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ABSTRACT: Direct electron transfer (DET) reactions between redox enzymes and electrodes can be max-
imized by oriented immobilization of the enzyme molecules onto an electroactive surface modified with 
functionalized gold nanoparticles (AuNPs). Here we present such strategy for obtaining a DET-based 
laccase (Lc) cathode for O2 electroreduction at low overpotentials. The stable nano-structured enzymatic 
electrode is based on the step-by-step covalent attachment of AuNPs and Lc molecules to porous graph-
ite electrodes using the diazonium salt reduction strategy. Oriented immobilization of the enzyme mole-
cules on adequately functionalized AuNPs allows establishing very fast DET with the electrode via their 
Cu T1 site. The electrocatalytic waves of O2 reduction measured can be deconvoluted into two contribu-
tions. The one at lower overpotentials corresponds to immobilized Lc molecules that are efficiently 
wired by the AuNPs with a heterogeneous electron transfer rate constant k0 >> 400 s-1.  

INTRODUCTION 

Bioelectrochemical systems have been a matter of constant ground-breaking research for the last dec-
ades.1 In particular, a great effort has been directed towards studying the biocatalyzed interconversion of 
chemicals into electricity and viceversa for purposes such as amperometric biosensors development,2 
selective pollutant treatment,3 or electrical power generation.4 Redox enzymes are common biocatalysts 
used for these purposes, as it is possible to couple their enzymatic activity to electric current production 
when conveniently linked to an electrode.5 There are two important factors for developing an efficient 
enzymatic electrode. The first one is optimizing the enzyme immobilization strategy in order to obtain a 
high coverage of active biocatalyst molecules on the electrode surface with high operational stability. 
The second one is establishing fast electron transfer between the redox sites of the immobilized enzyme 
molecules and the electrode. This electron transfer can be achieved by using redox mediators, which is 
known as mediated electron transfer (MET),6 or by direct electron transfer (DET) between the enzyme 
redox centers and electrode.5 DET has the advantage of avoiding the use of redox mediators, which 
complicate the enzyme electrode design, lead to higher overpotentials of the electrocatalytic process, 
reduce operational stability and frequently are toxic. On the other hand, DET requires a short distance 
(less than 15-20 Ǻ) between the redox center of the immobilized enzyme and the electrode surface, 
which is not straightforward in many cases. Optimization of DET can be obtained by oriented immobili-
zation of the enzyme molecules with their most exposed redox center facing the electrode surface.7 Al-
ternatively, DET can be greatly improved by modifying the electrode surface with conductive nano-
elements, such as carbon nanotubes or gold nanoparticles (AuNPs). The similar size of these nanoele-
ments and of enzymes, and the special physicochemical properties of the former facilitate their electron-
ic coupling.8 Moreover, the fabrication of nano-structured electrodes allows immobilizing a higher 
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amount of the biocatalyst per geometric electrode area unit, and thus leading to higher catalytic current 
densities.8d, 9 

Laccases (Lcs) are one of the most interesting types of redox enzymes to be attached on electrodes be-
cause these multicopper oxidases are able to selectively catalyze O2 reduction to H2O at low overpoten-
tial.10 Therefore, they are good candidates for developing O2-utilizing biocathodes for fuel cell applica-
tions. Lcs as other multicopper oxidases (MCO) have their Cu atoms grouped in two sites of the protein 
tridimensional structure. The T1 site contains one Cu ion and is the redox center of the Lcs that receives 
4 electrons in 4 successive steps from the electron-donor substrate. The T2/T3 site contains 3 Cu ions 
and it is responsible of O2 reduction to H2O.10  

MET-based Lc electrodes able to produce very high catalytic current densities of O2 reduction have been 
reported, which are limited by the substrate transport rate to the electrode.11 Currently, several research 
groups are doing a great effort in developing DET-based Lcs electrodes. The goal is to obtain such high 
catalytic currents as with MET-based electrodes, but decreasing the O2 reduction overpotential while 
avoiding the other problems associated to the use of redox mediators. This requires that the reduction of 
O2 by the Lc-modified electrode goes through the enzyme’s Cu T1 site, not directly to the T2/T3 Cu 
site.10a For this purpose several strategies of DET-based Lcs electrodes have been reported, either by 
oriented immobilization of the enzyme12 or by its co-immobilization with conductive nano-elements.13  

In the present work we report a strategy for developing a DET-based Lc electrode that combines a nano-
structured electrode and the enzyme oriented immobilization by tailor-made surface chemistry. We have 
covalently modified a porous carbon material, low density graphite (LDG), with AuNPs using an aro-
matic linker generated by electrochemical reduction of a diazonium salt.14 Subsequently, the attached 
AuNPs were functionalized with a mixed monolayer of the aromatic diazonium derivative and a thiol 
for the covalent and oriented immobilization of Trametes hirsuta laccase (ThLc) molecules. We show 
that this strategy allows designing robust nano-structured enzyme electrodes in which AuNPs act as 
electronic bridges between the redox sites of the enzyme molecules and the porous carbon electrode. 

 

MATERIALS AND METHODS 

 

Chemicals. LDG rods of 3 mm diameter, BF4Bu4N, 4-nitrobenzene diazonium perchlorate, sodium ni-
trite, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC), 2,2′-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS), sodium fluoride, N-hydroxysuccinimide (NHS), 6-mercapto-1-
hexanol (MH), 30% H2O2, NaIO4, HAuCl4 and tetrakis(hydroxymethyl)phosphonium chloride (THPC), 
morpholino-ethanesulphonic acid (MES) were purchased from Sigma. NaOH, 98% H2SO4, absolute 
ethanol (EtOH), acetic acid 96%, sodium chloride, sodium m-peryodate and acetonitrile HPLC grade 
were purchased from Panreac. Acetonitrile was made anhydrous prior to use with molecular sieves 
(Sigma–Aldrich), whereas all other regents were used as received. All aqueous solutions were prepared 
with Milli Q 1(8.2 MΩ·cm) water.  

Enzymes. Trametes hirsuta laccase (ThLc) from the basidiomycete, strain T. hirsuta 56, was obtained 
from the laboratory collection of the Moscow State University of Engineering Ecology following the 
purification procedure previously reported.15 The enzyme was homogeneous as judged from SDS-PAGE 
and HPLC. The highly concentrated preparations of ThLc were stored in 0.1 M phosphate buffer, pH 
6.5, at -20°C. The concentration of the enzyme in stock solution was measured using BIO-RAD (Bio-
Rad Laboratories) according to the Bradford method.16 The calibration curve was done using bovine se-
rum albumin (BSA) as the protein standard. The catalytic turnover of the enzyme was measured spec-
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trophotometrically using 1 mM 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt 
(ABTS) as substrate and its value was 397 s-1, which is in good agreement with previously measured 
maximal catalytic constants of ThLc towards different substrates.15 

Synthesis of gold nanoparticles. Two sets of AuNPs were synthesized for further electrode modifica-
tion. The first set comprised 5±3 nm AuNPs freshly synthesized in aqueous media by addition of 1 mM 
HAuCl4 to 60 mM NaOH solution containing 1 mM THPC under vigorous stirring.17 The resulting 
AuNPs were filtered with a PTFE 0.200 μm pore size filter. For the second set of AuNPs a solution of 
38.8 mM of sodium citrate was prepared. 125 mL of an HAuCl4 1 mM solution was heated to boil and 
12.5 mL of citrate solution was added. Reactants were let to react for 15 min and let to cool down to 
room temperature.18 The resulting AuNPs were 16±2 nm in diameter. The AuNPs size in both prepara-
tions was determined by UV-Vis spectroscopy using a numerical approximation method19 and addition-
ally confirmed by TEM microscopy.  

Preparation of golden nanostructures on graphite electrodes. LDG or HOPG electrodes were 
cleaned, polished and modified with 4-aminophenyl groups as described by Vaz-Dominguez et al.20 The 
modified electrodes were then immersed during 2 hours in a 14.5 mM NaNO2 and 0.5 M HCl solution 
in order to convert the aromatic amino groups of the electrode surface to diazonium groups. Subsequent-
ly, the electrodes were incubated incubated into an aqueous dispersion of AuNPs during 3-72 hours. Af-
terwards, two cyclic voltammograms (CVs) were run between 0.6 and -0.6 V at 200mV/s with the 
AuNP-LDG or AuNP-HOPG electrodes in 50 mM acetate buffer, pH 4.2, NaClO4 100 mM at room 
temperature. 

Immobilization of Trametes hirsuta laccase. The AuNP-LDG electrodes were immersed in an acetoni-
trile solution containing 2 mM p-nitrophenyldiazonium perchlorate and 100 mM BF4Bu4N. One CV 
from 0.6 V to -0.6 V with 200 mV/s scan rate was recorded. Afterwards the LDG electrodes were taken 
into a 9:1 EtOH/H2O, 0.1 M KCl solution, and electrochemical reduction of the nitro groups on the 
LDG-AuNPs surface was carried out running a CV from 0 to -1.4 V at 200 mV/s scan rate. The amino-
terminated LDG-AuNPs electrodes were then immersed overnight in a water solution containing 1 mM 
MH. 

5 μL of 7.5 mg/ml Lc solution were placed into 55 μL of 47 mM NaIO4 solution during 30 min. After-
wards 90 μL of 100 mM Na2HPO4 were added to the solution. The modified AuNPs-LDG electrodes 
were then incubated in the ThLc solution during 90 min. The Lc-AuNP-LDG electrodes were rinsed 
with 10 mM MES buffer, pH 6.0. Finally, the Lc-AuNP-LDG electrodes surface was covered with 10 µl 
of 10 mM MES pH 6.0 buffer solution containing 36 mM EDC and 17 mM NHS and tapped to avoid 
evaporation, letting the reaction to take place for 2 hours. Control Lc-LDG electrodes were prepared by 
covalent immobilization of the enzyme as just described on LDG electrodes functionalized with 4-
aminophenyl groups. 

Electrochemical measurements. Electrochemical experiments were performed with an Autolab 
PGSTAT30 analyzer controlled by GPES 4.9 software (Eco Chemie, The Netherlands). Experiments 
were run in a three-electrode glass cell using a BAS Ag/AgCl reference electrode (204 mV vs. NHE) 
and a platinum wire counter electrode. The cell temperature was controlled by a thermostated water 
jacket. The LDG electrodes were connected to a MSR electrode rotator from Pine Instruments. Highly 
oriented pyrolytic graphite (HOPG) “edge” electrodes of 5 mm diameter were supplied by Pine Instru-
ments. The HOPG electrodes were abraded with sandpaper and then polished successively with 1, 0.3 
and 0.05 μm alumina slurries (Buehler) until the surface had a mirror-like appearance. Finally, the 
HOPG electrodes were sonicated in 1:2 ethanol/water for 10 minutes. The LDG electrodes were only 
abraded and sonicated. In the electrocatalytic measurements, current densities are reported relative to the 
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geometric area of the electrodes and potentials are represented vs. NHE for the sake of facilitating com-
parison with results from the literature. 

Figure 1. Scheme of the modification of  LDG electrodes with AuNPs and ThLc. Drawings are not at 
scale and only the chemical linkers formed at each step are shown. More than one layer of phenyl rings 
may be present in some regions of the LDG surface, although there are not represented for the sake of 
clarity. 

Transmission electron microscopy (TEM). LDG electrodes at different modification stages were pre-
pared for TEM analysis. The modified electrodes were abraded with sandpaper during 10 seconds. The 
resulting carbon chips were taken into an eppendorf tube and filled with 500 µL of ethanol. The tubes 
were immersed into an ultrasound bath during 30 min. 20 µL of the grey solution were deposited on a 
Lacey Carbon Film on 200 mesh copper TEM grid (Electron Microscopy Sciences) and let to dry. 200 
KV JEOL 2100 transmission electron microscope equipped with an Oxford Instruments EDX analyzer 
was used for the analyses. 

Mercury porosimetry. LDG disks of 3 mm diameter and 3 mm height were previously abraded with 
sandpaper and then degassed during 2 hours under vacuum at 110ºC in order to eliminate adsorbed mol-
ecules. Hg intrusion porosimetry of the LDG disks was measured at 21ºC in a Poresizer 9320 (Mi-
cromeritics) porosimeter. 

 

RESULTS 

Preparation of AuNP-LDG electrodes. LDG is a very porous material with a high surface area. Hg 
intrusion porosimetry measurements indicated that the electrodes used in this work had a specific area of 
5.4 m2/g, 27% porosity and an average pore diameter of 5.5 μm, although pores in the 10-50 nm range 
were also detected (Fig. S1, Supporting Information).  The porous surface of LDG electrodes has been 
shown to be a good platform for covalent immobilization of ThLc and for measuring its electrocatalytic 
properties of O2-reduction.20 In this work we have developed a strategy for attaching AuNPs to the LDG 
surface pores and subsequent ThLc immobilization on the nano-structured electrode, in order to increase 
the rate of DET reactions. 
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The scheme of LDG electrodes modification with AuNPs and ThLc molecules is shown in Fig. 1. The 
formation a of a 4-aminophenyl layer on the LDG surface was performed as reported before.20 The elec-
trochemical parameters (number of voltammetric cycles and scan rate) for this modification step were 
selected to minimize formation of multiple layers on the electrode surface.7b,9a,20 The CVs corresponding 
to the electrochemical reduction of p-nitrophenyldiazonium perchlorate and further electrochemical re-
duction of the grafted nitrophenyl groups are shown in the Supporting Information (Fig. S2). The 4-
aminophenyl groups of the electrode surface were then converted to diazonium groups by reaction with 
NaNO2 in 0.5 M HCl (Fig. 1). Afterwards, the modified LDG electrodes were incubated in a AuNPs (5 
nm) aqueous dispersion for different time periods so that the negatively charged AuNPs were electro-
statically attracted to the positively charged electrode surface, diffusing through the LDG pores. Sponta-
neous reaction of the diazonium groups with the AuNPs takes place, forming Au-C covalent bonds.21 
After the incubation period two CVs were run with the AuNPs-LDG electrodes aimed to ensure the co-
valent attachment of the AuNPs. The applied current caused the electrochemical reduction of the surface 
diazonium salts and allowed the formed phenyl radicals to react with the AuNPs. The first cycle shows 
the reduction wave of the diazonium groups at -0.2 V vs. Ag|AgCl| 3 M KCl (Fig. S3, Supporting Infor-
mation). 

The presence of AuNPs immobilized on the graphite electrodes was confirmed by cyclic voltammetry in 
0.1 M H2SO4.22 In order to maximize the AuNPs coverage on the electrodes, its dependence on modifi-
cation time was studied. This study was done with polished HOPG “edge” electrodes instead of LDG 
electrodes because the former have a much more reproducible electroactive area, therefore higher con-
sistency was expected from the measurements. Fig. 2A shows the CV measured after different incuba-
tion times of modified HOPG electrodes, in which the typical redox signals of gold are observed. The 
intensity of the redox peaks increases with the incubation time in the AuNPs solution, indicating that 
more AuNPs were immobilized on the LDG surface. The total surface of Au attached to each LDG elec-
trode was determined by the integration of the gold oxide reduction peak, taking into account a charge of 
– 482 μC/cm2 for the reduction of a gold oxide monolayer.23 The Au coverage results are shown in Fig 
2B, indicating that a maximum of 0.47 cm2 were obtained after 3 days of incubation of the modified 
HOPG electrode in the AuNPs solution, which is ca. 2.4 times the geometric electrode area. Taking into 
account the incubation time dependence of the AuNPs coverage on HOPG electrodes, the LDG elec-
trodes were incubated in the AuNPs solution during 3 days for modification. The CVs performed in 0.1 
M H2SO4 indicated that the surface of the AuNP(5nm)-LDG electrodes covered by Au was 1.4 ± 0.4 
cm2, which is 20 times their geometric area (Fig S4, Supporting Information). These results suggest that 
a significant part of the AuNPs had been immobilized inside the pores of LDG. In the case of 
AuNP(16nm)-LDG electrodes the average Au surface measured was smaller (1.1 ± 0.1 cm2), which can 
be explained as the larger sized AuNPs not being able to attach inside the smaller pores of LDG. As ex-
pected, the control measurement with a LDG not incubated in the AuNPs solution did not show any of 
the redox peaks of Au (Fig S4, Supporting Information). Control experiments by incubating non-
functionalized LDG electrodes in the 5 nm AuNPs solution for 3 days (data not shown) were also per-
formed. In this case redox signals due to Au were observed, presumably due to the adsorption of AuNPs, 
although there was a 50-60% decrease of the detected Au after 2-day storage of the electrodes. No loss 
of the electrochemical signals was observed for the covalently bound AuNPs under the same conditions. 

 

Figure 2. Dependence of the AuNP(5 nm) coverage on functionalized HOPG electrodes on the incuba-
tion time in the AuNP solution. (A) CVs measured at room temperature in 0.1 M H2SO4 of AuNP(5nm)-
HOPG electrodes prepared with different incubation times. Scan rate was 200 mV/s. (B) Electroactive 
gold surface on the AuNP(5nm)-HOPG electrodes determined from the integration of the reduction 
peaks at 0.9 V of the above CVs. 
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The modified AuNP(5nm)-LDG electrodes were characterized by TEM. As it was not possible to carry 
out these measurements with the LDG electrodes directly, due to their size and porous structure, we 
scraped the surface of the electrodes and performed the TEM study on the graphite chips produced. Fig. 
3 shows the TEM images obtained for the graphite chips from a LDG electrode with covalently-bound 
AuNPs and from a non-functionalized LDG electrode that had been incubated in AuNPs solution 3 days. 
The EDX analyzer indicated that the dark areas of the images correspond to Au. Much less Au is detect-
ed in the graphite chips from the non-functionalized LDG electrode, and the images show that the 
AuNPs have agglomerated together (Fig. 3a-c). More Au was detected in the graphite particles produced 
from the AuNP(5nm)-LDG electrodes (Fig 3d-f). In addition, the high magnification images show that 
many AuNPs have maintained their structure, in agreement with the size range determined spectroscopi-
cally for the AuNP suspension. Less aggregation of AuNPs is observed, which is in agreement with a 
covalent immobilization of the AuNPs to the functionalized LDG. As expected, no Au was detected in 
the samples from a non-functionalized LDG electrode (data not shown). 

Figure 3. TEM images of graphite particles scraped from AuNP(5nm)-LDG electrodes. (a-c) AuNPs of 
5 nm diameter adsorbed on a LDG electrode. (d-f) AuNPs of 5 nm diameter covalently bound to a LDG 
electrode functionalized with 4-aminophenyl groups. Scale bars: (a), (b) and (d) 0.5 µm; (c) 0.2 µm; (e) 
20 nm; (f) 5 nm. 

 

Covalent immobilization of Trametes hirsuta laccase to AuNP-LDG and electrocatalytic properties 
of the enzymatic electrode. In order to allow immobilization of ThLc to the AuNP(5 nm)-LDG elec-
trodes by covalent bonds and with the optimal orientation for DET, the attached AuNPs were functional-
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ized. This was done by forming a mixed 4-aminophenyl and MH monolayer (Fig. 1) as has been report-
ed before for planar Au electrodes.12c,d  First, the  4-aminophenyl groups were grafted to the AuNPs by 
the same method as for the LDG electrodes. The CVs performed for this modification step are shown in 

Fig. S5 of the Supporting Information. Secondly, the self assembly of MH was allowed for the Au re-
gions not covered by the 4-aminophenyl groups. This strategy allowed optimal covalent immobilization 
of ThLc on planar Au electrodes for DET.12c,d Analogously to the cited planar Au electrodes, we immo-
bilized the ThLc on the functionalized AuNP-LDG in two steps: a) formation of imino bonds between 
the oxidized sugar residues of the enzyme and the amino groups of the electrode, b) formation of amide 
bonds between the activated carboxylic groups of the enzyme and the amino groups of the electrode sur-
face (Fig. 1).12c 

Figure 4. CVs of a ThLc-AuNP(5nm)-LDG electrode in 50 mM acetate buffer, pH. 4.0 with 100 mM 
NaClO4 at 27ºC and different rotation rates under air (A) or under 1 atm O2 (B). Scan rate was 10 mV/s. 
Rotation rates were 0 (red), 500 (green), 1000 (blue) or 1500 rpm (grey). The black line corresponds to 
the CV measured in presence of 30 mM NaF. 

The electrocatalytic properties of the prepared ThLc-AuNP(5nm)-LDG electrodes were evaluated by cy-
clic voltammetry (Fig. 4). A strong reductive catalytic effect is observed in the CV that depends on the 
O2 concentration. Rotation of the electrode at 500 rpm increased considerably the electrocatalytic current 
density measured compared to the stationary electrode, although further increase in the rotation rate sel-
dom changed the CV response. Addition of NaF 30 mM, which is an enzyme inhibitor,24 to the solution 
suppressed completely the electrocatalytic wave (Fig. 4). Furthermore, control experiments were per-
formed after each modification step of the electrode in absence of laccase, in which electrocatalytic oxy-
gen reduction at positive potentials  was not observed (Fig. S6, Supporting Information). Therefore, the 
electrocatalytic reduction of O2 shown in Fig. 4 is due to the immobilized ThLc. The electrocatalytic 
waves measured for all ThLc-AuNP(5nm)-LDG electrodes had a characteristic shape, which is different 
from those measured previously by us for ThLc-Au electrodes12c or for ThLc-LDG electrodes in absence 
of AuNPs (Fig. S7A, Supporting Information). A biphasic kinetic behavior is observed in the CV of 
ThLc-AuNP(5nm)-LDG electrodes. At the higher potentials the catalytic wave has a sigmoidal shape, 
whereas at the lower potentials the catalytic current gradually increases with the overpotential without 
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reaching a real plateau. The later kinetic behavior is very similar to that observed for ThLc-Au12c and 
ThLc-LDG electrodes (see below).  

In order to find an explanation for this complex kinetic behavior we subtracted the blank CV in presence 
of F- inhibitor to the CV measured at the higher electrode rotation rate. In this way the capacitive current 
is eliminated and the dependence of the catalytic current on mass transport is very small. Then, we per-
formed curve-fitting of the electrocatalytic forward scan. Fig. 5B shows that the experimental curve can 
be deconvoluted into two theoretical curves. The first one (red curve, a) corresponds to a one-electron 
Nernstian process that is rate-limited by the enzymatic reaction and not by the DET between enzyme and 
electrode.25 The second curve (green, b) corresponds to the equation developed by Leger et al. for a 
DET-rate limited process in which there is a superposition of different electrochemical rate constants.25  
Two parameters are determined from the fit of the sigmoidal part of the experimental curve to Nernst 
equation (curve a): the formal potential of the ThLc redox center exchanging electrons with the elec-
trode (Ea = 0.83 V vs. NHE) and the plateau current density (jlim a = -0.697 mA/cm2). In the case of 
curve b the corresponding parameters were Eb = 0.67 V vs. NHE and jlim b = -0.628 mA/cm2. In addition, 
the fitting to curve b required the adjustment of two more independent parameters defined by Leger et 
al.: kcat/k0

max is the ratio between the rate constants of the enzymatic reaction and of the heterogeneous 
electron transfer at the optimal enzyme orientation, and βd0 accounts for the dispersion of orientations of 
enzyme molecules participating in DET.25 The values of these determined parameters are given in Fig. 
5. In Fig. 5B the experimental electrocatalytic curve of the ThLc-AuNP(5nm)-LDG electrode is com-
pared to that of a ThLc-LDG electrode. The difference in the shape of the electrocatalytic curves is evi-
dent and very reproducible (about 10 electrodes of each type were prepared). The whole electrocatalytic 
curve in the absence of immobilized AuNPs can be fitted to the equation of curve b (Fig. 5B).  Typical 
CVs measured for a ThLc-LDG electrode are shown in Fig. S7A of the Supporting Information. 

Figure 5. Mathematical fittings for the blank-subtracted forward scan of the CVs recorded at 1500 rpm 
under 1 atm of O2. (A) ThLc-AuNP(5nm)-LDG electrode: Black line is the experimental CV; red dotted 
line is the theoretical curve of an one-electron Nernstian process with Ea = 0.83 V and jlim a = -0.697 
mA/cm2; green dashed line is the theoretical curve for a reductive electrocatalytic process described by 
equation 6 of reference 25 with Eb =  0.67 V, jlim b = -0.628 mA/cm2, kcat/k0

max = 0.05and βd0 =  9.9; blue 
dashed line corresponds to the addition of the red and green curves. (B) Comparison of ThLc-
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AuNP(5nm)-LDG and Lc-LDG electrodes: Black and red lines are the experimental CVs of ThLc-
AuNP(5nm)-LDG and ThLc-LDG electrodes respectively; blue dotted line is the theoretical curve for a 
reductive electrocatalytic process described by equation 6 of reference 25 with E =  0.79 V, jlim  = -1.06 
mA/cm2, kcat/k0

max = 0.03 and βd0 = 11.0.  

 

 

 

 

 

Table 1. Catalytic current densities for oxygen reduction and chloride tolerance of ThLc electrodes at 
different redox potentials vs. NHE 

Electrode j 0.8 V  
(μA/cm2) 

j 0.4 V  
(μA/cm2) 

Cl- inhibi-
tion (%)a 

ThLc-LDG -275 ± 4 -925 ± 15 
0%b; 
16%c 

ThLc-
AuNP(5nm)-
LDG 

-500 ± 10 -1070 ± 
20 

16% 

ThLc-
AuNP(16nm)-
LDG 

-260 ± 10 -820 ± 30 25% 

ThLc-Aud -10.0 ± 
0.2 -40 ± 2 58%e 

aDecrease of the catalytic current at 0.4 V in presence of 140 mM Cl-. 

bData from reference 20. 

c Data from reference 13c. 

d Data from reference 12c. 

eInhibition with 28 mM Cl-. 

 

The influence of the immobilized AuNPs size was also studied and electrocatalytic measurements were 
equally performed with ThLc-AuNP(16nm)-LDG electrodes (Fig. S7B, Supporting Information). In this 
case the shape of the electrocatalytic wave was similar to those obtained with ThLc-AuNPs(5nm)-LDG 
electrodes, although the current densities measured were smaller on average (Table 1). Table 1 shows 
that the immobilization of AuNPs to the LDG electrodes seldom improves the electroenzymatic currents 
of oxygen reduction measured at high overpotentials but it does have a significant effect at low overpo-
tentials, specially with the 5 nm ones. 

Addition of ABTS to the solution, which is a typical redox mediator used for laccases, only increased 
6% the catalytic current measured at 0.4 V vs. NHE for a ThLc-AuNPs(5nm)-LDG electrode (Fig. S8, 
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Supporting Information). Therefore, most of the immobilized and active enzyme molecules have the ad-
equate orientation for DET reactions. 

The operational stability of the ThLc-modified electrodes was studied by chronoamperometry at +0.4 V 
vs. NHE (Fig. 6). The ThLc-AuNPs(5nm)-LDG electrode was more stable under continuous operation 
than the ThLc-LDG electrode. The ThLc-LDG electrode had a strong loss of catalytic current during the 
first hours, probably due to diffusion of non-covalently bound enzyme molecules, which is much less 
pronounced for the ThLc-AuNPs(5nm)-LDG electrode. After this initial decay the catalytic currents of 
both types of enzyme electrodes were quite stable, retaining the ThLc-AuNPs(5nm)-LDG and the ThLc-
LDG electrodes 40% and 30% of the initial current respectively.  

Figure 6. Operational stability of ThLc-AuNP(5nm)-LDG and ThLc-LDG electrodes. Normalized 
chronoamperometry measured at an applied potential of 0.4 V vs. NHE.in 50 mM acetate buffer, pH 4.2, 
100 mM NaClO4 under 1 atm O2, at 27ºC and 500 rpm electrode rotation. 

Another important feature regarding Lc biocathodes is their resistance to Cl-. Cl- is a Lc inhibitor and 
usually present in most human biofluids. Cl- associates to the T1 site blocking reversibly the Lc catalytic 
activity.24 Covalent bonding of Lc onto electroactive surfaces20 or incorporation of the enzyme into op-
timized redox hydrogels26 yield in some cases an additional resistance to moderate concentrations of Cl-

.20 The electrochemical response to increasing NaCl additions was monitored by chronoamperometry 
(Fig. S9 of Supporting Information). In Table 1 are expressed the values obtained for  ThLc-
AuNP(5nm)-LDG and ThLc-AuNP(16nm)-LDG electrodes compared with the results obtained for a 
ThLc-Au electrode.12c Macroscopic Au electrodes modified with ThLc have a lower Cl- resistance when 
compared with LDG ones; ThLc-Au electrode loses 58% of its current intensity in presence of less than 
30 mM Cl-, while other ThLc-modified graphite electrodes have shown a current decrease between 0%20 
and 16%13e for 140 mM Cl-. In presence of 140mM Cl-Lc-AuNPs(5nm)-LDG and Lc-AuNPs(16nm)-
LDG electrodes showed current decreases of 16% and 25% respectively.  

 

DISCUSSION 

Lc-based biocathodes have been proven as a good alternative to Pt cathodes for biofuel cell applications, 
as these enzymes catalyze very efficiently O2 electroreduction at low overpotentials.11b However, in or-
der to optimize the performance of these biocathodes several parameters need improvement. These pa-
rameters are: enzyme coverage on the electrode surface, rate of DET between the electrode and the en-
zyme redox center and operational stability of the bioelectrode. In this work we have addressed these 
issues by developing a specific strategy for ThLc immobilization on a graphite electrode modified with 
AuNPs.  
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LDG shows a broad range of pore size that yields a high specific surface, and thus is an adequate plat-
form for producing enzymatic electrodes with high biocatalyst load.20 Up-grading the LDG electrode 
with AuNPs has given two additional advantages. The first one is that it allowed covering a great part of 
the electrode porous surface with Au (up to 20 times the geometric electrode area), which can then be 
tailored by surface chemistry in order to optimize the immobilized ThLc orientation for DET.12b,d The 
second advantage provided by the AuNPs is their performance as electronic bridges for enhancing the 
rate of DET reaction between the electrode and the immobilized enzyme molecules, as has been shown 
by other authors for different redox enzymes.8a-c,27 

We show that the strategy based on forming aromatic linkers by electrochemical reduction of the diazo-
nium salt precursor for attaching both AuNPs and the laccase molecules to the electrode leads to a bio-
cathode with a high operational stability. This high stability can be attributed to the covalent immobili-
zation of the enzyme, decreasing its leakage from the electrode, but also to the formation of stable C-Au 
bonds between the AuNPs and the LDG electrodes. The formation of covalent C-Au bonds on the sur-
face of AuNPs has been demonstrated by SERS21b and XPS14,22 characterization. Furthermore, our TEM 
images have shown that covalent bonding of the AuNPs to the graphite electrode increases the structural 
integrity of the former compared to the adsorption modification method. 

The high electrocatalytic currents of O2 reduction measured for ThLc-AuNP-LDG electrodes in DET 
mode can be attributed to the oriented immobilization of the enzyme with the CuT1 site facing the nano-
structured surface. The ThLc immobilization was done by  a similar strategy reported previously by us 
for planar Au electrodes. This strategy consists in forming a mixed functional layer of 4-aminophenyl 
and MH groups onto the Au surface for the two-step covalent immobilization of the enzyme. Electrocat-
alytical measurements and other results by different surface characterization techniques showed that this 
strategy favored oriented immobilization of ThLc.12c,d Accordingly, the addition of the redox mediator 
ABTS to the solution hardly increased the electrocatalytic current of ThLc-AuNP(5nm)-LDG electrodes, 
whereas we have reported previously that the mediated catalytic current was twice higher the DET-based 
one for the same ThLc covalently bound to LDG electrodes through amide bonds only.20 Moreover, the 
effect of redox mediator addition was even smaller for the ThLc-AuNPs(5nm)-LDG electrode than for 
ThLc-Au electrode (a 6% increase for the former compared to a 20% increase of the later).12c Therefore, 
the nanometric dimensions of the AuNPs provides an extra enhancement of the immobilized enzyme 
DET reaction rate.  

This enhancement of DET is clearly visible in the shape of the electrocatalytic wave measured by cyclic 
voltammetry. The bioelectrocatalytic wave of the CVs can be deconvoluted in two contributions. The 
first one is centered at 0.83 V and corresponds to a bioelectrocatalytic process with very fast DET kinet-
ics. This redox potential value (Ea) is near to the formal redox potential of the T1 Cu site of ThLc de-
termined by spectroelectrochemistry (ET1 = 0.78 V).15 Besides, this fast DET process was not observed 
in the absence of AuNPs immobilized on the electrode nor in a previous work in which ThLc was im-
mobilized on planar Au.12c These results suggest that this part of the electrocatalytic wave corresponds 
to ThLc molecules optimally connected to the AuNPs via their Cu T1 site. It has been reported in several 
works that AuNPs can enhance the rate of DET between immobilized redox proteins and electrodes.  
Jensen et al. reported that the long-range DET of cytochrome c increased by more of one order of mag-
nitude when 3-4 nm AuNPs were intercalated between the protein and a Au(111) electrode.27 Even glu-
cose oxidase, which has its FAD redox center buried within the protein structure, can achieve fast DET 
when immobilized with the correct orientation on 1.4 nm diameter AuNPs.8a,c Therefore, the very fast 
DET-based electrocatalytic currents measured in the present work can be attributed to the efficient elec-
tronic coupling between the Cu T1 sites of the ThLc molecules and the functionalized 5 nm AuNPs of 
the electrode surface due to the oriented immobilization strategy followed.  
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The second contribution to the electrocatalytic waves measured with the ThLc-AuNP-LDG electrodes 
can be fitted to a DET-rate limited process in which there is a superposition of different electrochemical 
rate constants.25 The value of the formal potential determined for the redox center involved in this pro-
cess is Eb = 0.67 V, which is approximately ca. 100 mV lower than that of the Cu T1 site.15 However, Eb 
is too high to be attributed to the Cu T2/T3 site (ET2/T3 = 0.4 V).28 Besides, the curve fitting of this part 
of the electrocatalytic curve requires adjusting three more parameters. Thus, the individual values of the 
parameters determined should be taken carefully in this case. In fact, reasonable fits could be obtained 
by fixing Eb at higher values, although not at the ET2 value. On the other hand, we cannot rule out that 
the ET1 value could be affected in some extent by covalent binding of the enzyme to the electrode sur-
face. Abad et al. reported that the formal potential of the Cu center of galactose oxidase changed approx-
imately 100 mV, when the enzyme was specifically attached via this Cu site to AuNPs.8b Taking into 
account that the electrocatalytic waves measured with ThLc-LDG electrodes could be fitted completely 
to the DET-rate limited process with similar parameters of βdo, and kcat/k0

max, it is probable that in the 
case of ThLc-AuNP-LDG electrodes the second contribution of the electrocatalytic wave corresponds to 
enzyme molecules covalently bound to functional groups of the LDG surface instead to those of the 
AuNPs. As the LDG electrode surface is very porous, it is reasonable to think that not all accessible are-
as of the electrode were covered by the AuNPs.  

Recently has been published a deep study of the bioelectrocatalytic properties of two bilirubin oxidases 
(BOx), which are also MCOs, adsorbed on graphite electrodes.29 Two successive catalytic waves were 
also observed for the Box-modified carbon electrodes, in all likelihood due to two different orientations 
of the enzyme on the electrode surface, with either the CuT1 site or the CuT2/T3 in DET contact.29 
However, this is not the case for ThLc-based electrodes, fabricated and studied in the present work, be-
cause only the electrocatalytic wave due to the CuT1 site (Ea ≈ ET1 for ThLc-LDG electrodes) is ob-
served in absence of AuNPs. Furthermore, the second contribution to the electrocatalytic wave of ThLc-
AuNP-LDG electrodes starts at potentials much higher than that of the low redox potential intermediate 
of the CuT2/T3 site of MCOs, as stated above. This difference in electrocatalytic behavior between the 
two enzymatic electrodes is attributed to the immobilization mode of the enzyme (oriented covalent 
binding vs. random adsorption) rather to the type of MCO. This statement is supported by the experi-
mental result shown in Fig S8 (Supporting Information), where the addition of the mediator ABTS sup-
posed a current increase of only a 6%. As most of the enzymes are oriented with its T1 site facing the 
electrode, the fraction for a hypothetical electrocatalytic current starting from the T2/T3 Cu site is not 
appreciated in the electrocatalytic process (Fig. 4). In fact, when in a previous work ThLc was randomly 
adsorbed onto Au electrodes two electrocatalytic currents of O2 reduction were measured at the redox 
potentials of the Cu T1 and Cu T2/T3 sites.28  

The limiting current density (jlim) when a bioelectrocatalytic reaction is rate-determined by the enzymatic 
reaction is:30  

M

cat

KC
CknFj

+
Γ

=lim                                                           (1) 

Here n is the number of electrons involved in the electrocatalytic process, F is the Faraday constant, Γ is 
the enzyme coverage on the electrode, kcat is the turnover number of the enzyme, C is the substrate con-
centration and KM is the Michaelis-Menten constant of the enzymatic reaction. Therefore, the two plat-
eau currents (jlim a and jlim b) estimated from the deconvolution of the electrocatalytic wave of Fig. 5 are 
proportional to the two populations of immobilized ThLc that perform DET: those that are efficiently 
wired to the electrode via the AuNPs (Γa) and those that have slower rate of DET (Γb). Assuming that 
the enzymatic parameters kcat and KM are the same for all active immobilized ThLc molecules because 
they are covalently bound by the same way, we can estimate that Γa and Γb correspond to 53% and 47% 
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of the total ThLc coverage respectively. For other ThLc-AuNP(5nm)-LDG electrodes this ratio was also 
similar (around 50% for each enzyme population).  

The value of kcat of the immobilized laccase is unknown but we did measure this value for the enzyme in 
solution using ABTS as electron donor, 397 s-1. From this value we can estimate that the kcat for the ac-
tive ThLc molecules bound to the electrodes is ≥397 s-1 because their catalytic turnover does not include 
the step of electron exchange with ABTS. In the case of the efficiently wired laccase molecules via the 
AuNPs, the electroenzymatic process is not rate-limited by DET. The measured current at each potential 
is dependent only on the enzymatic turnover and on the amount of laccase molecules with the Cu T1 site 
reduced according to Nernst equilibrium. This means that the heterogeneous electron transfer rate con-
stant (ko) for the ThLc molecules efficiently wired via the AuNPs is much larger than kcat.25 Thus, we 
can estimate that in that case ko>>397 s-1, which is much larger than those measured by Laviron´s meth-
od31 for redox enzymes wired to electrodes using AuNPs. Xiao et al. reported ko values up to 88 s-1 for 
glucose oxidase wired via FAD-modified AuNPs,8a whereas smaller values around 0.5-1 s-1 have been 
measured for copper metalloenzymes, such as galactose oxidase8b and the same ThLc used in the present 
work. In the latter case the enzyme was directly adsorbed onto 50 nm AuNP layers deposited onto a Au 
electrode, thus the ThLc/AuNPs/electrode integration was very different to the one reported in the pre-
sent work.13a Besides, the determination of the ko of enzymes immobilized on electrodes by Laviron´s 
method is based on the peak-separation dependence on the scan rate of the non-catalytic redox signal 
measured by cyclic voltammetry.31 In order to measure these non-catalytic redox signal a high coverage 
of immobilized enzyme molecules is required,32 and molecules with different orientations will contrib-
ute to the DET, some of which maybe even due to catalytically inactive ones. This will make broader the 
redox waves measured and decrease the determined k0. On the contrary, in our electrocatalytic results we 
are able to differentiate the contribution of the enzyme molecules that are efficiently wired to the elec-
trode via the AuNPs from those which DET is rate-limiting the electrocatalytic process. Therefore, we 
can conclude that when laccase molecules are adequately connected to AuNPs by a specific and oriented 
immobilization strategy their k0 becomes much higher than their catalytic turnover, leading to very fast 
DET at low overpotentials. 

The electrocatalytic results obtained with the immobilized 16 nm-diameter AuNPs were not as good as 
the ones measured with the 5 nm-diameter ones. The decrease of the electrocatalytic current density at 
high overpotentials of the former is proportional to the decrease of their coverage on the LDG surface, 
as there are not able to modify the smaller pores of the electrode. However, the decrease of the electro-
catalytic current density with 16 nm AuNPs at low overpotential is much more evident, approximately 
50% of that measured with 5 nm AuNPs. Therefore, the size of the AuNPs must affect the electronic 
coupling of ThLc molecules. This suggests that the 5 nm AuNPs, whose size is comparable to that of the 
ThLc molecules,33 are able to interact more closely with the Cu T1 site cavity of the enzyme, accelerat-
ing DET. A similar effect has been described by El-Deab et al. for the coupling of another copper en-
zyme, superoxide dismutase, and AuNPs of different shapes and sizes. Those AuNPs enriched in 
Au(100) orientation with a projection morphology favored the DET reaction of superoxide dismutase.34 

It has been shown in previous works that macroscopic gold surfaces are not suitable for avoiding Cl- in-
hibition drawback, whereas carbon-based electrodes are.13e,20, This effect might be caused by a Cl- pre-
concentration effect that occurs by the anions adsorption on gold. The use of AuNPs instead of macro-
scopic Au surfaces limits the presence of free gold surface, mitigating the Cl- inhibition caused by gold 
massive surfaces. Measurements carried on in this work show that the AuNPs(5nm) seldom contribute 
to Cl- inhibition increase of the ThLc electrode when compared with nanostructured graphite elec-
trodes,13e but including AuNPs(16nm) does lead to a significant increase in Cl- sensitivity. This result 
might suggest that the smaller AuNPs, which are of comparable size to ThLc and can be inserted in the 
smaller pores of the LDG, present much less Au surface available for Cl- adsorption or association with 
positively charged aminophenyl groups exposed to the surface.  The larger AuNPs, on the contrary, will 
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present more of their surface exposed to Cl- adsorption even if they are modified by one or more ThLc 
molecules. 

 

CONCLUSSIONS AND PERSPECTIVES 

 

The results presented here show the preparation and characterization of a stable nanostructured laccase 
electrode based on step-by-step covalent attachment of AuNPs and ThLc to porous graphite electrodes 
using the diazonium salt electrochemical reduction strategy. Oriented immobilization of the redox en-
zyme on adequately functionalized AuNPs allows establishing very fast DET with the electrode via their 
Cu T1 site. Therefore, in this way ThLc electrodes can be prepared that produce high electrocatalytic 
current densities of oxygen reduction at very low overpotentials, such as -0.5 mA/m2 at 0.8 V vs. NHE. 
The efficient electronic coupling between ThLc and AuNPs not only depends on the adequate orienta-
tion of the immobilized enzyme molecules but also on the size of the AuNPs, obtaining best results 
when the AuNPs have similar dimensions to those of ThLc (approximately 5 nm diameter). Additional-
ly, the use of the correct amount of Au mitigates undesirable effects like chloride inhibition. Our results 
show that the electrocatalytic waves measured with the ThLc-AuNP-LDG electrodes can be deconvolut-
ed into two contributions. The one at the lower overpotentials corresponds to immobilized enzyme mol-
ecules that are efficiently wired by the AuNPs, with a heterogeneous electron transfer rate of k0 >> 400 
s-1. The contribution at higher overpotentials corresponds to immobilized enzyme molecules less effi-
ciently wired to the electrode, so that the bioelectrocatalytic process is rate-limited by a DET reaction 
with a distribution of k0 values.  
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