non-competitive reversible inhibitor of laccase in oxygen biocath-
odes mediated by PAH-Os.

It should be stressed that for thick films, i.e L > 15 nm, the di-
agnostic plots of Figure 7 are no longer valid since the bio-catalytic
current density is no longer proportional to the enzymatic rate be-
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Figure 7. A. Lineweaver Burke plot, B. Eadie-Hofstee plot, C. Hanes plot.

cause of diffusion limitations and the current dependence on oxygen
substrate, enzyme and redox mediator is given by Eq. 10.

We demonstrate this behavior with data in Figure 8 for films with 4
and 12 enzyme-redox polymer bilayers, respectively. In the absence of
peroxide inhibitor the normalized current densities to the maximum
current show no difference for thin and thick films. On the other
hand, when 1 mM peroxide is present in the solution, the inhibited
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Figure 8. Normalized catalytic current vs. pO2 for thin (�) and thick (◦) films
and effect of addition of 1 mM H2O2. Lines are best fit to Eq. 10.
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biocathode shows a larger current drop for a thin film (4 layers) than
for a thick film (12 layers). For the same fraction of inhibited enzyme
molecules in the films, the current density dependence on enzyme
concentration is weaker for thick films than for thin ones, i.e. [Lac]1/2

in Eq. 11.
On the basis of the experimental evidences, we will discuss possi-

ble mechanisms to explain the reversible non-competitive inhibition
of laccase oxygen biocathodes by hydrogen peroxide.

Solomon’s group has extensively studied the mechanism of laccase
oxygen catalysis.9,10,29,35 Solomon’s mechanism considers that oxy-
gen binds to the fully reduced laccase forming the laccase peroxide
intermediate with O2 bridging between T2Cu(II) and T3Cu(II) and
T3Cu(I).

In order to explain H2O2 not binding to the O2 binding site, we
suggest that exogenous soluble H2O2 inhibits laccase by oxidizing
T3Cu(I). Previous evidence that peroxide oxidizes the CuT3 site in
laccase was provided by Solomon’s group,36 and further disclosed
that H2O2 binds with low affinity to the oxidized CuT2/T3 trinuclear
center with the need of CuT2 center to bind peroxide,37 previously
suggested by Vanngard.38

Taking into account this mechanism, we have examined the inhibi-
tion reversibility. After inhibition, washing the electrode and immers-
ing in a fresh peroxide free electrolyte we have not seen any difference
with the inhibited response. However, if the inhibited electrode was
reduced at −0.4 V in peroxide free and oxygen free electrolyte for
ten minutes, we partially recovered the response of the original non-
inhibited bio-cathode (see evidence in supporting information). This
suggests that peroxide oxidizes laccase, which needs fully reduced
T3Cu sites to bind O2 and that strong reduction of these sites recovers
the catalytic activity.

Notice that laccase activity is recovered in the absence of oxygen
and that the inhibition by peroxide is more important at the highests
oxygen partial pressures. Therefore we assume that in the reversible
inhibition, peroxide competes for the electron injected at T1 copper
center with the oxygen reduction at the trinuclear cluster and the
reductive reactivation of laccase. In the absence of oxygen all electrons
injected at T1 by Os(II) result in the reductive enzyme reactivation.
However, at 1 mM peroxide concentration the initial response was
no longer reached, which agrees with a previous study of Solomon’s
group who demonstrated that irreversible protein damage occurs at
high H2O2 concentrations.36

From the present experimental evidence and previous evidence
of Kau et al.36 we suggest that peroxide inhibits laccase by oxidiz-
ing T3Cu(I) and interfering in the Solomon 4-electron biocatalytic
reduction of oxygen mechanism.35

Conclusions

For thin films self-assembled layer-by-layer of Trametes-trogii lac-
case and poly(allylamine) osmium (PAH-Os) redox mediator we have
shown enzyme non-competitive reversible inhibition of O2 biocath-
odes by exogenous soluble H2O2 using a rotating disc electrode at
different electrode potentials, O2 partial pressures and hydrogen per-
oxide concentrations.

The competition of inhibition, and reductive enzyme reactivation
determines the steady state oxygen reduction current at each peroxide
concentration, O2 partial pressure and Os(II) concentration (which
follows a Nernstian response of the electrode potential).

The experimental evidence presented here for the inhibition of
laccase by peroxide is fully consistent with Solomon’s mechanism and
careful spectroscopic studies that demonstrated that H2O2 oxidizes
T3Cu site of laccase.36,37,39
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