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Gold disk electrodes modified with gold nanoparticles have been used as a scaffold for the covalent immobiliza-
tion of bilirubin oxidase. The nanostructured bioelectrodeswere tested asmediator-less biosensors for oxygen in
a buffer that mimics the content and the composition of human physiological fluids. Chronoamperometry mea-
surements showed a detection limit towards oxygen of 6 ± 1 μMwith a linear range of 6-300 μM, i.e. exceeding
usual physiological ranges of oxygen in human tissues and fluids. The biosensor presented is the first ever-
reported oxygen amperometric biosensor based on direct electron transfer of bilirubin oxidase.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Bioelectrodes that use enzymes as catalysts are promising systems
for both in vivo biosensing and implantable biofuel cells. Bioelectrodes
can provide electric energy using the naturally existing biochemical
substances as fuels and oxidants [1,2]. Electrochemical biosensors can
take advantage of the specificity and selectivity of enzymatic processes
to substitute the classic amperometric sensors, which are prone to false
positive signals or poisoning under physiological conditions. An impor-
tant advance would be developing an O2 biosensor that could minimize
the critical time to detect pathological O2 imbalance and shorten the in-
tervention time for first-aid professionals. Such biosensor may find
practical applications both in vitro and ex vivo biomedical studies, as
well as in vivo analysis. It is a widely held notion that low O2 concentra-
tion yields to cell apoptosis, tissue damage and death. A biosensor that
accomplishes such challenges has to cover a broad range of O2 concen-
tration. For instance, O2 concentration in blood ranges 50–130 μM; [3]
O2 concentration in brain tissue and brain cerebrospinal fluid varies
from 1 to 10 μM during a carotid compression up to approximately
100 μM on healthy conditions [4]. O2 concentration in saliva ranges 2–
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10 μM [5]. Therefore, it is of great interest to develop an O2 biosensor
with a linear detection range from standard conditions in air-saturated
water (0.26 mM) [6] to approximately 1 μM. An advance towards the
application of implantable self-powered biosensors is to develop a
bioelectrode that shares the same manufacturing technology with the
powering biofuel cell cathode [9], avoiding the use of the scarce and
expensive platinum as electrocatalyst. Another advantage of this biosen-
sor would be the possibility of miniaturization, reaching electrodes far
smaller than the commercial ones, sized in a diameter of 4 μm. On the
other hand, classical O2-detection electrodes [7,8] are interference-free
thanks to a Teflon membrane, which can make the sensing process
difficult.

Bilirubin oxidase (BOx) is amulticopper oxidase (MCO) that oxidizes
several natural compounds while reducing O2 directly to H2O [10]. BOx
performs its catalytic activity by means of four Cu ions split in two
interconnected active sites, one to bind and oxidize the organic sub-
strate and another one to bind and reduce O2 [11]. The site for substrate
oxidation includes one Cu ion known as the T1 site, whereas the O2

reduction cluster comprises three Cu ions denoted as T2 and T3 sites
[12]. BOx is able to accept electrons from electrodes biased with redox
potentials lower than that of its Cu T1 site [11,12]. Furthermore, BOx is
catalytically active at neutral pH and high chloride concentrations, un-
like otherMCOs, e.g. fungal laccases. Therefore, BOx is a suitable enzyme
for creation of potentially implantable biosensors and biocathodes of
biofuel cells. It shows some advantages over other oxidases like glucose
oxidase, such as not producing H2O2, its suitability for direct electron
transfer, a suitable potential range to avoid interferences, and a high
activity at neutral pH.
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BOx has already been amatter of bioelectronic development for bio-
fuel cell applications [13–16]. Development of a BOx-based biosensor
differs from biofuel cell cathodes: the former does not need a maxi-
mized current density while the latter does. Therefore the above-
mentioned examples are not optimized for O2 monitoring, especially
for low O2 concentrations.

Despite of the many publications concerning bioelectrochemical
studies of MCO-modified electrodes in general, and BOx-based elec-
trodes in particular, there are only few works reporting BOx-
biomodified electrodes in physiological fluids [17,18]. Moreover,
up to our best knowledge, mediator-less O2-sensitive MCO-based
sensors have not been designed so far.

The goal of the present work is to study the performance of BOx
electrodes as O2 biosensors, when immersed in a serum-mimicking
buffer. BOx was covalently immobilized on Au nanoparticles (AuNPs)-
modified Au electrodes [15], which where functionalized to optimize
the direct electron transfer (DET) between the immobilized enzyme
and the electrode surface. We have aimed obtaining a sensitive amper-
ometric biosensor that may operate in buffer solutions and complex
physiological fluids in the absence of membranes, which are known to
be a kinetic barrier for electron transfer and mass transfer that lowers
the classic biosensors performance. In order to minimize the energy
requirements from a hypothetical implantable biofuel cell, the aimed
biosensor is designed to work under global currents lower than 1 μA
while being able to measure a wide range of O2 concentrations.

2. Materials and methods

2.1. Enzyme

A highly purified preparation ofMyrothecium verrucaria BOx (MvBOx),
expressed recombinantly inAspergillus oryzae, has been kindly provided
by Novozymes A/S (Denmark).

2.2. Chemicals

All reagents purchased were of ACS purity grade. 6-amino-2-
naphtoic acid (NA), NaNO2, 3-mercaptopropionic acid (MPA), HAuCl4,
sodium citrate, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC),
N-hydroxysuccinimide (NHS), 30% H2O2, 2-morpholinoethanesulfonate
(MES) hydrate 99.5% were purchased from Sigma-Aldrich (USA). 98%
H2SO4, NaH2PO4⋅2H2O, Na2HPO4⋅12H2O were purchased from Panreac
(Spain). Water Milli-Q (18.2 MΩ cm) was used for all the experiments.

2.3. Gold nanoparticle synthesis

AuNPs were prepared following the method of HAuCl4 reduction by
citrate [19]. 125 mL of a 38.8 mM citrate solution was heated until boil-
ing, and afterwards 12.5 mL of 1 mM HAuCl4 solution was added. The
reaction was allowed to proceed for 15 min and then cooled down to
room temperature.

2.4. Modification of gold electrodes with AuNPs and BOx

Gold-disk electrodes (Metrohm, 2 mm diameter, 99.999% purity)
were cleaned as previously reported [20]. The method for modifying
Au electrodes with AuNPs is based on a previous report [15]. AuNPs
were concentrated 100-fold by centrifugation. A single 15 μL drop of
the concentrated AuNP dispersion was deposited on the surface of the
electrodes and let to dry. Afterwards, the modified electrode was
taken into an electrochemical cell containing 0.1 M H2SO4 and, in
order to oxidize and reduce the gold surface, 20 cyclic voltammograms
(CVs) were run from 0 to +1.5 V at 100 mV/s scan rate. The AuNP-Au
electrode was immersed in an electrochemical cell filled with an ice-
cooled solution, prepared immediately before its use by mixing 2 mL
of 20 mM NA in acetronitrile and 2 mL of 2 mM NaNO2 in 2 M HCl
solution. A reductive CV from +0.6 V to −0.6 V at 200 mV/s was
recorded. Later, the electrodes were immersed into a 1 mMMPA aque-
ous solution overnight. Finally, the electrodes were rinsed with water,
dried with a gentle N2 flow and immersed for 1 h in a 20 μL solution
containing 0.83 mg/mL BOx in 10 mM MES buffer pH 6. Afterwards,
the electrode was taken into a MES buffer solution containing 16 mM
EDC and 32 mM NHS freshly prepared for 2 h. The electrode was then
rinsed with 100 mM phosphate buffer, pH 7.4.
2.5. Buffers

Two buffers were used for the electrochemical studies, viz. 100 mM
phosphate buffer, pH 7.4 (PBS) and a complex serum-like buffer (SLB),
pH 7.4. The human SLB was prepared by the addition of 150 mM NaCl,
18 mM NaHCO3, 5.55 mM glucose, 4.3 mM urea, 0.4 mM fructose,
0.4 mM uric acid, 0.055 mM ascorbic acid, 0.1 mM L-cysteine and
0.87 mM MgSO4 into 100 mM PBS. This solution mimics quite well
both the content and composition of human serum besides its protein
content [21].
2.6. Electrochemical measurements

Experiments were performed with an Autolab PGSTAT30 analyzer
controlled by GPES 4.9 software, Eco Chemie. The experiments were
run in a three-electrode glass cell using a BAS Ag/AgCl/3 M KCl refer-
ence electrode (204 mV vs. NHE) and a platinum wire counter elec-
trode. All redox potentials mentioned in the text and figures are given
vs. Ag/AgCl/3 M KCl reference electrode. CVs were recorded from 0.7
to 0 V using a scan rate of 10 mV/s. Chronoamperometry was recorded
at a constant potential of 0.1 V for 10,000 s.
2.7. UV-Vis spectroscopy

The measurements were performed with an UV-2401PC spectro-
photometer (Shimadzu) under thermostatic conditions using dispos-
able polycarbonate cuvettes.
2.8. Transmission electron microscopy (TEM)

200 KV JEOL 2100 transmission electron microscope equipped with
an Oxford Instruments EDX analyzer was used for the analyses. Free
software ImageJ 1.46R from NIH was used for nanoparticle statistic
purposes. The sample was prepared by adding a drop of diluted
AuNPs dispersion on a carbon-coated copper grid 200 Mesh and then
let to dry.
3. Results and discussion

3.1. Nanoparticle characterization

AuNPs were synthesized as described above, and they were charac-
terized by TEM and UV-Vis (Fig. 1). Analysis of the TEM images with
ImageJ gave an AuNPs average size of 10.9 ± 2.3 nm by counting 240
nanoparticles (Fig. 1C). Besides, the AuNPs average size and concentra-
tion were determined from their localized surface plasmon resonance
measured by UV-Vis spectroscopy [22]. The UV-Vis spectrum of a
10-fold diluted AuNPs dispersion showed a resonance-absorption
band centered at λSPR = 519 nm with an absorbance of ASPR =
0.220 (Fig. 1D). Another relevant parameter for the AuNPs character-
ization was A450 = 0.141. According to Haiss' numerical method
[22], the synthesized nanoparticles were ca. 11 nm in diameter and
dispersed at a concentration of approximately 17 nM. Therefore,
the AuNPs size values determined by TEM and UV-Vis are coherent.



Fig. 1. AuNPs characterization. (A) Lowmagnification TEM picture. (B) High amplification TEM picture. (C) Particle size counts in Fig. 1A. (D) UV-Vis spectra of AuNPs dispersion 10-fold
diluted.
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3.2. Electrode modification

A clean Au-disk electrode was modified with the AuNPs dispersion
to increase the surface area of the electrodes while maintaining their
geometric area, and to favor DETwith the immobilized enzyme. By con-
secutive AuNPs deposition cycles it is possible to linearly increase the
electrode area [14], which is of interest for developing a highly sensitive
O2 biosensor based on BOx activity. The surface enhancement of the Au
electrode after one deposition of AuNPs was estimated by integrating
the Au reduction electrochemical wave (Fig. S1). As a side effect, the ca-
pacitive current of themodified gold electrodewas slightly increased in
the region where the biosensor's measuring potential will be applied
(Fig. S1, inset). The non-modified gold electrode had an electroactive
surface of 0.068 cm2, whereas the deposition of AuNPs allowed an in-
crease of ca. 30-fold, reaching about 2 cm2 area. The successive cycling
of the electrode surface causes a decrease of the gold reduction area,
which is attributed to the alloying of the particles with each other and
therefore the final electroactive area can be controlled (Fig. S2). The
enhancement was considered sufficient for developing a sensitive
biosensor, allowing for a higher bioelectrocalytic signal.

The AuNPsmodified electrodewasmodifiedwith amixedmonolay-
er designed to favor theDET of BOx.Modification of a graphite electrode
with 6-naphtocarboxylic groups has been proven to facilitate DET of
BOx at graphite electrodes [23]. By a similar procedure, we have made
6-amino-2-naphtoic acid inside the electrochemical cell react with
NaNO2 and HCl to synthesize the diazonium salt derivative. A fast CV
was run to reduce the diazonium salt and to form a NA layer via Au-C
bonds [20,24]. This modification method hampers the formation of
multiple layers but unfortunately yields an incomplete coverage of the
surface, therefore an additional thiol self-assembled monolayer (SAM)
is needed to protect the enzymemolecules from denaturizing by direct
gold contact [20]. MPA has proven to support DET process between gold
and BOx [25–27], so it was chosen to build a thiol SAMon the Au surface
by immersion of the NA-AuNPs electrode in a 1 mMMPA solution over-
night. AuNPs have also played a role in facilitating other DET processes
between an electroactive surface of low-density graphite and a different
MCO, Trametes hirsuta laccase [28]. In that case a high potential
Nernstian-dependent electrocatalytic process was observed by cyclic
voltammetry, which was attributed to the wiring of laccase via the
AuNP. However, in the present work that effect does not appear and
AuNPs do not seem to play such electronic role in the DET process.

TheMPA/NA-AuNPsAuelectrodewas used for the covalent immobi-
lization of BOx via formation of amide bonds between the carboxylic
groups at the Au surface and the lysine residues of the enzyme. The
nanostructured electrodes modified with BOx were firstly tested by
cyclic voltammetry in 100 mM PBS (Fig. 2A). It should be noted
that the immobilized BOx required electrochemical activation before
offering an appropriate electrocatalytic signal, thus a CV between 0.7
and 0 V was performed prior to the analysis. Similar electrocatalytic
behavior has already been reported very recently for BOx adsorbed
on graphite electrodes and has been attributed to the reductive acti-
vation at low potential of the enzyme in the “alternative resting”
form [29]. Afterwards, the two CVs shown in Fig. 2A were recorded.
The first one was measured in O2-saturated solution and the second

image of Fig.�1


Fig. 2. Cyclic voltammograms ofMvBOx-MPA/NA-AuNPs electrode (A) in PBS; (B) in SLB.
(a) N2-saturated, (b) O2 saturated. Inset in (B) corresponds to the subtraction of the CVs’
forward scans.

Fig. 3.CVs of a gold disc electrodemodifiedwith amixedmonolayer of 6-carboxynaphtoyl
and MPA groups and BOx in PBS. (a) Saturated with N2, (b) saturated with O2.
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one in N2-saturated solution. A clear bioelectrocatalytic process for
O2 reduction is observed starting at 0.52 V, which is near to the
redox potential of the T1 site of MvBOx [30]. There is a fast increase
of the current value until 0.35 V, where the current increase slows
down but does not reach the theoretical plateau for an electrocata-
lytic process. The residual slope of the bioelectrocatalytic current at
high overpotentials is typical for BOx-based biocathodes, when O2

transport is not rate-limiting the bioelectrocatalytic process. It indi-
cates that a dispersion of interfacial electron transfer rates is affect-
ing the bioelectrocatalysis, even if a preferential orientation of the
immobilized BOx is favored [23]. This limitation of themeasured cur-
rent by the enzyme DET may affect the stability and reproducibility
of the biosensor. This DET-based rate limitation could be diminished
increasing the amount of immobilized BOx on the electrode surface.
However, in that case the overall measured current would be greatly
increased, which is an undesired effect for our goals. The catalytic
current obtained after saturating the cell atmosphere and solution
with N2 is almost negligible, as expected for a system with a very
low O2 concentration. It has been reported that in human serum
the electrochemical response of BOx can be diminished [31], so after
testing that the electrode was active, it was taken into a cell filled
with the SLB to evaluate its electrochemical response (Fig. 2B). It should
be noted that serum proteins have not been considered because they
can be easily avoided using big pore sizemembranes and have no inhib-
itory effect on BOx; all other small compounds considered cannot be
easily blocked and may hamper the bioelectrocatalytic performance.

At first sight the CVs obtained show several differences with the
ones recorded in PBS. The presence of redox active interferences such
as uric and ascorbic acids causes a high oxidative current above 0.35 V
that diminishes the biocatalytic reductive current measured at the
higher potentials due to BOx activity. In other words, depolarization of
biocathodes in human physiological fluids occurs [18]. The resulting
CVs also show that the O2 reduction current measured in SLB for values
lower than 0.35 V is reduced approximately 50% vs. the current
measured for PBS. The decrease in the current at low oxidative poten-
tials can be attributed to several factors, such as the high concentration
of chloride and other compounds in the medium, which may cause a
reversible and partial inhibition of BOx [19,32], or the lower solubility
of O2 in the serum buffer than in PBS [6].

The need of our step-by-step modified nanostructured electrode
was justified with a control experiment in the absence of AuNPs
(Fig. 3), where much lower currents were measured from the BOx
bioelectrocatalytic signal. The surface area enhancement caused by the
AuNPs deposition appears as a critical strategy to develop the
biosensing performance by tuning the electroactive area available for
hosting the biocatalyst, and thus the catalytic current measured.

Another control experiment was done in which the AuNPs-Au elec-
trode was modified only with MPA and BOx. The results showed that,
despite offering a comparable bioelectrocatalytic signal in PBS, the
system did not work in the SLB (Fig. 4). This behaviour may be related
to the lower stability of thiols SAM on gold compared to monolayers
prepared by diazonium salts reduction [33].

3.3. Biosensor performance

The performance of the O2 biosensor in SLB was studied by
chronoamperometry at 0.1 V to minimize the interference of uric and
ascorbic acids (Fig. 3). Aliquots of an O2 saturated SLB ([O2]sat =
1.27 mM) were gradually added to the electrochemical cell, filled with
N2 saturated SLB, recording the maximum value of reductive transient
current measured after each addition. This method allows a fast time-
response and a reliable calibration at low O2 concentrations. At the
end of the experiment the solution was bubbled again with N2 and
the background current was reached again (Figure S3, Table S1). The
concentration of O2 was correlated with the peak current values
reached in the injections, obtaining a linear relationship for values
below 300 mM (Fig. 5), which is approximately the concentration of
O2 in an air-equilibrated solution. The fitted linear equation for this
range, which shows an r factor of -0.997, is the following:

I μAð Þ ¼ −0:054− 0:9� 0:1ð Þ O2½ � mMð Þ ð1Þ

The reproducibility of 3 replicate calibrationswaswithin a 17% rela-
tive standard deviation and the O2 detection limit was 6 ± 1 μM. The
sensitivity obtained was−0.9 ± 0.1 μA/mM.

4. Conclusions

The bioelectronic system developed by modifying an Au electrode
with AuNPs and further functionalized for the covalent attachment of
BOx was able to function as O2 biosensor in a solution mimicking the
composition and content of human serum. A linear response was mea-
sured in the broad range of 6–300 μM. Thus, the detection range of the
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Fig. 4. CVs of a BOx-MPA-AuNP-Au electrode. (A) PBS electrolyte (a) saturated with N2,
(b) saturated with O2. (B) SLB electrolyte (a) saturated with N2, (b) Saturated with O2.
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design biosensor is very suitable for both ex vivo (air saturated biological
fluids, where oxygen concentration will be close to 0.25 mM) and
in vivo (natural biological fluids, where oxygen concentration will be
in mM range) studies. The presented biosensor will be used together
with implantable biofuel cells [18,34,35], aiming at producing implant-
able nanobiodevices able to work in vivo using biological fluids as fuel
and emitting the signals registered to an external transducing device.
Future work will focus on the study of a BOx-based biosensor in other
biofluids with different pH and saline conditions, analyzing the poten-
tial differences caused by the new environmental conditions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bioelechem.2013.07.001.
Fig. 5. Calibration curve of a BOx-MPA/NA-AuNPs-Au electrode in SLB measured at 0.1 V
vs. Ag/AgCl. The calibration in Eq. (1) is shown in the text.
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