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ABBREVIATIONS

3D, three-dimensional; ABTS2-, 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid); , geometric geomA

surface area; , real surface area; Au, gold; BSA, bovine serum albumin; CV, cyclic voltammogram; realA

DET, direct electron transfer; , standard heterogeneous electron transfer rate constants; , 0k catk

biocatalytic constant; , apparent bioelectrocatalytic constant; MCO, blue multi-copper oxidase; app
catk

MvBOx, Myrothecium verrucaria bilirubin oxidase; NHE, normal hydrogen electrode; NP, nanoparticle; 

N2, molecular nitrogen; O2, molecular oxygen; PBS, phosphate buffered saline; Si, silicon; SiO2, silicon 

dioxide; ThLc, Trametes hirsuta laccase; Ti, titanium.
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Section 1: Fabrication and characterisation of Au electrodes

Substrate preparation. Square substrates with lateral size 8 × 8 mm2, were prepared from 2”, 

250-300 µm thick n-type, <100> Si wafers from Siltronix (Archamps, France) using a Karl 

Süsscriber RA120 from SÜSS MicroTec AG (Garching, Germany). The SiO2 layers of either 

100, 300 or 500 nm thickness were thermally grown on the Si wafers through wet oxidation in 

Omega Junior diffusion furnace from Tempress A/S (Risskov, Denmark). The samples were 

cleaned with ultrasound agitation in isopropyl alcohol for 2 min and dried using a stream of N2 

gas.

Thermal evaporation. 5 nm thick film made of Ti (99.99+%) from Goodfellow (Cambridge, UK) 

and 100 nm thick film made of Au (99.9999%) from Dahlgren Ädelmetall (Malmö, Sweden) was 

deposited on the substrates in a custom-built thermal evaporator at a base pressure of <10-6 mbar. 

Deposition rates were ~1 Å/s for Ti and ~10 Å/s for Au. The 5 nm thick layer of Ti was 

deposited to promote adhesion of the Au layer on the SiO2 surface.

 Aerosol deposition. Au particles with diameters of 20, 40, 60 and 80 nm (denoted AuNPs20, 

AuNPs40, AuNPs60, AuNPs80, respectively) were produced with an aerosol method in a custom 

built aerosol system1 and deposited at a density of 70-100 particles per μm2 (ca. 80 particles per 

μm2) on the Au sample surface, which was prepared as described above.

Electrode fabrication. The fabricated samples with an Au surface were used as the working 

electrodes in the present study. For this, the samples were connected to a potentiostat using Au-

plated alligator clips model 3289-2 from Pomona Electronics (Everett, WA, USA). A geometric 

area ( ; also called two-dimensional projected area) of the electrodes was determined by geomA

direct precise geometric measurements using a vernier calliper from Mitutoyo Scandinavia AB 

(Upplands Väsby, Sweden). 

2



Electrode cleaning. To clean the Au electrodes, as well as to make Au surfaces uniform on a 

molecular level, the electrodes were subjected to an oxidation-reduction cycle in 0.5 M H2SO4 

between -0.1 and +1.9 V vs. normal hydrogen electrode (NHE) at a scan rate of 0.1 V s−1 for just 

two cycles only, avoiding the agglomeration of AuNPs and their disappearance from the surface 

(Supporting Fig. S1). We recently demonstrated that the process underlying a simple method for 

the fabrication of 3D nanostructured Au electrodes from AuNPs is based on electrochemically 

driven transformation of physically deposited AuNPs into a genuinely 3D nanostructured 

material.2 Thus, to avoid the formation of AuNP aggregates in the current studies, we used sub-

monolayer coverage of surface with AuNPs, as well as limited electrochemical treatments of the 

electrodes to just two CV scans. 

Microscopy of Au electrodes. Scanning electron microscopy (SEM) images of bare and AuNP-

modified Au electrodes before and after electrochemical cleaning were made using FEI xtNova 

NanoLab 600 SEM infield immersion mode at 15 kV accelerating voltage and 2.2 nA beam 

current. Atomic force microscopy (AFM) images were obtained in water at room temperature 

(25°C), by operating the AFM in the peak force tapping® (PFT) mode, i.e. when force curves 

are constantly performed at a constant rate equal to 2 kH, and the maximum load exerted on the 

sample is constantly and automatically minimised. When operating in the PFT® mode, triangular 

silicon nitride cantilevers with nominal spring constant 0.7 N m-1, resonant frequency in air of 

150 kHz and nominal tip radius of 20 nm were employed (vide infra). Analysis and processing of 

AFM images was performed with the WSxM software.3 The standard image processing 

consisted of plane subtraction and/or equalisation. All samples (electrodes) were placed in the 

AFM liquid cell immediately after electrochemical cleaning and biomodification and were not 

allowed to dry at any moment to avoid possible enzyme deactivation.
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Supporting Figure S1. SEM images of AuNP-modified electrodes before (a) and after 
(b) 10 potentiodynamici cycles in 0.5 M H2SO4: 1 – AuNPs20, 2 – AuNPs40, 3 – AuNPs60, 4 – 
AuNPs80.
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Theoretical calculations of real surface area. The real ( , also called microscopic or realA

electrochemically active) electrode area of the Au electrodes was calculated taking into account 

Ageom of the particular electrode, AuNPs size and their density on the electrode surface (Fig. 1a in 

the main text).

Practical measurements of real surface area.  of Au electrodes was also calculated from the realA

experimentally measured charge ( ) associated with the Au oxide reduction process realq

performed by running CV from 0 to 1.9 V vs. NHE in 0.5 M H2SO4 (Supporting Eqn. S1). A 

current peak (Fig. 1c in the main text) related to the reduction of the gold was integrated to 

calculate . The theoretical charge density ( ) associated with this process was taken to be realq t

390 C cmreal
-2.4

(S1)

The microscopic roughness factors ( ) were calculated from Supporting Eqn. S2.f

(S2)

Section 2: Bio-modification of Au electrodes

Clean Au electrodes with known  values were biomodified by the simple adsorption of f

MvBOx on the electrode surface using very dilute and very concentrated solutions of the enzyme 

(from 0.4 g mL-1 up to 4 mg mL-1 in 10 mM phosphate buffer, pH 7.4) at room temperature (ca. 

25°C). By taking into account the pI value of the enzyme, which is close to 4 (vide infra), one 

can conclude that the protein was negatively charged during immobilisation. It should be 

emphasised that the electrodes did not dry out at any time during modification and 

electrochemical investigations to avoid possible enzyme deactivation due to its dehydration.
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Section 3: Theoretical basis of bioelectrochemical investigations and modelling studies

For proper mathematical elaboration of bioelectrochemical data, where a bioelectrocatalytic 

process has a mixed kinetics regime, possible diffusion limitations should be excluded, as 

presented below. In general, the rate of a bioelectrocatalytic process can be described by a mixed 

kinetics equation (Eqn. S3).

(S3)
sscatET iiii 


1111

where,  is the observed current,  is the limiting current of the heterogeneous electron i ETi

transfer (ET; Supporting Eqn. S4; step 1 in Supporting Fig. S3 (vide infra), heterogeneous 

system, right panel),  is the limiting current of the biocatalytic process (Supporting Eqn. S5; cati

step 3 in Supporting Fig. S3, heterogeneous system, right panel), and  is the limiting diffusion ssi 

current (Supporting Eqn. S6 at close to infinity).
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 is the number of electrons in the slow electrochemical step,  is the Faraday constant,  is 'n F 0k

the standard heterogeneous ET constant,  is the surface concentration of the enzyme, α is the Г

charge transfer coefficient, E is the electrode potential, E0׳ is the equilibrium potential of the 

electrode process, R is the gas constant, and Т is the temperature in K.

If intramolecular ET (IET) is not a limiting step of the enzymatic process of O2 

bioelectroreduction (our previous studies of MvBOx showed that this was the case at pH 7.4, 

ref.5), the bioelectrocatalytic current ( ) can be expressed as the electrochemical form of the cati

Michaelis-Menten equation:
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where  is the apparent rate constant for the bioelectrocatalytic process and is the app
catk MK

Michaelis constant.

The Levich equation (Supporting Equation S6) defining steady-state current limited by the 

transport of substrate molecules at rotating electrode can be used to estimate mass-transfer 

limitations:

(S6)

here,  is the steady-state diffusion current, is the total number of electrons, is the ssi  n D

diffusion coefficient of the substrate (19.7.10-6 cm2 s-1 for O2),  is the bulk concentration oxygen
C

of oxygen, O2 (2.5.10-7mol cm-3 and 1.2.10-6 mol cm-3 of O2 (air and O2 saturated solutions, 

respectively),6  is the kinematic viscosity of the solution (0.01 cm2 s-1 at 25ºC, a typical value 

for aqueous solutions), and  is the angular frequency (in rad s-1).

To make a long story short, for the bioelectrocatalytic process strictly limited by O2 diffusion, 

direct dependence between Сoxygen and jmax should be obtained, i.e. jmax should have increased by 

a factor of 5, when the O2 concentration was increased from 0.25 mM up to 1.2 mM. For 

electrocatalytic currents, which are limited by reaction kinetics, jmax can be simply expressed as 

the electrochemical form of the Michaelis-Menten equation (Eqn. S5). When the O2 

concentration was increased from 0.25 mM up to 1.2 mM in our studies, i.e. when using O2-

saturated buffer instead of air-saturated 50 mM phosphate buffered saline (PBS, constituted of 50 

mM HPO4
2-/H2PO4

- solution containing 0.15 M NaCl, pH 7.4), the maximal current density 

(jmax), which corresponds to bioelectrocatalytic O2 reduction, increased by a factor of 2, i.e. from 
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12 A cmgeom
-2 in air-saturated buffer to 25 A cmgeom

-2 in O2-saturated buffer, which follows 

Eqn. S5 suggesting just a minor O2 diffusion limitation (vide infra). 

In the present work, recorded CVs were analysed using the kinetic scheme recently elaborated by 

Climent et al.7 If one does not take into account limitations due to O2 mass transfer to the 

electrode surface, both  and can be described based on the kinetic scheme presented below:ETi cati

Supporting Figure S2. A kinetic scheme representing the bioelectrocatalytic 
mechanism of a blue multi-copper oxidase function (Supporting Fig. S3, 
heterogeneous catalysis, right panel, according to Ref.7).

The equations defining the currents are as follows:

(S7))])1([ 1211 PkPkFAiET 
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where k1 and k2 are potential dependent DET rate constants defined by the Butler-Volmer 

formalism (Supporting Eqns S4, S8, and S9), whereas P1 represents a fraction of adsorbed 

MvBOx molecules with the reduced T1 copper centre (detail concerning MvBOx structure are 

presented below).
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The maximal bioelectrocatalytic current of O2 electroreduction, as well as current dependence on 

the applied potential, can be described by the following summarised equation:

(S11)
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Using this equation, modelling studies of obtained bioelectrocatalytic signals were performed 

(Fig. 3a) and basic parameters of bioelectrocatalytic reduction of O2 were calculated (Supporting 

Table S1), by assuming and are equal to 0.2 mM and 3 pmol cmreal
-2, respectively. MK Г

Supporting Table S1. Basic bioelectrocatalytic parameters calculated using Supporting 
Equation S11 from modelling studies, i.e. using the kinetic scheme developed by Climent et 
al.

Calculated parameters without AuNPs AuNPs20 AuNPs40 AuNPs60 AuNPs80

, s-1
0k 10.7 9.9 10.0 10.9 10.6

, s-1app
catk 13.7 13.7 14.0 16.8 16.5

α 0.55 0.45 0.44 0.45 0.55

 value equal to 3 pmol cmreal
-2 was obtained from ellipsometry studies (vide infra), whereas a Г

value equal to 0.2 mM was taken from our previous investigations.5 On the one hand, it is MK

natural to use the value of the enzyme in homogeneous catalysis (ca. 0.2 mM) for MK

heterogeneous systems, since the value towards O2 for the adsorbed MvBOx coincides with MK

the values obtained in homogeneous reactions.5 On the other hand, it is well-known that apparent 

values of the adsorbed MvBOx towards O2 greatly depend on the potential applied. Thus, it MK

is important to emphasise that neither  nor  dependences on AuNP sizes presented in Fig. 0k app
catk

3c (main text) will be even slightly modified, if different or  values are used for MK Г

calculations, e.g. if another value is assumed following the region of constants reported in MK
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the literature, 0.1 mM – 1 mM.5, 8. In other words, variation of these parameters, viz. both 

and values, during the modelling, will not change the main conclusion made in our MK Г

studies.

Section 4: AFM studies

The Au grains were completely covered by globular features with average lateral dimensions of 

ca. 20 nm, when concentrated enzyme solution (4 mg mL-1) was used for biomodification (Fig. 

2d in the main text). While this width is longer than that expected for a single MvBOx molecule 

(ca. 5 nm; details concerning enzyme structure are in section 6 of SI, Supporting Fig. S3), it is 

well-known that visualisation of features smaller than the AFM tip results in width values similar 

to those of the tip (ca. 20 nm) due to tip dilation effects;9 this is probably the 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 zones of the 

substrate without molecules, that full coverage was obtained. MvBOx was also adsorbed on bare 

Au electrodes using a dilute enzyme solution (0.25 mg mL-1) in order to obtain sub-monolayer 

coverage. These MvBOx/Au samples showed isolated globular features on top of the wider Au 

grains (Fig. 2c in the main text), which exhibited lateral and vertical dimensions of ca. 20 nm 

and 3.0±0.8 nm, 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.9 The MvBOx molecules exhibiting a lower height than that expected (ca. 5 nm; vide 

infra) can be attributed to tip compression effects.10 It is important to emphasise that no 

desorption of MvBOx from the electrode surface was registered by AFM when modified 
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electrodes were kept in buffer solution for 1 h, indicating that the adsorption of the enzyme on 

Au has an irreversible character. These results are in very good agreement with our recently 

published data concerning interfacial behaviour and the activity of MvBOx on bare 

polycrystalline gold surface.11

Section 5: Ellipsometry studies

The adsorption of MvBOx onto bare Au was studied in situ by means of null ellipsometry, which 

measures changes in the polarisation of light reflected by a surface. 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 rotation speed of 325 

rpm. The changes in ellipsometric angles were recorded in situ every 15 sec. In order 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, first, a stable baseline acquisition was done, and then a 

dilute solution of MvBOx (0.25 mg mL-1) 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 adsorbed amount per unit area ( , in mg Г

m-2 using measured ) was calculated assuming a 3 layer model (Au-Enzyme layer-Buffer geomA

solution) and using a value of 0.18 mL g-1, as the refractive index increment with respect to 

change in protein concentration ( ).12 value of 2.8 ± 0.1 mg m-2 was obtained, i.e. 4.8 dcdn / Г

pmol cmgeom
-2 taking into account the molecular weight of MvBOx equal to 59 kDa (vide infra). 

When the value was recalculated to Areal, taking into account f of bare planar Au electrodes equal 

to 1.8, 2.7 pmol cmreal
-2 (ca. 3 pmol cmreal

-2) was obtained and used in all calculations of catalytic 
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constants (vide supra). It is important to emphasise that no desorption of MvBOx from the 

electrode surface was registered by ellipsometry measurements when rinsing with enzyme-free 

buffer solution after modification, additionally confirming that the adsorption of the enzyme on 

Au has irreversible character in the experimentally relevant time frame. These results are in very 

good agreement with our recently published data concerning interfacial behaviour and activity of 

MvBOx on bare polycrystalline gold surface.11

Section 6: Mechanism of MCO functions

Nowadays, mechanisms of MCO functions during homogeneous and heterogeneous reactions are 

quite well-understood and include three major steps: 

1 – ET from an enzyme substrate (in homogeneous or heterogeneous systems, i.e. when an 

enzyme is in solution or in an adsorbed state) or an electrode (heterogeneous system, i.e. when 

enzyme is adsorbed on the electrode; Supporting Fig. S3, right) to a mononuclear Cu-T1 site. 

2 – intramolecular ET (IET) from the Cu-T1 site to a Cu-T23 cluster via a highly conserved 

Cys–2His ET pathway across a distance of ca. 13 Å. 

3 – O2 reduction to two H2O molecules by the trinuclear Cu cluster (Cu-T23; Supporting Fig. 

S3).13-15

Myrothecium verrucaria bilirubin oxidase (MvBOx) preparation (Amano 3) was received from 

Amano Enzyme Inc. (Nagoya, Japan) as a kind gift from the company. The preparation was 

additionally purified at the Bach Institute of Biochemistry (Moscow, Russia). The MvBOx 

solution used in the present studies is thus a highly purified preparation of the enzyme (to avoid 

possible artefacts related to impurities in enzyme preparation) with only one minor band in SDS-
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PAGE of a lower molecular mass, which, based on previous studies,8 can be attributed to some 

degradation products of the enzyme (Supporting Fig. S4).  

Homogeneous system       

 

                                                              
 
 
 
 
 
 
 
 
 
 
 
 
 

Heterogeneous systems 
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Supporting Figure S3. Crystal structure of (PDB 2XLL) and schematic representation of 
two mechanisms of MCO functions during homogeneous and heterogeneous reactions. 
Protein globule – green ribbons; copper ions – blue spheres, and carbohydrates – black 
sticks.
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Section 7: Redox enzyme 

MCO is a glycated protein with a molecular weight of 59 kDa. The approximate molecular 

weight for MvBOx is given since many significantly different values can be found in the 

literature for this enzyme, ranging e.g. from 52.0 kDa in ref.16 up to 64.2 kDa in ref.8 However, 

according to SDS-PAGE (Supporting Fig. S4), the MvBOx used in our studies has a molecular 

weight of about 59 kDa, which is a good average value taking into account reports existing in the 

literature. The crystal structure of the redox enzyme is presented in Supporting Fig. S3. Based on 

the structure, one can estimate the size of MvBOxto be 405060 Å.17 The pI value of MvBOx 

was previously found to be 4.1.16

Supporting Figure S4. SDS-PAGE of MvBOx preparation used in the present studies (M - 
molecular mass rulers).
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The specific activity of MvBOx in homogeneous solution was determined by estimation of the 

initial rates of O2 consumption using an Oxygraph Clark O2 electrode with constant stirring at 

room temperature (25C). The general reaction mechanism is presented in Fig. 3d in the main 

text of the manuscript. MvBOx is able to efficiently oxidize 2'-azino-bis(3-ethylbenzthiazoline-6-

sulphonic acid) (ABTS2-) with concomitant reduction of O2 to H2O.18, 19 An appropriate ABTS2- 

dissolved in PBS was used in order to ensure a measurable linear rate for the first 30 s after the 

addition of enzyme preparation. The concentration of O2 was assumed to be 0.25 mM and 1.2 

mM in air- and O2-saturated buffers, respectively.6 The biocatalytic constant ( ) for MvBOx catk

in homogeneous reaction was calculated by taking into account enzyme concentration 

determined spectrophotometrically using bovine serum albumin (BSA) as a standard.20 The 

calculated biocatalytic constant ( ) of MvBOx towards ABTS in 50 mM PBS was found to be catk

57 s-1 at 25ºC. 

Section 8: Chemicals and equipment

Na2HPO4
.2H2O, NaH2PO4

.H2O, NaCl, and H2SO4 were obtained from Sigma-Aldrich (St. Louis, 

MO, USA). Isopropyl alcohol was purchased from Merck (Darmstadt, Germany). All chemicals 

were of analytical grade and used without further purification. Molecular O2 was obtained from 

AGA Gas AB (Sundbyberg, Sweden). Buffers and all other solutions were prepared using 

deionised water (18 Mcm) purified with a PURELAB UHQ II system from ELGA Labwater 

(High Wycombe, UK). The measurements were performed at room temperature (25ºC) using 

PBS.

Electrochemical measurements were carried out using a µAutolab Type III/FRA2 

potentiostat/galvanostat from Metrohm Autolab B.V. (Utrecht, The Netherlands). While using a 
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three-electrode configuration, an Hg|Hg2Cl2|KClsat (SCE, 242 mV vs. NHE) and a platinum wire 

mesh were applied as reference and counter electrodes, respectively. Ultrasonication was 

performed using an Ultrasonic Cleaner XB2 from VWR International Ltd. (East Grinstead, West 

Sussex, UK).

Scanning electron microscopy (SEM) was performed using an ultra-high resolution scanning 

electron microscope FEI Nova NanoLab 600 from FEI (Eindhoven, Netherlands).

Atomic force microscopy (AFM) images of Au surfaces were obtained using a liquid cell 

MultiMode 8 SPM with a NanoScope V control unit from Bruker AXS (Karlsruhe, Germany). 

Commercially available tips Scan Asyst-Fluid from Bruker AXS were employed. 

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 in 

ellipsometry studies. Light was detected at a wavelength of 442.9 nm employing an interference 

filter with ultraviolet and infrared blocking (MellesGriot, Netherlands).

An Oxygraph Clark O2 electrode from Hansatech Ltd. (Norfolk, England) was used for 

determination of the specific activity of MvBOx.
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