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Kurchatov NBIC Centre, National Research Centre “Kurchatov Institute″, 123182 Moscow, Russia
§
A. N. Bach Institute of Biochemistry, 119 071 Moscow, Russia
‡

S Supporting Information
*

ABSTRACT: Two blue multicopper oxidases (MCOs) (viz. Trametes
hirsuta laccase (ThLc) and Myrothecium verrucaria bilirubin oxidase
(MvBOx)) were immobilized on bare polycrystalline gold (Au)
surfaces by direct adsorption from both dilute and concentrated
enzyme solutions. The adsorption was studied in situ by means of null
ellipsometry. Moreover, both enzyme-modiﬁed and bare Au electrodes
were investigated in detail by atomic force microscopy (AFM) as well
as electrochemically. When adsorbed from dilute solutions (0.125 and
0.25 mg mL−1 in the cases of ThLc and MvBOx, respectively), the
amounts of enzyme per unit area were determined to be ca. 1.7 and
4.8 pmol cm−2, whereas the protein ﬁlm thicknesses were determined
to be 29 and 30 Å for ThLc and MvBOx, respectively. A wellpronounced bioelectrocatalytic reduction of molecular oxygen (O2)
was observed on MvBOx/Au biocathodes, whereas this was not the case for ThLc-modiﬁed Au electrodes (i.e., adsorbed ThLc
was catalytically inactive). The initially observed apparent kapp
cat values for adsorbed MvBOx and the enzyme in solution were
found to be very close to each other (viz. 54 and 58 s−1, respectively (pH 7.4, 25 °C)). However, after 3 h of operation of
−1
MvBOx/Au biocathodes, kapp
cat dropped to 23 s . On the basis of the experimental results, conformational changes of the enzymes
(in all likelihood, their ﬂattening on the Au surface) were suggested to explain the deactivation of MCOs on the bare Au
electrodes.

■

and Cp) adsorbed on bare and modiﬁed Au surfaces.6,7,10−12
However, the reason for the absence of bioelectrocatalytic
activity was not clearly identiﬁed, and in order to explain the
experimental results, several suggestions were made. These
included both simple, long-standing explanations in the ﬁeld of
redox protein/metal interface electrochemistry,13 associated
with enzyme denaturation on bare Au surfaces or/and the
absence of a heterogeneous ET between Au and active centers
of MCOs,14,15 as well as a sophisticated hypothesis involving
the formation of inactive forms of MCOs as a result of an
unnatural ET pathway resulting from enzyme orientation
speciﬁcally by the trinuclear Cu cluster (Cu-T23), which was
assumed to be in DET contact with the Au surfaces.6,7,11,12,16
Recently, the well-pronounced DET-based bioelectrocatalytic
reduction of O2 on Au electrodes modiﬁed with Lc and BOx
was demonstrated. It should be emphasized, however, that
bioelectrocatalysis was observed only in the case of atomically
planar Au(111) electrodes,17,18 speciﬁcally modiﬁed polycrystalline Au surfaces,19,20 and 3D (porous) Au electrodes.21−25 It
was suggested that clear yet short-lived bioelectrocatalytic

INTRODUCTION
“Blue” multicopper oxidases (MCOs) (e.g., ascorbate oxidase
(AOx), bilirubin oxidase (BOx), ceruloplasmin (Cp), and
laccase (Lc)) are copper-containing enzymes eﬃciently
catalyzing oxygen (O2) reduction directly to water (H2O)
without the formation of highly reactive oxygen species.1,2 Lc
was the ﬁrst redox enzyme for which direct electron transfer
(DET)-based bioelectrocatalysis was demonstrated as early as
in 1978.3,4 Nowadays, the mechanism of the MCO-catalyzed
bioelectrocatalytic reduction of O2 is quite well understood.
(See graphical and textual details about the mechanism in
Supporting Information (SI), Supporting Figure S2.1,5−7) In
spite of this, a scientiﬁc dispute concerning the electrochemical
behavior of high-redox-potential MCOs (i.e., redox enzymes
with redox potentials of the Cu-T1 (ET1) varying from 0.6 up to
0.8 V vs NHE7) adsorbed on gold (Au) electrodes has been
taking place since the end of the 1990s.
The debate was initiated by several pioneering studies
concerning Lc/Au electrochemistry in which well-pronounced
low-redox-potential Faraday processes (with midpoint potentials of about 0.4 V vs NHE) related to the adsorbed enzyme
were observed without the eﬃcient bioelectrocatalytic reduction of O2 on enzyme-modiﬁed Au electrodes.8,9 Later, a similar
situation was observed for many diﬀerent MCOs (e.g., Lc, BOx,
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Linköping University, Sweden) with a geometrical area of about 0.32
cm2. Prior to all measurements (AFM, ellipsometrical, and electrochemical), Au electrodes were cleaned with a series of CV scans at a
200 mV s−1 scan rate between 0 and −1200 mV versus NHE in 0.5 M
NaOH, and they were then rinsed thoroughly with H2O and ﬁnally
cleaned by a series of CV scans at a 200 mV s−1 scan rate between 0
and +1900 mV versus NHE in 0.5 M H2SO4.
Clean Au working electrodes were modiﬁed by a simple adsorption
of ThLc and MvBOx on the electrode surface using dilute and
concentrated solutions of MCOs at room temperature (∼25 °C).
Speciﬁcally, for physisorption, ThLc and MvBOx in 50 mM phosphate
buﬀers with pH values varying from 6.0 up to 7.5 were used, and the
enzyme concentration in the bulk solution varied from 0.125 to 4.0 mg
mL−1. For electrochemical and atomic force microscopy studies, a
drop of solution containing diﬀerent concentrations of enzymes was
evenly deposited on top of the electrodes, adsorption was allowed to
occur, and after 15 min the electrode was carefully rinsed with H2O. A
cuvette with a total volume of 4 mL was used (vide infra) in the
ellipsometric measurements. It should be emphasized that electrodes
did not dry out at any time during modiﬁcation and investigations.
Au electrodes were connected to a potentiostate using Au-plated
alligator clips (model 3289-2) from Pomona Electronics (Everett, WA,
USA). The working areas of Au electrodes were determined by direct
precise geometric measurements, and the area was also controlled
electrochemically.
Electrochemistry. Cyclic voltammetry and chronoamperometry
were performed in an electrochemical cell with a volume of 30 mL
containing a saturated calomel reference electrode (242 mV vs. NHE)
and a platinum mesh counter electrode using a PGSTAT12
potentiostat/galvanostat from Metrohm Autolab B.V. (Utrecht, The
Netherlands). As supporting electrolytes, a 100 mM citrate/phosphate
buﬀer solution at pH 4.0 and a 100 mM phosphate buﬀer solution at
pH 7.4 were used for measurements with ThLc- and MvBOx-modiﬁed
Au electrodes (ThLc/Au and MvBOx/Au), respectively. Electrochemical experiments were performed at 25 °C. All potentials in the
present work are given versus NHE.
Ellipsometry Measurements. The adsorption of ThLc and
MvBOx onto bare Au was studied in situ by means of null
ellipsometry, which measures changes in the polarization of light
reﬂected by a surface (the sample). A thin-ﬁlm automated ellipsometer
(type 43 603-200E, Rudolph Research, Fairﬁeld, NJ, USA) equipped
with a xenon arc lamp with a ﬁxed angle of incidence (67.96°) was
used. Light was detected at a wavelength of 442.9 nm employing an
interference ﬁlter with ultraviolet and infrared blocking (MellesGriot,
Netherlands). The Au surface was vertically mounted in a glass
trapezoid cuvette (Hellma, Germany) containing 4 mL of solution,
which was thermostated at 25 °C and stirred using a magnetic stirrer
with a rotational speed of 325 rpm. The changes in ellipsometric
angles were recorded in situ every 15 s. To determine the refractive
index of the Au surface, a four-zone surface calibration in buﬀer
solution was carried out prior to each measurement. When enzymes
were to be adsorbed on the electrochemically cleaned Au surface (vide
supra), ﬁrst a stable baseline acquisition was done and then enzyme
from the stock solution was added to the cuvette to a ﬁnal volume of 4
mL. The formation of protein ﬁlms was monitored for 60 min,
followed by rinsing with enzyme-free buﬀer solution for 5 min. From
ellipsometric data, the protein layer thickness (d, in Å) and the
adsorbed amount per unit area (Γ, in mg m−2) were calculated by
assuming a three-layer model (Au−enzyme layer−buﬀer solution) and
using a value of 0.18 mL g−1 as the refractive index increment with
respect to the change in protein concentration (dn/dc).30 As an
evaluation of the ellipsometric data, the refractive index can be either
calculated31 or assumed. Because the determination of the thickness of
an adsorbed layer is not straightforward at low coverage,32,33
ellipsometry results obtained in this work were evaluated using both
procedures. In doing so, the index was ﬁtted according to the method
described by McCrackin and co-workers.31 When assuming the
refractive index, two values were taken into account: one based on our
own work (n = 1.65)12 and another based on previously reported
results n = 1.45.34 Because of the complexity in evaluating the

responses on Au(111), which is a highly ordered and smooth
surface, were registered because the protein was either held
more tightly or there were fewer “side routes” for ET as a result
of decreased surface roughness17 (i.e., better wiring of BOx on
Au(111) was obtained compared to that on the polycrystalline
surfaces). Bioelectrocatalysis on modiﬁed polycrystalline Au
was attributed to proper enzyme orientation20 along with
enzyme stabilization.19 Similar reasoning could also be given to
explain the observed O2 bioelectroreduction process, when
porous Au electrodes were used, because the immobilization of
MCOs in 3D Au electrodes could favor the exposure of the
active site of the immobilized enzymes22 and/or stabilize
enzyme molecules incorporated into nanocavities,21 as
theoretically predicted in 2001.26
Two questions, however, are still not answered: (i) could
MCOs directly adsorbed on bare polycrystalline planar Au
electrodes, which are not nanostructured or chemically
modiﬁed, eﬃciently catalyze O2 electroreduction? If yes, then
(ii) why was O2 bioelectroreduction not registered in many
previous attempts concerning MCO/Au electrochemistry?
To answer these questions, electrochemical, ellipsometric,
and AFM studies of planar polycrystalline Au surfaces modiﬁed
with Trametes hirsuta Lc (ThLc) and Myrothecium verrucaria
BOx (MvBOx) were performed as described below.

■

EXPERIMENTAL SECTION

Materials. Na2HPO4, NaOH, KH2PO4, K3[Fe(CN)6], NaF, and
H2SO4 were obtained from Merck (Darmstadt, Germany). Citric acid,
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and
bovine serum albumin were from Sigma-Aldrich (St. Louis, MO,
USA). All chemicals were of analytical grade. Buﬀers were prepared
with water (18 MΩ cm at 25 °C) puriﬁed with a PURELAB UHQ II
system from ELGA Labwater (High Wycombe, U.K.). Diﬀerent O2
concentrations were established by bubbling air and oxygen from AGA
Gas AB (Sundbyberg, Sweden) through the solution.
Enzymes. Basidiomycete Trametes hirsuta, strain T. hirsuta 56, was
obtained from the laboratory collection of the State Research Institute
of Protein Biosynthesis (Moscow). Extracellular Trametes hirsuta
laccase (ThLc) was isolated from the culture media and puriﬁed to
homogeneity following well-known procedures. 6 The enzyme
homogeneity was conﬁrmed by SDS-PAGE (Supporting Figure S2).
BOx from Myrothecium verrucaria fungus (MvBOx) was obtained from
Amano Enzyme Inc. (Nagoya, Japan) and was additionally puriﬁed by
Dr. Olga V. Morozova (A. N. Bach Institute of Biochemistry, Moscow,
Russia) using gel-ﬁltration and ion-exchange HPLC. Both preparations
of the enzymes were stored in 10 mM phosphate buﬀer at pH 6.5 and
−18 °C because the storage stability of both enzymes is close to
maximal at this pH value. The preparations were thawed and airsaturated for 2 h before use in order to avoid the possible presence of
resting forms, viz., partially reduced enzymes.27 The concentration of
Lc and BOx was measured spectrophotometrically at 228.5 and 234.5
nm using BSA as a standard.28
Enzyme Assay and Kinetic Studies. The speciﬁc activity of
MvBOx and ThLc in homogeneous solution was determined by
estimating the initial rates of O2 consumption using an Oxygraph
Clark O2 electrode from Hansatech Ltd. (Norfolk, England) at 25 °C
with constant stirring. An appropriate concentration of ABTS
dissolved in 100 mM buﬀer (citrate/phosphate, pH 4.0 for ThLc
and phosphate, pH 7.4 for MvBOx) was used in order to ensure a
measurable linear rate for the ﬁrst 30 s after the addition of prepared
enzyme. The concentrations of O2 were assumed to be 0.25 and 1.2
mM in air- and O2-saturated buﬀers, respectively.29
Electrode Preparation. As working electrodes, we used Au
substrates manufactured in a Balzers UMS 500 P system by the
electron-beam deposition of 2000 Å of Au on silicon(100) wafers
(planar polycrystalline Au electrodes) that had been precoated with a
25-Å-thick titanium adhesion layer (Laboratory of Applied Physics,
2944

dx.doi.org/10.1021/la402432q | Langmuir 2014, 30, 2943−2951

Langmuir

Article

thicknesses of thin protein layers on Au, as discussed further in the
Results and Discussion section, we evaluated the trends (diﬀerences
between conditions and enzymes) in thickness rather than the absolute
values.
Atomic Force Microscopy. AFM images of Au surfaces were
obtained using a commercial setup equipped with a liquid cell
(MultiMode 8 SPM with a NanoScope V control unit, Bruker AXS).
The samples were visualized in water at room temperature by
operating the AFM in both tapping and in peak force tapping (PFT)
modes. In tapping mode, the cantilever is oscillated at its free
resonance frequency, and the tip−sample distance is adjusted during
scanning so that the amplitude of the oscillation is kept constant. In
this case, Au-coated cantilevers with a nominal spring constant of 0.03
N m−1, a resonance frequency in air of 37 kHz, and a nominal tip
radius in the 30−40 nm range (Biolever A, Olympus, Tokyo, Japan)
were employed. In PFT mode, force curves are constantly recorded at
a constant rate equal to 2 kHz. In this mode, the maximum load
exerted on the sample is constantly and automatically minimized.
When operating in PFT mode, triangular silicon nitride cantilevers
with a nominal spring constant of 0.7 N m−1, a resonance frequency in
air of 150 kHz, and a nominal tip radius of 20 nm were employed
(ScanAsyst-Fluid, Bruker AXS). Analysis and processing of AFM
images was performed with WSxM software.35 Standard image
processing consisted of plane subtraction and/or equalization.
The AFM size of adsorbed molecules is given as mean and standard
deviation values calculated by averaging the height measured in AFM
topography images for at least 20 molecules. It is also important to
note that all samples (electrodes) were placed in the AFM liquid cell
immediately after electrochemical cleaning and biomodiﬁcation
without letting them dry at any moment.

■

RESULTS AND DISCUSSION
First, the MCOs were physisorbed on bare Au surfaces. Because
both enzyme preparations were stored in 10 mM phosphate
buﬀer at pH 6.5 (vide supra), phosphate buﬀer was also used
for their immobilization on Au surfaces in order to avoid
additional manipulations (e.g., dialysis or chromatography
steps). However, the phosphate concentration was increased
from 10 to 50 mM in order to adjust the pH during the dilution
of the stock solutions properly. Diﬀerent pH values of
phosphate buﬀers used for the proteins’ physisorption (6.0−
7.5) reﬂect diﬀerent pH dependences of the activity and
stability of the diﬀerent MCOs. Speciﬁcally, ThLc is very active
but simultaneously quite unstable in acidic solutions, whereas it
is very stable but inactive in neutral solutions.36 Contrary to
ThLc, MvBOx is both active and stable in neutral solutions,37
whereas well-pronounced irreversible deactivation of the
enzyme is known to occur in acidic media.38 Thus, for
MvBOx physisorption 50 mM phosphate buﬀer at pH 7.4 was
used, whereas the pH of the buﬀer used for ThLc adsorption
was decreased to 6.0. Under these conditions, signiﬁcant
activity of the enzyme could still be registered without fast
enzyme deactivation. For comparison, the physisorption of
both MCOs was also performed from an identical solution, viz.,
50 mM phosphate buﬀer at pH 7.5 (vide infra)). Both
unmodiﬁed and modiﬁed electrodes, viz., bare Au, ThLc/Au,
and MvBOx/Au, were investigated by means of AFM as
described below.
Atomic Force Microscopy Studies. As control measurements, evaporated Au surfaces that were electrochemically
cleaned were imaged in water by operating the AFM in both
the PFT and tapping modes (Figure 1a,b, respectively). Clean
Au exhibited a granular surface, in accordance with previous
reports.39 The grains exhibited lateral dimensions in the range
of 50−200 nm, with typical heights of about 10−15 nm
resulting in a roughness factor of the Au surface (f) of about

Figure 1. (a, b) AFM images of clean evaporated Au surfaces obtained
in a water environment by operating the AFM in PFT mode and in
tapping mode, respectively (color height scale 25 nm). (c, d)
Topography images of Au surfaces obtained with a high surface
coverage of ThLc (tapping mode) and MvBOx (PFT mode),
respectively (color height scale 12 nm). In these samples, enzyme
solutions with concentrations equal to 4.0 mg mL−1 in 50 mM
phosphate buﬀers, at pH 6.0 and 7.4, in the case of ThLc and MvBOx,
respectively, were used for protein immobilization on Au surfaces. (e,
f) Topography images obtained by operating the AFM in PFT mode
and highlighted height proﬁles for the low surface coverage of ThLc
and MvBOx, respectively (color height scale 14 nm). In these samples,
enzyme solutions with concentrations equal to 0.125 and 0.25 mg
mL−1 in 50 mM phosphate buﬀer at pH 6.0 and 7.4, in the case of
ThLc and MvBOx, respectively, were used for protein immobilization
on Au surfaces.

1.3. Thus, from AFM studies, the microscopic (real) Au
electrode area (Areal) was 1.3 times higher than the geometric
(2D projected) one (Ageom; see additional details concerning
the electrode areas in SI). However, it is important to note that
this value may be an underestimation because AFM would not
2945
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be sensitive to roughness lower than the curvature of the tip. It
should also be mentioned that AFM operation in tapping mode
provided better lateral resolution than did the PFT technique.
MCOs were directly adsorbed on bare polycrystalline Au
electrodes using highly concentrated enzyme preparations. A
bulk enzyme concentration of 4 mg mL−1 was chosen, a value
similar to those used in previous studies.9,11,12 The MCOmodiﬁed Au surfaces were imaged by operating the AFM in
both tapping and PFT modes (Figure 1c,d). A granular
structure similar to that of clean Au was found for these
surfaces. However, the Au grains were not smooth any longer;
they seemed to be almost completely covered by globular
features with average lateral dimensions of ca. 20 nm. Although
this width is higher than that expected for single ThLc and
MvBOx molecules (4−6 nm; see additional details concerning
enzyme structures and sizes in SI), it is well known that the
visualization of features smaller than the AFM tip results in
width values similar to those of the tip (ca. 20 nm) resulting
from tip dilation eﬀects,40 with this being the most probable
case in our experiments. Thus, it is likely that the topography
images show the convolution of the AFM tip and the molecules
protruding from the surface. Nevertheless, it is reasonable to
assume (i) from the homogeneity of the samples and (ii) from
the fact that the images do not show substrate zones without
molecules that in both samples full coverage was obtained.
ThLc and MvBOx were also adsorbed on Au electrodes using
dilute enzyme solutions (i.e., 0.125 and 0.25 mg mL−1,
respectively) in order to obtain AFM images of the
submonolayer coverage of the Au surface, from where the
dimensions of single immobilized enzymes could be
determined. AFM images of these samples obtained by
operating in the PFT mode are shown in Figure 1e,f. Both
samples showed isolated globular features on top of the wider
Au grains.
These features exhibited similar lateral (ca. 20 nm) and
vertical dimensions, 2.9 ± 0.6 and 3.0 ± 0.8 nm for ThLc and
MvBOx samples, respectively. As in the case of fully covered
samples, the molecules exhibiting larger lateral dimensions than
those expected for single molecules can be attributed to tip
dilation eﬀects.40
Moreover, both types of molecules exhibited a similar height,
which was lower than those expected for both ThLc and
MvBOx molecules (4−6 nm, SI). However, this is also expected
for single adsorbed proteins because the AFM-determined
height of soft biological molecules is usually smaller than its
nominal value as a result of tip compression eﬀects.41 Thus, it is
reasonable to associate the AFM-determined height of the
globular features visualized on top of the Au grains with that of
individual protein molecules.
It is important to emphasize that no desorption of either
protein from the electrode surface was registered by AFM when
modiﬁed electrodes were kept in buﬀer solutions with diﬀerent
pH values (pH 4 and 7.4, i.e., both very close and very far from
the pI values of ThLc and MvBOx; SI) for 1 h, indicating that
the adsorption of both MvBOx and ThLc on Au has an
irreversible character.
The quantitative AFM analysis of MCO/Au surfaces is
summarized in Table 1 and Supporting Information Table S1,
where height values for both MCOs (ThLc and MvBOx) are
presented.
To complement the AFM results, additional ellipsometry
studies of Au electrodes were carried out, as described below.

Table 1. Au Surface Coverage with MCOs (Γ) and
Thickness of Enzymatic Layers (Enzyme Height, d) on Aua,b
MCO
ThLc
MvBOx

Γ and d

theoretical

AFM

ellipsometry

Γ, pmol cm−2
d, Å
Γ, pmol cm−2
d, Å

3.95−8.23
45−65
4.63−10.42
40−60

n.d.
29
n.d.
30

∼1.7
7
∼4.8
17

Ellipsometry data were calculated using a ﬁxed value for n = 1.65. The
enzyme solutions with concentrations equal to 0.125 and 0.25 mg
mL−1 in the case of ThLc and MvBOx, respectively, were used for
protein immobilization on Au surfaces. bn.d. − not determined.
a

Ellipsometry Studies. Ellipsometric measurements can be
used for the determination of the refractive index and thickness
of thin ﬁlms by using, for example, the Cuypers32 or de Feiter30
formula to determine the adsorbed mass. The accuracy of mass
determination has been shown to be more accurate that the
determination of refractive indices or thicknesses, particularly at
low adsorbed mass.33 Furthermore, refractive indices can be
calculated31 or assumed. As shown in some previous work,32,33
assuming a plane parallel model for the ﬁlm, the refractive index
and thickness co-vary, so an overestimation of one results in an
underestimation of the other. In the calculation of mass, this
will be compensated for, thus resulting in values with much
higher reliability. Therefore, in the present work ellipsometry is
mainly used as a mass sensing tool, whereas AFM is used as an
enzyme-height-determining technique (vide supra).
The adsorption of both enzymes onto the electrochemically
cleaned Au surfaces was followed by means of ellipsometry, as
shown in Figure 2, where the time evolution of the adsorbed
amount of protein (Γ) at the electrode with Ageom = 0.32 cm2
and the thickness of the enzymatic layers (d) are presented.
Taking into account that the pI of both redox enzymes is close
to 4 (see additional details concerning basic biochemical
properties of the MCOs in SI), one can conclude that both
proteins were negatively charged during all immobilization
processes. It is important to emphasize that no desorption of
proteins from the electrode surface was registered by
ellipsometry measurements when rinsing with enzyme-free
buﬀer solutions with diﬀerent pH values (pH 4 and 7.5, i.e.,
both very close and very far from the pI values of both ThLc
and MvBOx) after modiﬁcation (Figure 2), conﬁrming that the
adsorption of both MvBOx and ThLc on Au has irreversible
character in the experimentally relevant time frame.
Much higher Γ values were obtained for MvBOx, Γ = 2.9 ±
0.1 mg m−2 (∼4.8 pmol cm−2; see calculation details in SI),
than for ThLc, Γ = 1.6 ± 0.1 mg m−2 (∼1.7 pmol cm−2)
(Figure 2a). Because two diﬀerent concentrations of MCOs
were used during protein immobilization (in analogy with the
AFM studies, solutions of ThLc and MvBOx with concentrations of 0.125 and 0.25 mg mL−1, respectively, were used),
the possible dependence of Γ values on the bulk enzyme
concentration used for the adsorption procedure was evaluated
(SI). As can be seen from the results presented in SI, changes in
ThLc bulk concentrations from 0.125 to 4.0 mg mL−1 resulted
in increased Γ from 1.2 to 2.2 mg m−2 (Supporting Figure S4).
However, even when the bulk concentration of ThLc used for
the absorption was 16 times higher than that of MvBOx (4.0 vs
0.25 mg mL−1), a lower Γ value for ThLc was still obtained (cf.
2.2 mg m−2 for ThLc and 2.9 mg m−2 for MvBOx). The
determination of thicknesses of thin (submonolayer) ﬁlms of
proteins on solid supports and speciﬁcally on Au (see below) is
2946
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It is important to point out that because of these uncertainties
absolute values of thickness should not be overinterpreted;
rather, the focus should be on the diﬀerences observed between
conditions and enzymes.
The thicknesses of the enzymatic layers (d) calculated from
the ellipsometric measurements had very low values (Figure
2b), viz., 1.7 ± 0.1 and 0.7 ± 0.1 nm for MvBOx and ThLc,
respectively. In the case of a very high ThLc concentration
during enzyme adsorption (4 mg mL−1), d = 1.3 ± 0.1 nm was
obtained (i.e., it is 6−10 times lower than the height of the
native enzyme (Table 1)). Indeed, when an n value for the
refractive index equal to 1.45 instead of 1.65 was used for
calculations, signiﬁcantly higher d and slightly lower Γ values
were obtained (Supporting Information Figure S5), and d
values from AFM and ellipsometry studies almost coincided
(Supporting InformationTable S1).
In summary, the thickness of the enzyme layer decreases in
the order dMvBOx (0.25 mg mL−1) > dThLc (4 mg mL−1) > dThLc
(0.125 mg mL−1) irrespective of the method used for
evaluation. This also implies that the obtained results are not
a modeling-dependent artifact.
The quantitative analysis of ellipsometrical results is
compiled in Table 1 and Supporting Information Table S1,
where Γ and d values for both ThLc and MvBOx molecules are
presented. To conclude, AFM and ellipsometry studies
conﬁrmed a submonolayer coverage of both ThLc and
MvBOx on the Au surface when dilute preparations of the
enzymes were used for modiﬁcation. Both bare Au (control
studies) and MCO/Au electrodes, investigated by AFM and
ellipsometry, were also electrochemically characterized, as
described below.
Electrochemical Investigations. First, an average f value
for bare Au electrodes was calculated during electrochemical
cleaning. Additional details concerning the calculations as well
as some experimental results are described in the SI
(Supporting Figure S6). The obtained result ( f = 1.6)
correlates well with calculations of real surface areas based on
AFM studies of bare Au electrodes (vide supra).
Second, the electrodes were modiﬁed with ThLc or MvBOx
and placed in air-saturated buﬀers, and cyclic voltammograms
(CVs) of modiﬁed Au electrodes were recorded. The catalytic
current related to the bioelectroreduction of O2 was clearly
visible only for MvBOx/Au electrodes (Figure 3a, Supporting
Information Figures S7−S8), whereas adsorbed ThLc was
bioelectrocatalytically inactive (Figure 3a, Supporting Information Figures S11−S12). When electrochemical measurements
of MvBOx/Au were performed in the air-saturated buﬀer, a
steady-state bioelectrocatalytic response was obtained with an
onset potential of O2 bioreduction at about 0.7 V (Figure 3a,
curve 2), coinciding with the proposed ET1 value of the
enzyme.43
Taking into account motionless electrodes and unstirred
solutions used in our studies, the shape of the CV (an almost
steady-state potential current curve at high overpotentials) and
the observed slight dependence of the biocatalytic current on
solution stirring show evidence of O2 mass-transfer limitations
(additional details in SI). When increasing the O2 concentration from 0.25 to 1.2 mM, the maximal current density (jmax)
corresponding to bioelectrocatalytic O2 reduction increased
only by a factor of 3 (i.e., from 19 μA cm−2 in air-saturated
buﬀer to 53 μA cm−2 in O2-saturated buﬀer (Supporting
Information Figure S7), also suggesting O2 diﬀusion limitations
(SI).

Figure 2. Ellipsometric data of MCO adsorption on bare Au surfaces.
Adsorption onto the bare polycrystalline Au surface of MvBOx and
ThLc followed in situ by means of null ellipsometry. Enzyme solutions
with concentrations equal to 0.125 and 0.25 mg mL−1 in 50 mM
phosphate buﬀers at pH 6.0 and 7.4 in the case of ThLc and MvBOx,
respectively (a, b), or 0.125 mg mL−1 in 50 mM phosphate buﬀers at
pH 7.5 for both MCOs (c) were used for protein immobilization on
Au surfaces. The thickness was calculated by assuming a constant
refractive index of 1.65.

not straightforward for a number of reasons. First, ﬁtting to the
model (plane parallel homogeneous ﬁlm) becomes less
accurate at low adsorbed mass.33 Second, at low coverage the
modeling of the layer as a plane parallel homogeneous ﬁlm will
result in an average thickness that will be lower than the real
dimensions of the protein. Finally, Au has been shown to
interact strongly with proteins; therefore, sophisticated
modeling (e.g., assuming a mixed protein/Au layer with
intermediate optical properties between the surface and the
protein) has been proposed in order to obtain realistic values.42
Therefore, our evaluations were carried out using two diﬀerent
approaches: (1) by calculating the refractive index31 and (2) by
the assumption of two diﬀerent refractive indices (vide supra).
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conﬁrming the bioelectrocatalytic origin of the obtained
currents.
The operational stability of MvBOx/Au electrodes was
investigated in both acidic and neutral solutions (Figure 3b).
The half-inactivation time for MvBOx/Au electrodes was
calculated to be 0.25 and 2.5 h at pH 4.0 and 7.4, respectively.
In other words, after 3 h of biocathode operation kapp
cat for the
adsorbed MvBOx decreased to 23 s−1 in solution at pH 7.4,
whereas under acidic conditions the enzyme was completely
inactivated. Fast deactivation of the adsorbed enzyme under
acidic conditions is a widely held notion. Indeed, MCO
preparations (both BOx and Lc) are usually stored in weak
buﬀers with neutral pH values (10 mM phosphate buﬀer at pH
6.5 in our studies, vide supra). Because both AFM and
ellipsometry studies clearly indicated that the adsorption of
MvBOx and ThLc on Au has irreversible character, one can
conclude that the time decay of the kapp
cat is due to the gradual
deactivation of the enzyme but not to its desorption from the
electrode surface.
As already mentioned, contrary to MvBOx/Au, Au electrodes
modiﬁed with ThLc were bioelectrocatalytically inactive.
Signiﬁcant increases in enzyme concentration used for
modiﬁcation (Supporting Information Figure S11) and an
increase in O2 content in the buﬀer (Supporting Information
Figure S12) did not result in the appearance of even slight
bioelectrocatalytic currents from ThLc/Au electrodes.
Enzymatic Assay. The observed kcat values of ThLc and
MvBOx toward ABTS in homogeneous reactions were
calculated to be 205 and 58 s−1 at pH 4.0 and 7.4, respectively
(vide supra). To determine the activity of both enzymes in
heterogeneous systems (MCO/Au) using ABTS as an
electrode donor (qualitative enzymatic assay), a few hundred
microliters of air-saturated buﬀers (100 mM citrate-phosphate
at pH 4.0 for ThLc/Au, 100 mM phosphate at pH 7.4 for
MvBOx/Au, and both buﬀers for bare Au electrodes)
containing the substrate of the enzymes (i.e., 5 mM ABTS)
was dropped on top of the Au electrodes, both unmodiﬁed as
well as modiﬁed with ThLc and MvBOx, as illustrated in Figure
4.
A clear blue color was developed in just a few minutes, when
MvBOx/Au wafers were used, whereas no biocatalytic reaction
of ABTS oxidation was registered for ThLc/Au or bare Au
electrodes, even when incubated with the enzyme substrate for
1 h (Figure 4). Because no desorption of the enzyme was
observed in our studies as described above, these measurements
conﬁrmed that adsorbed MvBOx was catalytically active
whereas ThLc was completely deactivated after immobilization
on bare Au surfaces.
General Discussion. The diﬀerence in coverage between
the two MCOs is a puzzle, which obviously complicates the
interpretation of the results. To the best of our knowledge, the
hydrodynamic radii of ThLc and MvBOx are unknown.
However, there is an investigation showing that the crystallographic size of an MCO (T. versicolor Lc) and its hydrodynamic
size are comparable.44 Thus, because of ThLc being larger than
MvBOx (SI), higher Γ values are expected (in moles) when
BOx is used for surface modiﬁcation. However, the measured
diﬀerence is too high to take into account only this simple
explanation. Nevertheless, the experimental results described
above give a positive answer to the ﬁrst question speciﬁed in
the Introduction concerning the bioelectrocatalytic reduction of
O2 by MCOs directly adsorbed on polycrystalline bare planar
Au electrodes. Speciﬁcally, well-pronounced bio(electro)-

Figure 3. Electrochemical investigations of MCO-modiﬁed Au
electrodes. (a) CVs of MCO-modiﬁed Au electrodes: ThLc-Au
(curve 1) and MvBOx-Au (curve 2). Enzyme solutions with
concentrations equal to 0.125 and 0.25 mg mL−1 in 50 mM phosphate
buﬀers, pH 6.0 and 7.4, in the case of ThLc and MvBOx, respectively,
were used during the biomodiﬁcation of Au surfaces. Measurement
conditions: 100 mM buﬀers (citrate/phosphate pH 4.0 for ThLc and
phosphate; pH 7.4 for MvBOx); scan rate, 20 mV s−1; second cycle.
(b) Chronoamperometric responses from MvBOx-modiﬁed Au
electrodes recorded at a +400 mV applied potential. Initial jcat values
were 18.3 and 7.6 μA cm−2 at pH 4.0 and 7.4, respectively. Conditions:
100 mM citrate/phosphate buﬀer at pH 4.0 and 100 mM phosphate
buﬀer at pH 7.4.

app
The apparent biocatalytic constant (kcat
) for adsorbed
−1
MvBOx was calculated to be 54 s (calculation details can
be found in the SI), taking into account that the Γ value for
MvBOx on Au equals 4.8 pmol cm−2 (Table 1 and Supporting
Information Table S1) from ellipsometry studies. It is
worthwhile to mention that voltammetric data with a low
enzyme concentration (0.25 mg mL−1) used for electrode
modiﬁcation were taken into account during calculations in
order to avoid situations in which the formation of multilayers
could be suggested (vide supra).
When F−, a known eﬃcient inhibitor of active MCO, was
added to the air-saturated buﬀer solution at a 100 mM
concentration, the electrocatalytic current from MvBOx/Au
electrodes vanished (Supporting Information Figure S7),
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Figure 4. Photographs of polycrystalline Au electrodes with drops of 5 mM ABTS in buﬀers after 1 h of incubation. (Left) MvBOx/Au electrode.
(Middle) ThLc/Au electrode. (Right) Bare Au electrode (control). Enzyme solutions with concentration equal to 0.125 mg mL−11 in 50 mM
phosphate buﬀer at pH 6.0 and 7.4, in the cases of ThLc and MvBOx, respectively, were used during the modiﬁcation of Au surfaces.

ThLc was completely deactivated on the bare Au surface and
that ThLc deactivation occurred at much higher rates than did
MvBOx. This is actually quite surprising considering the fact
that ThLc is heavily glycosylated as compared to MvBOx (SI).
On the one hand, there is a widely held notion that
carbohydrates are responsible for the stabilization of proteins
and deglycosylated enzymes have much lower operational
stability than do glycosylated oxidoreductases. On the other
hand, it has also recently been shown that the immobilization of
deglycosylated redox enzymes results in their stabilization on
the electrode surface whereas, as expected, they are unstable in
solution.45,46 Thus, in all likelihood, glycosylation is not
responsible for enzyme stabilization in the immobilized state.
As described in the Introduction, three main reasons for the
absence of O2 bioelectroreduction on MCO/Au exist in the
literature: (1) enzyme deactivation, (2) the absence of
heterogeneous ET, and (3) the formation of inactive forms
of MCOs. Taking into account the experimental results
presented herein, it can be concluded that the main reason
for the absence of O2 bioelectroreduction in many previous
attempts concerning MCO/Au electrochemistry is the fast
deactivation of the enzymes on bare Au surfaces. Even if the
second and third reasons could be taken into account as
possible explanations for the absence of DET-based bioelectrocatalysis (Figure 3, Supporting Information Figures S11−
S12), enzymatic assays in homogeneous and heterogeneous
systems (Figure 4) clearly indicate that neither the absence of
heterogeneous ET nor the formation of inactive (resting) forms
of MCOs are responsible for the inertness of ThLc/Au.
Speciﬁcally, in the presence of both enzyme substrates, viz.,
electron donor (ABTS) and electron acceptor (O2), the
biocatalytic oxidation of ABTS should occur even if DET
between ThLc and Au is not achieved. The biocatalytic
oxidation of ABTS should also occur even if resting forms of
ThLc are formed on bare Au surfaces. It is well known that
resting forms (both the resting oxidized form2 and the resting
partially reduced states27) in the presence of both substrates
will be transformed into the native intermediate (i.e., the
catalytically relevant form of MCOs2,47). Even though the rate
of this transformation is very low (only 1 s−1),47 3600 s
experiments (as demonstrated in Figure 4) should be long

catalytic reactions of O2 reduction were registered on MvBOx/
polycrystalline Au electrodes when they were electrochemically
polarized (Figure 3) as well as when an electron donor was
added to the solution (Figure 4).
The second question, viz., why in many previous attempts
concerning MCO/Au electrochemistry O2 bioelectroreduction
was not registered, is also quite easy to answer. Because the
well-pronounced bio(electro)catalytic reduction of O2 was
never registered for ThLc/Au electrodes in the present studies,
neither when the electrodes were electrochemically polarized
(Figure 3a, Supporting Figures S11−S12) nor when the
electron donor was added directly to the solution (Figure 4),
one can conclude that ThLc is completely deactivated on the
bare polycrystalline planar Au surface. It is worthwhile to
mention that bare carbon electrodes with adsorbed ThLc7 or
nanostructured Au electrodes modiﬁed with the same
enzyme24,25 showed well-pronounced bioelectrocatalytic responses under similar conditions. Moreover, very high kapp
cat
values are usually calculated for ThLc adsorbed on modiﬁed
(e.g., thiol-functionalized) Au surfaces (≫100 s−1 in refs 19 and
24). Contrary to ThLc/Au, MvBOx immobilized on bare Au is
still catalytically active for quite a long time, even if some
deactivation of the enzyme deﬁnitely occurs (Figure 3b), and
the rate of this process depends on the experimental conditions.
Actually, the initially calculated kapp
cat value for adsorbed MvBOx
(54 s−1) is very close to the kcat value measured in a
homogeneous assay (58 s−1). However, after 3 h of operation of
−1
MvBOx/Au biocathodes, the kapp
cat value decreased to 23 s .
However, it is diﬃcult to compare kcat values obtained in
homogeneous assays and DET-based bioelectrocatalysis
because the limiting steps in homogeneous and heterogeneous
systems could be diﬀerent. For instance, while the oxidation of
electron donors is known to be the limiting step during
homogeneous assays (step 1 in Supporting Information Figure
S2), intramolecular ET and the reduction of O2 by the
trinuclear copper cluster are the limiting steps during
heterogeneous BOx-based bioelectrocatalysis (steps 2 and 3
in Supporting Information Figure S2).37 However, the results
from stability studies of MvBOx/Au electrodes (Figure 3b),
which showed very fast deactivation of the adsorbed enzyme
especially in acidic buﬀers, also strongly support the idea that
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enough to transfer all resting ThLc molecules into the active
enzyme.
It is also worthwhile to mention the very fast deactivation of
MvBOx on Au(111)17 as compared to that when adsorbed on
polycrystalline Au (present study). It can be hypothesized that
the protein is held much more tightly on Au(111), a highly
ordered and smooth surface, compared to the situation where
polycrystalline Au is used, resulting in a faster deactivation. The
most diﬃcult question to answer on a molecular level without
serious speculation is why the fast deactivation of MCOs on a
bare Au surface occurs. Although very low d values compared to
the height of the native enzymes were obtained for both ThLc
and MvBOx, this diﬀerence was still much higher for ThLc
(Table 1). This indicates serious ﬂattening of the enzyme on a
bare Au surface. Speciﬁcally, the very low d values (7−29 Å, i.e.,
1.5−9.3 times lower than the height of the native enzyme)
registered in AFM experiments are also very strong evidence for
ThLc deactivation on bare Au electrodes, in all likelihood being
due to the enzyme ﬂattening on the metal surface. By taking
into account much higher Γ values for MvBOx than for ThLc
(Table 1 and Supporting Table S1), one can speculate that
steric eﬀects prevent MvBOx from spreading on the surface,
thereby preventing their inactivation due to conformational
changes.
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and all authors have given approval to the ﬁnal version of the
manuscript.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
We thank Dr. Olga V. Morozova (Institute of Biochemistry,
Moscow, Russia) and Dr. Karolina Haberska (Malmö
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For the ﬁrst time, we provide mechanistic insight into the
interfacial behavior and activity of MCOs on bare Au surfaces.
The obtained experimental results show without doubt the
eﬃcient bioelectrocatalytic reduction of O2 at least by some
MCOs (e.g., MvBOx) directly adsorbed on a bare polycrystalline planar Au surface. Conformational changes of MCOs on
the electrode are suggested to explain the observed
experimental data (i.e., absence of bioelectrocatalysis for
ThLc/Au electrodes) as well as the fast degradation of
bioelectrocatalytic signals in the case of MvBOx-based
biocathodes. Comparison of the kapp
cat values in homogeneous
and heterogeneous systems also conﬁrms our suggestion
concerning the inactivation of MCOs on bare polycrystalline
planar Au surfaces. Taking into account AFM concerning the
heights of adsorbed enzyme molecules as well as experimental
results in the literature and the present studies concerning the
very fast deactivation of MvBOx on highly ordered and smooth
Au(111) compared to that on polycrystalline Au, we suggest
that the inactivation of MCOs on bare Au is, in all likelihood,
due to the enzyme ﬂattening on the metal surface.
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