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A  general  bioanalytical  platform  for  biosensor  applications  was  developed  based  on three-dimensional
ordered  macroporous  (3DOM)  gold  film  modified  electrodes  using  lactate  oxidase  (LOx)  as  a  case  study,
within  the  framework  of  developing  approaches  of  broad  applicability.  The  electrode  was  electrochemi-
cally  fabricated  with  an  inverted  opal  template,  making  the  surface  area  of  the 3DOM  gold  electrode  up to
18  times  higher  than  that  of  bare  flat  gold  electrodes.  These  new  electrochemical  transducers  were  charac-
terized  by  using  Field  Emission  Scanning  Electron  Microscopy  (FE-SEM),  Atomic  Force  Microscopy  (AFM)
and  the  X-ray  diffraction  (XRD).  The  biosensor  was  developed  by  immobilization  of lactate  oxidase  (LOx),
on  a  3DOM  gold  electrode  modified  with  a self-assembled  monolayer  of dithiobis-N-succinimidyl  propi-
onate  (DTSP).  The  resulting  lactate  oxidase  biosensor  was  characterized  by  electrochemical  impedance
spectroscopy  (EIS).  The  3DOM  gold  electrode  not  only  provides  a good  biocompatible  microenvironment

but  also  promotes  the increase  of  conductivity  and  stability.  Thus,  the  developed  lactate  oxidase  bio-
analytical  platforms  showed  higher  mediated  bioelectrocatalytic  activity  compared  to others  previously
described  based  on polycrystalline  gold  transducers.  The  response  to  varying  lactate  concentrations  has
been  obtained  in  the  presence  of  hydroxymethylferrocene  as  redox  mediator  in solution.  Under  these
conditions,  the  bioanalytical  platform  response  for  DTSP  covalently  bound  enzyme  was  improved  with
respect  to  that  obtained  in  absence  of  DTSP.
. Introduction

Biosensors based on flat gold electrode surfaces modified with
elf-assembled monolayers are widely used, including fundamen-
al studies of electrochemical processes on modified electrodes. For
ome applications, such as in vivo measurements, it may  be nec-
ssary to use miniaturized electrodes and smaller active electrode
urface will lead to lower analytical response. Therefore, to achieve

 sufficiently high rate of electrochemical conversion, the electrode
urface area must be increased artificially by using nanostructured
1] or porous materials [2]. An ideal way to develop metallic macro-
orous materials with controlled size and the spatial arrangement
f the pores is to use colloidal crystal films as templates for subse-

uent electrodeposition [3–5]. Afterwards, the template is removed
y an appropriate solvent and highly ordered structures of macro-
orous metal are obtained [6,7]. Due to its large surface area to
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volume ratio, this kind of structure can be considered as a good can-
didate for biosensors. Thus, Xia and co-workers developed a 3DOM
gold film modified electrode to study the direct electron transfer
of hemoglobin [8,9]. Macroporous ultramicroelectrodes [7], 3DOM
Prussian blue film and 3DOM gold film modified electrodes have
also been prepared for glucose detection [10,11].

Recently, 3DOM gold film modified electrodes have also been
used for immunosensor development [12,13]. In these systems, the
sensing enhancement was significantly higher than that of respec-
tive nonporous electrodes.

The  development of methods for the determination of l-lactic
acid is of great importance in several areas such as medicine and
food industry [14–20].

Our  efforts over the past years in this field have been addressed
to design l-lactic acid biosensors based on lactate oxidase (LOx).
In the present work, we describe the preparation and characteriza-
tion of a 3D macroporous gold inverse opal films, using polystyrene
colloidal crystals as templates, in order to obtain a nanostructured

electrodes that can be used in the design of significantly improved
lactate biosensors. To achieve the enzyme immobilization we have
employed two strategies: (i) direct adsorption onto the 3D macro-
porous gold surface and (ii) covalent bonding to 3D gold surfaces
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reviously modified with a bifunctional reagent containing suc-
inimide functionalities, in particular, 3,3′-dithiodipropionic acid
i(N-succinimidyl ester) (DTSP) [19]. The biosensor response was
btained by replacing the natural electron acceptor (O2) by an
rtificial mediator (hydroxymethylferrocene, HMF), whose electro-
hemical behaviour (anodic peak current in cyclic voltammetric
esponse) is followed at −0.16 V, instead of detecting the hydrogen
eroxide generated in the lactate oxidation.

This strategy allows minimizing the contribution of interfering
ubstances that could be oxidized at the high potential required for
2O2 detection [19,21].

To  characterize the morphology and physical properties of the
esulting biosensors, microscopic, impedimetric and voltammet-
ic techniques have been used. Their electrocatalytic response has
een compared with that obtained under the same conditions using

 polycrystalline gold electrode as well as roughened gold elec-
rodes [1].

.  Materials and methods

.1.  Reagents and substrates

The  monodisperse polystyrene colloidal spheres solution
500 nm diameter) was  obtained from Thermo Scientific as a
.0 wt% suspension in water. The commercial gold plating solu-
ion (ECF 60) containing 10 g/l gold was obtained from Metalor.
he gold electrodes used as substrates were prepared by thermal
apor deposition of 10 nm of a chromium adhesion layer, followed
y 200 nm of gold, onto standard 1 mm thick glass microscope
lides. The gold electrodes were cleaned by sonication in isopropyl
lcohol (IPA) for 1 h followed by rinsing with deionized water. Lac-
ate oxidase (EC 232-841-6 from Pediococcus species) lyophilized
owder containing 41 units/mg solid was obtained from the Sigma
hemical Co. (St. Louis, MO). Stock solution was prepared by dis-
olving 1.3 mg  of the LOx lyophilized powder in 250 �l of 0.1 M,
H 7 phosphate buffer, aliquoted (10 �l) and stored at −30 ◦C.
nder these conditions the enzymatic activities remain stable for

everal weeks. 0.1 M stock solution of l-(+)lactic acid lithium salt
7% (Sigma) containing 1 mM hydroxymethylferrocene was  pre-
ared. 3,3′-dithiodipropionic acid di(N-succinimidyl ester) (DTSP),
ydroxymethylferrocene (HMF) and dimethyl-sulfoxide (DMSO)
ere obtained from Aldrich and used as received. Other chemicals
sed in this work, such as sulphuric acid and sodium phosphate,
ere reagent grade quality and used as received without additional
urification steps. Sodium phosphate (Merck) was  employed for
he preparation of buffer solutions (0.1 M,  pH 7.0). All the solutions
ere prepared with ultra pure water by means of a Millipore Milli-Q

ystem (18.2 M� cm).

.2. Instrumentation

.2.1. Electrochemical cell
The electrochemical measurements were performed in a

onventional three-electrode set-up. In the case of catalytic
easurements the volume of solution used was  10.0 ml.  For

D macroporous gold biosensor the working electrode was
emplate-coated gold. A large area gold electrode was used as
ounter electrode. All the potentials are quoted with respect to
ercury/mercurous sulphate reference electrode (SMSE). The elec-

roactive surface area of the working electrodes was determined

y cyclic voltammetry in 0.50 M H2SO4 from the charge under the
eduction peak of gold oxide.

A conversion factor of 400 �C cm−2 was used [22]. The experi-
ents were performed in solutions thermostated at 25 ± 0.5 ◦C.
 94 (2012) 328– 334 329

2.2.2.  Electrochemical Impedance spectroscopy measurements
EIS  experiments were performed with an Autolab PGSTAT 30

potentiostat from Eco-Chemie. The solution was 0.1 M PBS (pH 7),
0.1 M KCl containing 10 mM K3Fe(CN)6 + 10 mM K4Fe(CN)6. A sinu-
soidal potential modulation of ±10 mV  amplitude in 105–10−3 Hz
frequency range, spaced logarithmically (120 per 8 decades),
was superimposed on the formal potential of the redox couple
[Fe(CN)6]3−/4− (−0.21 V vs. MSE). To obtain the capacitance from
the experimental data, the frequency fi was selected to obtain
the maximum value of Z′′. The capacitance was calculated as
C = 1/(2�fiRCT), where RCT is the charge transfer resistance.

EIS  results were analysed by fitting the experimental impedance
data to Randles equivalent circuit. The electrical equivalent circuit
parameters were calculated by fitting the impedance function to
the measured spectra with a non-linear least-squares (NLLS) pro-
gram using Z-plot/Z-view for all the frequencies measured. The
criteria used to estimate the fitting quality were evaluated firstly
with the low chi-square value and secondly with the low estimative
errors (%) for all the components.

2.2.3.  SEM, XRD and AFM characterization
The equipment used for the characterization of template-coated

gold and macroporous gold samples was a Philips XL30 Scanning
Electron Microscope equipped with a Field Emission Gun (FEG) and
coupled with an Energy Dispersive X-ray analyzer (EDX DE4i). The
samples were examined at 15 keV acceleration voltages.

For the atomic force microscopy (AFM) studies, a JPK NanoWiz-
ard II system was used. Measurements were carried out using
silicon nitride cantilevers (Model OCML-RC800PSA; 71 kHz; k
0.73 N/m) from Olympus. Tapping mode was used for topographical
characterization of the inverse opal gold electrodes electrode-
posited on Au/Cr/glass slides as well as for gold electrodeposited
on Au/Cr/glass slides prepared under the same conditions of poten-
tial and temperature as 3D macroporous gold samples in air. The
images were only linearly flattened, in order to account for sample
tilt.

The phases present in the coating were determined by X-ray
diffractometry (X’Pert PRO XRD, Panalytical) at a glancing angle of
0.5◦ and 1◦ using Cu K� line generated at 40 mA, 45 kV. Start Posi-
tion [2� (◦)] 30.0200; End Position [2� (◦)] 99.9800; Step Size [2�
(◦)] 0.0200; Scan Step Time [s] 2.0000. The measurement of width
at half height (W1/2) of each of the diffractogram peaks, for the
determination of crystallite size, was  performed with the X’Pert
HighScore Plus program. The diffractometer works with the wave-
length of copper, which is 1.5406 nm.

2.3.  Procedures

2.3.1. Preparation of macroporous Au electrodes
The method for the self-assembly of the polystyrene (PS)

spheres consists basically of the slow evaporation of a small volume
of dilute bead suspension (0.05 wt%  in water) at the gold substrate
surface [23]. To define the geometric area for the electrodeposi-
tion step, the electrodes together with the template were coated
with a thin varnish film leaving a square window with a desired
dimension. The template samples were then put into the commer-
cial gold plating bath (at 25 ◦C) 5 min  prior to the reduction, in order
to allow the solution to diffuse all the way throughout the tem-
plate. Then a potential of −1.05 V vs. SMSE was applied until the
required charge had been passed. During the electrodeposition of
gold through the template we observed temporal oscillations in
the reduction current [6]. These oscillations can be explained by

the periodic variation of the active electrode surface area during
the growth of gold in the template and they give us an easy and
reliable way  to control the thickness of the deposit with respect to
the number of sphere layers (Fig. 1a).
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The AFM was  employed to obtain high resolution images of
otential:  −1.05 V vs. SMSE. (b) Macroporous gold roughness factor as a function of
eposit thickness (expressed as number of template layers).

After the electrodeposition the polystyrene template was
emoved by dissolving in dimethylformamide in the presence of
ltrasound for at least 1 h, leading to the desired macroporous
tructure with a thickness controllable by the charge used during
he electrodeposition step. A linear relationship between the elec-
roactive surface area and the number of layers of hollow spheres
as observed (Fig. 1b). For example, in the case of inverse opal with

.5 sphere layer (used in this work), the roughness factor (Rf) of the
DOM gold film was calculated to be 18.65, whereas the roughness
actor of the bare flat gold electrode was only 1.6.

.3.2. Biosensor preparation
Macroporous  gold electrodes (Au3DOM) were immersed for 3 h at

oom temperature in a fresh solution of DTSP (4.0 mM in DMSO) to
nsure that the whole inner surface was completely modified with

 monolayer. The corresponding monolayer containing the active
uccinimidyl esters was subsequently rinsed in DMSO and 0.1 M,
H 7 phosphate buffer (PB).

10 �l of LOx stock solution was placed on the DTSP-modified

acroporous  gold electrode. After air-drying, the biosensor was
ashed with 0.1 M,  pH 7 PB to remove any weakly bound

nzyme.
Fig. 2. SEM images of macroporous gold films grown by electrochemical deposition
through  template assembled from 500 nm diameter polystyrene spheres. (a) Scale
5 �m and (b) scale 1 �m.

3. Results and discussion

3.1.  Characterization of 3D macroporous gold electrodes

3.1.1. SEM, AFM and XRD characterization
Fig. 2 shows typical SEM images at different magnifications of

the surface of a macroporous gold film grown onto a gold substrate
covered with templates made up of 500 nm diameter PS spheres.
The SEM images show that the spherical voids left in the gold film
after the removal of the PS spheres are arranged in well ordered
domains with hexagonal symmetry that can extend over several
hundreds of �m2 (Fig. 2a). Fig. 2b shows a region of a macroporous
gold film where the thickness of the film is close to (n + 0.5) × d,
where d is the diameter of the template sphere. One can clearly
observe three small dark circles (diameter ∼ 50 nm)  within each
spherical cavity. These correspond to the interconnecting chan-
nels to three spherical voids in the layer below that are formed
where the original PS spheres in the two layers were in contact.
These interconnections between the spherical voids occur because
the electrochemical deposition is unable to completely fill in the
narrow regions around the contact points between the separate
spheres in the template [24].
the 3D macroporous gold transducers (Fig. 3). Although, in prin-
ciple, the growth of the gold layer is controlled by the current
transients, it is possible to observe small areas with different
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ig. 3. 10 �m × 10 �m tapping-mode AFM images of macroporous gold films grown
y  electrochemical deposition through a template assembled from 500 nm diameter
olystyrene spheres.

evels of growth. Nevertheless, well ordered domains with hexag-
nal symmetry over several hundreds of �m2 were obtained.

Gold  crystallizes in the cubic system with ˛ = ˇ = � = 90◦ and
 = b = c = 4.0786, being the main crystallographic planes (1 1 1),
1 0 0) and (1 1 0). Figure S-1a shows the diffractogram obtained for
olycrystalline gold with the X-ray diffraction peak of the great-
st intensity corresponding to the orientation (1 1 1). A similar
iffractogram is obtained for 3DOM structured Au (Figure S-1b).
alculation of the average crystallite size for the macroporous gold
as performed from the X-ray diffraction peak of the greatest

ntensity, corresponding to orientation (1 1 1). Applying Scherrer’s
quation [25] an average value of 191 Å is obtained. The average
ize of the crystallite, for polycrystalline gold, is higher 768 Å.

.2. Lactate biosensor based on a 3D macroporous gold electrodes

.2.1. EIS characterization of biosensor development
In the biosensor configuration developed, LOx was either cova-

ently immobilized onto DTSP modified or adsorbed on unmodified

D macroporous gold transducers. EIS is an effective method for
onitoring each step in the construction of biosensor. Fig. 4 shows

he impedance changes in the modification process for each one
tep of Au3DOM-DTSP-LOx biosensor. The Nyquist diagrams of the

ig. 4. Nyquist diagram for Au3DOM (©), Au3DOM-DTSP (�) and Au3DOM-DTSP-LOx (�)
n  PB pH = 7 + 0.1 M KCl containing 10 mM Fe(CN)6

3− + 10 mM Fe(CN)6
4− solution.
 94 (2012) 328– 334 331

Au3DOM, Au3DOM-DTSP and Au3DOM-DTSP-LOx show two frequency
regions. At high frequencies (104 Hz) the semicircle parts corre-
spond to the charge transfer resistance limiting process associated
to either Au3DOM, Au3DOM-DTSP or Au3DOM-DTSP-LOx/electrolyte
interface (RCT). The intercept with the real axis, at high frequencies
(104 Hz), correspond to electrolyte resistance (Re). At low frequen-
cies the linear part is due to the diffusion process control with
the particularity that at very low frequencies, Z′ approaches the
Warburg resistance (WS) and Z′′ goes to zero. This behaviour is
characteristic of diffusion through a finite length diffusion layer.

The  impedance diagrams were fitted, considering the Randles
equivalent circuit of inset in Fig. 4, which includes the follow-
ing electronic elements. Re is the electrolyte resistance between
the working and reference electrodes. RCT is the charge transfer
resistance—a manifestation of two effects: (1) the energy potential
associated with the oxidation event at the electrode (i.e., over-
potential), and (2) the redox species energy barrier reaching the
electrode due to electrostatic repulsion or steric hindrance. A con-
stant phase element (CPE1) that simulates nonideal behaviour of
the capacitor can be modeled as a series by combining the sur-
face modification capacitance and double layer capacitance. RCT
and CPE1 correspond to the outer interface (depending on Au3DOM
modified or unmodified). WS is a finite length Warburg element
and represents the diffusion through a porous structure of 3DOM
gold. In this circuit a distributed element is used instead of a capaci-
tor. Its impedance is Z = 1/[T(jw)n] and is generally used when there
is a distribution of relaxation times as a result of inhomogeneities
present on the surface.

The  experimental results as well as that obtained from the fit-
ting for Au3DOM, Au3DOM-DTSP and Au3DOM-DTSP-LOx are listed in
Table 1.

In  the first place, the electrolyte resistance values obtained,
increase from Au3DOM to Au3DOM-DTSP-LOx. This result could seem
wrong since, in principle, the electrolyte resistance should not vary.
However, some authors [26] define the resistance Re as a combi-
nation of electrolyte resistance between the electrodes and some
contribution of film on the electrode surface working. In this sense
such increase would be justified.

The 3DOM gold film modified electrode (Au3DOM) reveals a
charge transfer resistance (RCT) of 40.21 � cm2 implying, a very
low electron-transfer resistance of the redox probe. After the elec-
trode was  modified with DTSP, the RCT was slightly bigger. At pH
7.0, the DTSP adsorption onto electrode surfaces creates a neg-
atively charged interface showing self-assembled layer of COO−

terminal groups. Anionic redox markers, such as [Fe(CN)6]4−/3−, are
repelled from such interfaces, resulting in inhibition of interfacial
electron transfer and an increment of electron transfer resistance
(RCT = 81.67 � cm2 vs. RCT = 40.21 � cm2 for the 3DOM gold elec-
trode).

It is possible to relate the magnitude of the charge-transfer
resistance to coverage of the electrode by DTSP, assuming that
electron-transfer reaction occurs only at bare spots on the elec-
trode surface and that diffusion to these defect sites is planar. If
this assumption is correct, it is possible to assuming an equation
for the apparent fractional coverage of the electrode based on the
charge-transfer resistance of the uncoated electrode [27].

�  = 1 − R0
CT

RSAM
CT

(1)

The  DTSP coverage obtained by applying Eq. (1) was  0.51. In
principle, this value looks like low but it is necessary to take into

account that, there are probably lateral interactions between DTSP
molecules in addition to the size of the molecule prevents the
charge transfer for [Fe(CN)6]4−/3− on free sites of the electrode
surface.
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Table 1
Experimental and fitting results from EIS experiments for 3DOM gold electrode.

Re (�) RCT (� cm2) C (F cm−2) WS (� cm2) Re (�) RCT (� cm2) CPE1 (F cm−2) WS (� cm2)
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from CV experiments. As can be observed in Fig. 6, where effi-
ciency in the catalytic current vs. lactate concentration is plotted,
either Au3DOM-LOx or Au3DOM-DTSP-LOx based biosensor show
Michaelis–Menten like behaviour, which suggests that in both
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Au3DOM 44.94 40.21 8.75e−7 15
Au3DOM-DTSP 65.99 81.67 1.49e−6 48
Au3DOM-DTSP-LOx 74.62 1616.64 2.62e−6 56

After immobilizing LOx covalently, via the reaction of its free
mines with the terminal succinimidyl groups of DTSP, the RCT
ncreased again (Table 1). The enzyme forms a superficial layer
hat difficults the charge transfer between the redox marker in
he solution and the electrode surface, due to hindering the diffu-
ion of ferrocyanide toward the electrode surface significantly. The
apacities values are consistent with previously observed values
27].

.2.2. Biosensor response
In  the biosensor configuration developed, the immobilized LOx

xidizes l-lactate to pyruvate in the presence of hydroxymethyl-
errocene (HMF) added to the solution. The electrode acts as a
econdary acceptor of electrons, regenerating the redox mediator
sed in the regeneration of the enzyme, according to the following
eaction pathway:

-Lactate  + (LOx)ox → pyruvate + (LOx)red (I)

LOx)red + (HMF)ox → (LOx)ox + (HMF)red (II)

HMF)red → (HMF)ox + e− (III)

This sequence of redox events represents a catalytic process.
hus, the magnitude of the catalytic current can be employed as
he analytical signal in the determination of the lactate concentra-
ion. Fig. 5 illustrates the cyclic voltammetric responses obtained
or the 5.5 sphere layer electrodes for either Au3DOM-DTSP-LOx
r Au3DOM-LOx in PB (pH 7) containing 1.0 mM hydroxymethyl-

errocene, in the absence (curves A and C) and in the presence
curves B and D) of substrate. In the absence of substrate, as
nticipated, a redox response ascribed to the hydroxymethylfer-
ocene/ferrocenium process is obtained (Epa − Epc = 73 mV). Upon
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ig. 5. Cyclic voltammograms for lactate oxidase immobilized onto (a) DTSP-
odified  macroporous gold electrode (Au3DOM-DTSP-LOx) and (b) unmodified
acroporous  gold electrode (Au3DOM-LOx), in contact with a 0.1 M, pH 7.0 phos-

hate  buffer solution containing 0.5 mM hydroxymethylferrocene in absence of
ubstrate (curves A and C) and in presence of 14 mM l-lactate (curves B and D).
eposit thickness 5.5 layers (� = 10 mV  s−1).
 37.96 45.51 1.61e-5 1673.72
 71.29 78.24 2.42e-6 5574.42
 76.3 1497.22 3.43e-6 7212.71

addition of lactate, the cyclic voltammogram exhibits an enhance-
ment of the anodic peak current concomitant with a decrease
of the cathodic peak current. This behaviour is consistent with a
strong electrocatalytic effect and confirms the role of the LOx in
the catalytic response to substrate. As a control, either unmodi-
fied or modified DTSP macroporous gold electrodes without LOx
were immersed in 0.1 M,  pH 7.0 PB containing 1.0 mM HMF. In both
cases there was no catalysis, i.e. only peaks associated with the fer-
rocene/ferrocenium process were observed in the absence and in
the presence of substrate.

The  biosensor response to increasing amount of lactate for both
Au3DOM-LOx and Au3DOM-DTSP-LOx based biosensors was  obtained
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Fig. 6. Calibration curve obtained from peak current in PB pH 7 in presence
of  increasing amounts of substrate for lactate oxidase immobilized onto (a) a
DTSP-modified macroporous gold electrode (Au3DOM-DTSP-LOx) and (b) unmodi-
fied  (Au3DOM-LOx). Deposit thickness: 5.5 layers (�) experimental data. The inset
corresponds  to the linear response in each case (v = 10 mV s−1).
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Table 2
Analytical properties of the biosensors built on different nanostructured transducers: rough and macroporous (5.5 layers) gold electrode.

AuR-LOx AuR-DTSP-LOx Au3DOM-LOx Au3DOM-DTSP-LOx

Linear response (mM)  Up to 1.3 Up to 1.2 Up to 0.6 Up to 1.3
KM (mM)  1.10 0.93 0.62 1.02
IMAX (�A cm−2) 186.3 186.2 65.3 150.0
Sensitivity (�A mM−1) 1.32 1.49 0.79 1.63
Detection  limita (�M)  29.82 21.50 16.22 3.93
Determination limitb (�M)  99.40 71.81 54.05 13.08
Repeatabilityd (R.S.D.) 0.6% 0.5% 0.5% 0.3%
Reproducibilityc (R.S.D.) 4.2% 3.9% 3.9% 3.5%
Stabilitye 83% 85% 89% 100%

a The detection limit was  calculated from the ratio of 3 times the standard deviation of background and the sensitivity.
b The determination limit was calculated from 10 times the standard deviation of background current divided by the sensitivity.
c The reproducibility was  evaluated by comparing the signals obtained using five different biosensors prepared from the same LOx batch for a lactate concentration of

0.5  mM.
d The repeatability was  evaluated from five measurements of a lactate concentration of 0.5 mM with the same biosensor.
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e Stability is defined as the percentage of the biosensor signal remaining after on

ases the electrochemical response is under enzymatic control.
he experimental data was fitted to a Michaelis–Menten equa-
ion by means non-linear regression to calculate the apparent

ichaelis–Menten constant K ′
M. Values of 0.62 and 1.02 mM  were

alculated for LOx bound to Au3DOM and Au3DOM-DTSP, respec-
ively. These values indicate that the substrate affinity of the LOx
mmobilized onto Au3DOM-DTSP surfaces is lower to that observed
or LOx immobilized onto Au3DOM surfaces. The increase in the

agnitude of K ′
M extends the upper limit of the linear response

rom 0.6 mM for Au3DOM-LOx to 1.3 mM for Au3DOM-DTSP-LOx (see
able 2). The analytical properties of Au3DOM-LOx and Au3DOM-
TSP-LOx were obtained from the insets of Fig. 6. In order to avoid
lectrode-to-electrode variation we have plotted the normalized
esponse (i − i0)/i0 vs. the amount of substrate, where i0 and i rep-
esent the current before and after addition of substrate. As can be
een, the sensitivity values, calculated from the slopes of the plots,
ere 0.79 �A mM−1 (Au3DOM-LOx) and 1.63 �A mM−1 (Au3DOM-
TSP-LOx); indicating again that, as one would expect, the use
f DTSP modified surfaces improves the analytical performance.
he relative standard deviation for five successive measure-
ents was 0.5% and 0.3% for Au3DOM-LOx and Au3DOM-DTSP-LOx,

espectively.
The stability was examined by measuring the response of three

ifferent biosensors (prepared with or without DTSP) towards
.5 mM lactate during one month. When not in use biosensors were
tored in PBS at 4 ◦C. After 30 days, Au3DOM-DTSP-LOx based biosen-
ors retain 100% of its original response, whereas the response of
u3DOM-LOx based biosensors decreases by 11% (Table 2). These
esults show that the use of DTSP improves significantly the biosen-
or stability.

As  can be seen in Table 2, most of the analytical properties
orresponding to the designed biosensors based on macroporous
old electrodes are similar or improved compared to those pre-
iously reported by us for other lactate biosensors based on
anostructured rough gold electrodes (AuR-DTSP-LOx) [1]. In par-
icular, the detection limit (calculated as the ratio between three
imes the standard deviation of background and the sensitivity)
nd the determination limit (calculated as the ratio between ten
imes the standard deviation and the sensitivity) were 3.93 and
3.08 �M,  respectively. These values are lower than those (21.50
nd 71.81 �M)  previously reported for DTSP modified rough gold
lectrodes (AuR-DTSP-LOx) based biosensor. Concerning stabil-
ty, it is significantly improved when macroporous electrodes are

sed.

Regarding the potential interferents, the Au3DOM-DTSP-LOx
iosensor response in presence of several substances, such as
artaric acid, citric acid, ascorbic acid, glucose and fructose was
th for three different biosensors.

investigated.  As one would expect, the results were very similar to
those previously observed for AuR-DTSP-LOx, where these inter-
ferents did not affect the biosensor response except for the case of
ascorbic acid.

Comparing the analytical performance of the developed lac-
tate biosensing platforms (Au3DOM-DTSP-LOx) to those previously
described by us, based on the use of DTSP modified rough gold
electrodes (AuR-DTSP-LOx) (see Table 2), it is clear that the use of
gold macroporous electrodes improves the analytical properties of
the resulting biosensor, in particular, the sensitivity, detection limit
and stability. This improvement is a consequence of the advantages
provided by the use of highly ordered macroporous gold with very
precise control over the pore size, the spatial arrangement of the
pores, and the number of pore layers. These films provide a good
microenvironment for the retention of biological activity of the
enzyme. In addition its large active surface area allows the immo-
bilization of more protein molecules and the three-dimensional
interconnected metallic network provides superior conductivity
for electron transfer [8].

4.  Conclusions

A  comprehensive study of a 3D macroporous gold electrode
as a general platform in biosensor development is described. In
particular, emphasis has been placed on electrochemical biosen-
sors based on LOx, which was  immobilized by covalent binding to
these new electrode surfaces modified with DTSP. Different surface
characterization techniques (SEM, AFM, XRD) have been employed
to characterize this nanostructured surface, which has the advan-
tage of presenting a large specific area and enabling high enzyme
loading. As a consequence, the resulting biosensor has improved
analytical properties, in particular sensitivity, detection limit and
stability with respect to a rough gold electrode. Taking into account
the good performance of the presented biosensor, the macroporous
gold electrodes are promising transducers for the development of
bioanalytical platforms.
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