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� We have included for the first time
diamond nanoparticles (DNPs) in a
solegel matrix for developing lactate
biosensors.

� DNPs facilitate electron-transfer
within the solegel network in elec-
trochemical biosensors.

� Lactate biosensors show good sensi-
tivity, detection limit, reproducibility
and stability.
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a b s t r a c t

In the present work, we have included for the first time diamond nanoparticles (DNPs) in a solegel
matrix derived from (3-mercaptopropyl)-trimethoxysilane (MPTS) in order to improve electron transfer
in a lactate oxidase (LOx) based electrochemical biosensing platform. Firstly, an exhaustive AFM study,
including topographical, surface potential (KFM) and capacitance gradient (CG) measurements, of each
step involved in the biosensing platform development was performed. The platform is based on gold
electrodes (Au) modified with the solegel matrix (Au/MPTS) in which diamond nanoparticles (Au/MPTS/
DNPs) and lactate oxidase (Au/MPTS/DNPs/LOx) have been included. For the sake of comparison, we have
also characterized a gold electrode directly modified with DNPs (Au/DNPs). Secondly, the electrochemical
behavior of a redox mediator (hydroxymethyl-ferrocene, HMF) was evaluated at the platforms
mentioned above. The response of Au/MPTS/DNPs/LOx towards lactate was obtained. A linear concen-
tration range from 0.053 mM to 1.6 mM, a sensitivity of 2.6 mA mM�1 and a detection limit of 16 mM were
obtained. These analytical properties are comparable to other biosensors, presenting also as advantages
that DNPs are inexpensive, environment-friendly and easy-handled nanomaterials. Finally, the devel-
oped biosensor was applied for lactate determination in wine samples.

© 2016 Elsevier B.V. All rights reserved.
t-Domínguez).
1. Introduction

Many types of biosensors, based on enzyme immobilization
techniques, have been developed in a laboratory or even on a
commercial scale for detection and control of a large number of
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analytes with important applications in health, agriculture, food
industry, environmental monitoring, etc. [1]. In the last decades,
several methods of enzyme immobilization have been performed,
such as binding onto natural or synthetic carriers, cross-linking or
inclusion in organic or inorganic polymeric network [1e3]. The
recent progress in micro and nanoscale technologies opens the
path to enable a number of new applications in biosensing. In this
sense, nanocomposite materials prepared by the solegel technique
in aqueous solutions appear as an appealing alternative because of
their capacity to entrap enzymes without their covalent bonding to
the matrix [4,5]. Thus, enzyme confinement in a solegel derived
silicate network has been extensively studied, since enzymes
remain physically encapsulated within the porous glass matrix but
maintaining both their ability to interact with species that diffuse
into the matrix and their native function and properties [6,7].
However, the fact that the solegel derived silicate network is
essentially an insulating material has restricted its use for the
fabrication of electrochemical sensors. Consequently, two ap-
proaches have been developed to facilitate normal electron-
transfer kinetics in them [8]. In the first one, silica synthesized by
a solegel process is post-functionalized with an electrically
conductive material. For example, well-controlled chemistries for
modifying a silica aerogel with RuO2 nanoparticles, which makes a
wired RuO2 network on the silica surface, have been reported [9]. In
the second approach, the conductive species is added during the
silica solegel process and often just before silica gels [10,11]. Like-
wise, other variety of nanomaterials have been included in this
three dimensional (3D) network in order to facilitate normal
electron-transfer kinetics by acting as tiny conduction centers in
solegel enzyme electrochemical biosensors. Particularly, gold
nanoparticles have been used, due to their chemical stability and
interesting physicochemical properties together with (3-
mercaptopropyl)-trimethoxysilane (MPTS) solegel precursor
[7,12]. MPTS is known to form a 3D structure plenty of thiol tail
groups with a strong affinity to gold. Thanks to the thiol groups,
distributed throughout the network, MPTS can be linked to the
nanosized Au particles. In the same way, other carbon nano-
materials such as carbon nanotubes (which include single walled
and multi-walled carbon nanotubes) [13] as well as titanium oxide
nanoparticles [14] or combinations of various nanomaterials, such
as multi-walled carbon nanotubes/platinum nanoparticles [15],
have been used with the same purpose.

In general, we can say that solegel derived silicate network is an
easy-handling immobilization method and a stable material that
can maintain high biological activity of the enzyme and enhance
the sensitivity of the biosensor. However, its cost can be more
expensive, to some extent, due to the incorporation of the nano-
materials described. Since the demand for simple and inexpensive
nanomaterials is ever increasing, a new member of the carbon
nanomaterials family, diamond nanoparticles (DNPs), has recently
gained attention. It presents some additional advantages,
compared to other carbon nanomaterials, such as an excellent
biocompatibility, a noncytotoxic nature, a narrow size distribution
and a moderate price since it can be produced at large-scale by
detonation methods. Furthermore, as a consequence of the purifi-
cation procedures employed after fabrication, DNPs possess several
oxygenated functional groups on their surface, including hydroxyl
and carboxyl groups, which facilitate the immobilization of bio-
molecules [16]. In addition, several studies have also shown that,
despite the great bandgap value, undoped diamond can also be
considered as a potential material for electrode developing since
once immobilized onto an electrode surface it enhances the elec-
trochemical response of different redox species in solution [17,18].
The development of highly sensitive and reliable biosensing
devices for the determination of L-lactate is still of great interest in
several areas such as clinical diagnostics, medicine, food industry
and fermentation processes. The level of L-lactate in blood is an
important parameter, with normal level ranges from 0.36 to
0.75 mM [19] and its determination is of great importance in the
prevention and diagnosis of a number of clinical disorders
including shock respiratory insufficiencies, heart and liver diseases,
patient conditions during intensive care and surgical operations
process, estimation of conditions of athletes and drug toxicity tests
[20e23]. In food industry it is an indicator of the fermentative
process and it is related to freshness, stability and storage quality of
several products such as tomato sauces, fruits, milk, juices andwine
[24e26]. Among the different conventional analytical methods
available for the determination of this analyte, those based on
spectrophotometry and chromatographic analysis have been
widely used [21,27]. However, the majority of these methods pre-
sent important drawbacks such as the need of expensive equip-
ment or time-consuming analysis due to the extensively sample
pre-treatment and reagent preparation. In this sense, the devel-
opment of biosensors for lactate is of considerable interest because
their use implies several advantages, such as simple and direct
measurements and no need of sample preparation. Nowadays,
great efforts are also being devoted to use electrochemical trans-
ducers in these biosensing devices, since they present several ad-
vantages such as a low-cost instrumentation and a rapid and simple
methodology, while at the same time they provide a high selec-
tivity, inherent to the recognition element, as well as a good
sensitivity supplied by the electrochemical methods. In this sense,
special attention has been paid to the development of ampero-
metric biosensors based on the use of lactacte oxidase (LOx)
immobilized onto the transducer by means of different strategies
[25,26,28,29].

In the present work, we have developed a new nanostructured
L-lactate electrochemical biosensor denoted as Au/MPTS/DNPs/LOx.
It is based on the immobilization of LOx into a 3D polymeric
network generated from MPTS onto a gold surface using the sol-
egel process, which also provided a 3D solegel silicate network for
incorporation of DNPs. This new organic-inorganic hybrid material
was designed with the aim of benefiting from their different
components: i) a three-dimensional polymeric network that pro-
vides a biocompatible environment for enzyme protection preser-
ving its native function and properties. In addition, MPTS presents
the advantage of forming a 3D polymeric network with thiol tail
groups that serve for anchoring it onto Au surfaces; ii) DNPS
contributing to facilitate normal electron transfer kinetics between
the electrode surface and the redox probe, with an enhancement of
the oxidation/reduction current and iii) a recognition element, the
enzyme, offering a high selectivity. As far as we know, this is the
first solegel electrochemical biosensor for L-lactate determination
that includes DNPs as nanomaterial.

We have also paid close attention to characterize the different
biosensor construction steps as well as the resulting device. Char-
acterization of the designed biosensor was performed using atomic
force microscopy (AFM) technique for the visualization of the sur-
face platform, providing morphological information at the nano-
meter level. In addition, EIS measurements were carried out in
order to determine the electron transfer resistance at the electrode
surface for monitoring the different steps followed in the biosensor
construction. The electrochemical response of the biosensor
was obtained employing an artificial mediator (hydrox-
ymethylferrocene, HMF), whose electrochemical behavior is fol-
lowed atþ0.30 V. Finally, its performancewas evaluated in terms of
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sensitivity, detection limit and linear response.

2. Materials and methods

2.1. Reagents and materials

Diamond nanoparticles (DNPs) were obtained from SkySpring
Nanomaterials, Inc (Houston, Tx). Lactate oxidase (LOx, EC 232-
841-6 from Pediococcus species) lyophilized powder containing 41
units/mg solid was obtained from the Sigma Chemical Co. (St. Louis,
MO). Stock solutions were prepared dissolving 1.3 mg of the LOx
lyophilized powder in 250 mL of 0.1 M phosphate buffer solution
(pH ¼ 7.0), aliquoted (10 mL) and stored at �30 �C. Under these
conditions the enzymatic activity remains stable for several weeks.
L-(þ)-lactic acid lithium salt 97%, (3-Mercaptopropyl)-trimethox-
ysilane, hydroxymethyl-ferrocene (HMF), potassium hex-
acyanoferrate (II) 3-hydrate, K4Fe(CN)6 3H2O, and potassium
hexacyanoferrate (III), K3Fe(CN)6 were obtained from Aldrich
Chemical Co. (Milwaukee, WI). The enzymatic assay kit for lactate
determination (K-LATE 07/14) was purchased from Megazyme
(Ireland). Other chemicals used in this work were reagent grade
quality and used as received without additional purification steps.
Sodium phosphate and sodium acetate (Merck) were employed for
the preparation of buffer solutions. Water was purified with a
Millipore Milli-Q-System. All solutions were prepared just prior to
use.

2.2. Experimental techniques

2.2.1. Atomic force microscopy (AFM) measurements
The morphological AFM studies were performed with a Nano-

scope IIIa equipment (Veeco). These experiments were carried out
under buffer conditions (phosphate buffer solution, 0.1 M, pH 7) in
intermittent contact mode with oxide sharpened silicon nitride
tips, with a spring constant of 0.24 N/m and nominal tip radius of
10 nm (Bruker). We also performed force spectroscopy measure-
ments under buffer conditions. In these experiments the tip is fixed
at a given location on the sample surface. The tip is approached
towards, and then retracted from, the surface by applying a voltage
ramp to the z-piezo while the tip deflection is simultaneously
recorded. In this way, plots of tip deflection versus vertical z-piezo
position are obtained. The approach curve obtained on a hard
surface usually has two regimes: (a) the first one corresponding to
the situation when the tip is far from the surface where the
deflection is null (i.e., there is not any interaction between them),
(b) a marked sloped region corresponding to the situation where
the tip is in contact with the surface. In this last condition, as the
force applied by the tip increases, the tip deflection correspond-
ingly increases as a consequence of the repulsive force between tip
and surface. In contrast, when the surface is soft, the tip can indent
the surface and this zone of the curve can present curved regions or
straight ones but with smaller slopes than those obtained on a hard
surface. In many cases, before entering in this second repulsive
regime, there is a small decrease in the deflection corresponding to
the operation of attractive forces between tip and sample before
the tip touches the surface. In this work, we have plotted the force
curve data rather as deflection versus actual tip-surface separation.
The deflection data have been normalized by taking into account
that the slope of the repulsive part of the force curve has to be equal
to 1 for the rigid nanodiamond surface. Then, what is plotted is,
from the point of tip-sample contact, the deflection raw data, R,
versus the difference between the z-piezo position and R. In this
way, the situation when a rigid hard surface is reached is easily
identified by the apparition of vertical straight curves. This means
that despite the applied force is increased, the tip does not change
its position in contact with the surface (i.e. the tip does not indent
the surface). In contrast, the regimes where the curves are not
vertical would correspond to the case of soft layers which the tip
indents. This force curve displaying mode becomes very useful for
systems such as those studied here, in which hard DNPs particles
are embedded within a soft MPTS matrix. Therefore, the DNPs
particles can be found at different depth levels below the sample
surface. Thus, as their apparition should be indicated by the vertical
straight zones, their localization is quite straightforward.

Also, Kelvin Probe Microscopy (KFM) measurements have been
performed in one sample, the one formed by a MPTS plus DNPs on
gold surface. These measurements were taken under ambient
conditions with an Agilent 5500 Picoplus equipment. Silicon tips
coated with gold nanoparticles in the 2e3 nm range (from NEXT
TIP, Spain) were employed for these studies. With this technique, a
map of the spatial distribution of the surface potential together
with the morphological imaging can be obtained [30]. With the
Agilent equipment these both mappings can be obtained simulta-
neously through the single-pass KFM imaging procedure [31,32]. In
addition, a third image can be also obtained, that of dC/dZ, i.e. the
capacitance gradient, which depends on the dielectric constant and
local thickness of the sample [33]. Both the surface potential and
capacitance gradient can be then used to obtain compositional
contrast even of subsurface materials [34].

2.2.2. Electrochemical measurements
All electrochemical measurements were performed with an

Ecochemie Autolab PGSTAT12 system (Utrecht, The Netherlands).
Experiments were carried out in a three-compartment electro-
chemical cell with standard taper joints so that all compartments
could be hermetically sealedwith Teflon adapters. All potentials are
reported against an Ag/AgCl (Metrohm, 3.0 M KCl) reference elec-
trode. The auxiliary electrodewas a platinumwire andmodified-Au
electrodes were used as the working electrode.

2.2.2.1. Electrochemical impedance spectroscopy (EIS). For EIS mea-
surements, 0.1 M phosphate buffer, pH ¼ 7, 0.1 M KCl, containing
10 mM K3Fe(CN)6/10 mM K4Fe(CN)6 was employed. A sinusoidal
potential modulation of ±10 mV amplitude in the 104Hz-10�3Hz
(for Au/MPTS sample) or 104Hze10�2 Hz (for Au, Au/MPTS/DNPs
and Au/MPTS/DNPs/LOx samples) frequency range, spaced loga-
rithmically (40 per 6 decades), was superimposed onto the formal
potential of the redox couple, [Fe(CN)6]3-/4-. The electron transfer
resistance (Rct) values were calculated employing the correspond-
ing Frequency Response Analysis software assuming an equivalent
circuit.

2.2.2.2. Cyclic voltammetry (CV). CV was the electrochemical
technique applied to study the response of the designed biosensor
in the presence of HMF (which acts as soluble mediator in solution)
and in the presence or absence of L-lactate. Solutions were dea-
erated with nitrogen gas before use, and the gas flowwas kept over
the solutions during experiments.

2.3. Procedures

2.3.1. Electrode conditioning
Prior to modifying the gold electrode, the surface was cleaned

and activated as follows: gold electrodes were polished with 1 mm
diamond paste (Buehler) and rinsed with water. Then, the elec-
trodes were activated by holding the potential at þ2.0 V for 5 s in
0.1 M H2SO4 and at �0.35 V for 10 s, following by potential cycling
from�0.20 V toþ1.5 V at 5 Vs�1 for 2 min. After this treatment, the
cyclic voltammogram characteristic of a clean polycrystalline gold
electrode was recorded (from �0.20 to þ1.5 V) at 100 mV�1.
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2.3.2. AFM support
Gold supports employed for AFM measurements consisted of

glass substrates (1.1 cm � 1.1 cm) covered with a chromium
adhesion layer (1e4 nm thickness) in which a gold layer
(200e300 nm thickness) was deposited (Arrandee Co. Werther,
Germany).

2.3.3. Solegel solution preparation
The solegel stock solution was prepared mixing 200 mL of MPTS

with 600 mL of water, 600 mL of methanol and 200 mL of 0.1 M HCl.
This solution was sonicated using an Ultrasons bath (P-Selecta) for
30 min and subsequently the solution was left for 3 h at 20 �C [12].

2.3.4. Nanostructured biosensor preparation
The preparation of the biosensor was carried out by immersing

the activated electrode or the AFM support in the MPTS solegel
stock solution for an hour. MPTS sol chemisorbs on the poly-
crystalline Au electrode and leads to a 3D silicate network [7]. The
resulting Au/MPTS system was thoroughly rinsed with water and
5 mL of the DNPs suspension in water (1 mg/mL) were dropped on
this surface (or 100 mL for the AFM support) until dryness. The Au/
MPTS/DNPs system was rinsed again with water and finally 5 mL of
the LOx stock solution (or 100 mL for the AFM support) were
dropped on this surface allowing it to dry (Au/MPTS/DNPs/LOx). In
addition, for AFM topographical measurements a DNPs modified
gold surface was also prepared by deposition of 100 mL of a sus-
pension of DNPs in water (1 mg/mL) and allowing them to air-dry.
Then, samples were measured both in air and in buffer conditions
(phosphate buffer solution 0.1 M, pH 7) by AFM in the dynamic
mode.

2.3.5. Determination of L-lactic acid in real samples
In 10.0 mL volumetric flasks, 2.0 mL of a white wine sample

(purchased in a local market) were mixed with increasing volumes
(0, 100, 200, 300, 400 and 500 mL) of a 0.010 M lactic acid standard
solution and diluted to the mark with 0.1 M phosphate buffer
(pH ¼ 7.0) containing HMF (final concentration of HMF 1.0 mM). L-
lactic acid concentration, obtained employing the developed
biosensor by the described addition standard method, was
compared to those obtained by a commercial enzymatic assay kit
according to the manufacturer's instructions. This enzymatic assay
is based on L-lactate dehydrogenase and D-glutamate-pyruvate
transaminase. The NADH formed was measured by the absorbance
increase at 340 nm and correlated with the L-lactic acid
concentration.

3. Results and discussion

3.1. AFM characterization

In Figure S1 is shown a top-view AFM image of the surface of a
layer deposit of DNPs on a gold substrate. Rounded structures are
imaged on the surface with lateral sizes in the 12e25 nm range. It is
observed that these structures aggregate forming larger structures,
which leads to a rough surface (roughness around 17e20 nm). The
particle sizes, taking into account the tip induced convolution ef-
fects, are consistent with those provided by the manufacturer.

In Figure S2 is displayed a characteristic image of the Au/MPTS
system, which represents the first step in the biosensor construc-
tion. The morphology is quite different as very small granular
structures, close to 10 nm wide and 0.4 nm high, are observed.
Consequently, the surface becomes quite smoother (note the
different z scale) with a surface roughness of just 0.2 nm.

Figure S3 presents the next step in the biosensor construction. It
consists of the formation of a composite layer formed by the
solegel MPTS and DNP structures. In this case, the surface
morphology is akin to that one observed for the DNP system as
rounded structures, in some cases forming larger aggregates, are
also observed. In addition, the surface roughness is large, in the
20e25 nm range as in the case where only DNPs were deposited on
gold. Thus, it would seem that the inclusion of DNP structures leads
to rough surfaces. However, now most of the rounded structures
are larger in size. Particles as large as 40e45 nm in lateral size can
be found. However, it is worth noticing that just in the center of the
images tiny small structures (with size around 10 nm) are also
observed.

In this sample, we also performed KFM (surface potential) and
dC/dZ (capacitance gradient) measurements under ambient con-
ditions. Therefore, in this case the sample is under dried conditions.
As noted above, these types of imaging are able to provide with
compositional contrast when studying nanocomposite samples. As
our sample composed by MPTS and DNPs on gold indeed is a
nanocomposite, we use these techniques in order to be able to
distinguish between its components. The corresponding morpho-
logical, surface potential and capacitance gradient images taken
simultaneously on the same area of the Au/MPTS/DNPS sample are
displayed in Fig. 1. The topographical image reveals rounded
structures that tend to aggregate. Particularly, at the lowest loca-
tions a rather smooth and featureless surface is observed, which
corresponds to the MPTS layer. The nanoparticle structures display
a brighter/darker contrast in the surface potential and capacitance
gradient images than that observed for the MPTS layer. Thus, these
signals allow us to assess the presence of the diamond nano-
particles. In particular, there is relatively large degree of connec-
tivity between the diamond nanoparticles likely induced by their
tendency to aggregate.

The last system studied by AFM was that one including all the
elements of the biosensor namely, Au substrate, MPTS, diamond
nanoparticles and lactate oxidase. These studies were carried out
under buffer conditions in intermittent contact mode. A typical
AFM image is shown in Fig. 2. Large rounded structures, associated
to the diamond nanoparticles, are observed together with
smoother regions corresponding to MPTS-rich domains. Tiny
rounded or globular structures are observed scattered on the sur-
face in both types of zones, rounded and smooth ones. However,
the large z-scale, of 45 nm, coming from the rough surface due to
the inclusion of the diamond nanoparticles lowers the contrast to
visualize them unambiguously. Thus, in the inset of the image is
displayed a zoomed region taken on a smooth region where they
are better distinguished. Furthermore, the surface profile corre-
sponds to the path depicted by the dashed line in the inset. Along
this profile, eight protuberances, with heights in the 1e2 nm range
are clearly imaged. As this profile has been taken on a smooth re-
gion, it should correspond to a MPTS-terminated zone. Therefore,
the low height values of the nanometer protuberances could
correspond to individual LOx enzymes that are partially embedded
in the MPTS layer.

Finally, we also performed force spectroscopy studies of all the
systems in order to further characterize them. The curves displayed
in Fig. 3 summarize the diversity of cases that we have found in the
different systems. As explained above, we have plotted these curves
as deflection versus tip-surface separation. In this way, a vertical
line indicates the presence of a rigid, stiff, material, which in our
case should correspond to diamond nanoparticle structures. The
region of positive separation values corresponds to the situation in
which the tip has not contacted the sample and, therefore, the
deflection is null. The zone corresponding to negative separation
values is related to indentation events of the tip on a soft surface.
Separation equal to zero marks the point at which the tip first
contacts the surface in all cases. Curve a displays a vertical line at



Fig. 1. 800 � 800 nm2 AFM images of the Au/MPTS/DNPs system taken under ambient conditions: Topography (left), surface potential (middle) and capacitance gradient (right).
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separation equal to zero. This curve was taken on a sample of
diamond nanoparticles deposited on gold (Au/DNPs). Therefore, as
the diamond surface is rigid the tip cannot indent it as it further
approaches the surface. Thus, the tip displacement causes the tip
deflection. Conversely, curve b, measured on the Au/MPTS sample,
has not a vertical regime, in agreement with the absence of nano-
diamond particles. This behavior corresponds to a situation where
Fig. 2. 250 � 250 nm2 AFM images of the Au/MPTS/DNPs/LOx system taken under
buffer conditions in intermittent contact mode. Inset: 150 � 105 nm2 AFM image of the
same sample where small rounded structures can be observed. The surface profile
(bottom) corresponds to the dashed line depicted in the inset from the top-right point
to the bottom-left one. Each number in the profile indicates one of these rounded
structures.
the tip samples a soft region and, consequently, indents it. In this
region, at least 45 nm thick, the MPTS layer is being sampled.
Curves c and d correspond to different zones of Au/MPTS/DNPs
system. They show the same shape: first, there is a curved region
for negative separation values (until 5e6 nm and 15 nm for curves c
and d, respectively) to finally reach a point at which a vertical line is
obtained. This behavior corresponds to a situation where the tip
first samples a soft region and, consequently, indents it. However,
as it further indents this soft region, it eventually reaches a stiff
diamond nanoparticle (that can buried at different depths) leading
to the observed vertical regime. For curve c, then, the diamond
nanoparticle is 5e6 nm below the surface whereas for curve d is
buried at around 15 nm of depth. Finally, curve e, measured on the
Au/MPTS/DNPs/LOx sample displays the same behavior but this
time the vertical curve regime is reached for separation (i.e., depth)
close to 45 nm, which indicates that the diamond nanoparticle is at
a deeper location. It should be noted that the depth at which DNPs
are located does not depend on the presence of LOx.

Unfortunately, what we cannot assess with this analysis is
whether the soft regime is due to theMPTS or to the LOx structures.

3.2. Electrochemical characterization

3.2.1. Electrochemical impedance spectroscopy
In order to study the charge transfer process occurring at the

electrode interface, we have performed EIS measurements. The
Fig. 3. Characteristic force curves depicted as deflection versus separation found in (a)
Au/DNP, (b) Au/MPTS, (c, d) Au/MPTS/DNPs, (e) Au/MPTS/DNPs/LOx systems analyzed
and taken under buffer conditions. The vertical curves are a fingerprint of the presence
of a nanodiamond rigid structure.



Fig. 4. Nyquist diagram for a) Au, inset) Au/MPTS, b) Au/MPTS/DNPs and c) Au/MPTS/
DNPs/LOx. The solution is 0.1 M PBS (pH ¼ 7), 0.1 M KCl containing 10 mM K3Fe(CN)6/
10 mM K4Fe(CN)6.
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electron-transfer resistance (Rct) obtained from Nyquist plots
(Fig. 4) for a bare gold electrode was 398 U. When the electrode is
modified with MPTS, this value increases dramatically, reaching
27,900 U. The incorporation of diamond nanoparticles to the MPTS
solegel matrix diminishes the electron-transfer resistance to a
similar value (474 U) than that of the bare gold electrode, demon-
strating that DNPs improve the electron transfer within solegel
networks. For the whole system (Au/MPTS/DNPs/LOx), the Rct in-
creases again (1380U) due to the relative insulating character of the
enzyme.
3.2.2. Cyclic voltammetry
The electrochemical behavior of 1 mM HMF in phosphate buffer

pH ¼ 7 was first evaluated at bare gold electrode to establish a
baseline for comparison with Au/MPTS, Au/MPTS/DNPs and Au/
MPTS/DNPs/LOx modified electrodes. A typical cyclic voltammo-
gram is shown in Fig. 5, curve a, for the ferrocene/ferrocinium
process in aqueous media at bare gold electrode at a formal po-
tential of þ0.27 V. When the Au/MPTS electrode was immersed in
Fig. 5. Cyclic voltammograms of bare gold (a), Au/MPTS (b), Au/MPTS/DNPs (c) and Au/
MPTS/DNPs/LOx (d) electrodes in 0.1 M pH ¼ 7 phosphate buffer solution containing
1 mM of HMF. Scan rate: 100 mV s�1.
an aqueous solution containing HMF, diffusion of the analyte into
the solegel network could be observed by an increase in peak
current (Fig. 5, curve b), with a higher increment of the anodic peak
(1.5 times higher than the anodic peak corresponding to bare gold
electrode) [35].

In a second step, we have obtained the cyclic voltammogram of
HMF at the Au/MPTS/DNPs platform (Fig. 5, curve c). As can be
concluded from the comparison with the bare gold electrode, the
current intensity of both anodic and cathodic peaks is clearly
enhanced. In particular, anodic peak presents a peak current four
times higher and almost three times higher than those of the Au
and Au/MPTS platforms. This current enhancement can be
explained by considering that, in addition to an increase in the
relative surface area, DNPs can undergo oxidation and reduction of
HMF as a consequence of the existence of DNPs surface redox states
[18] and, at the same time, they act as tiny conduction centers
between the HMF that has been diffused within the solegel matrix
and the underlying electrode [12]. In a third step, the electro-
chemical characterization of the biosensing platform Au/MPTS/
DNPs/LOx was performed under the same conditions. The resulting
cyclic voltamogram (Fig. 5, curve d) shows a new pair of redox
peaks, located at a formal potential of �0.4 V. This value, calculated
as the average value of the oxidation and reduction peak potentials,
is similar to that previously reported for other immobilized en-
zymes that contain the same redox active center (Flavin Adenine
Dinucleotide, FAD) than lactate oxidase [36e38]. Then, the
observed reversible waves can be ascribed to the direct electron
transfer (DET) between the redox active center of the enzyme and
the underlying electrode surface, according to:

LOx (FAD) þ 2e� þ 2Hþ 4 LOx (FADH2)

In addition, from control experiments, it can be observed that
these peaks do not appear either for a bare gold electrode or a DNPs
modified gold electrode or a LOxmodified Au electrode. Then, it can
be concluded that the simultaneous presence of both DNPs and LOx
is necessary to promote direct electron transfer between redox
enzyme and the underlying electrode [18]. It is well known that the
active redox center of LOx (FAD) is deeply buried in the protein
shell, whichmakes difficult the direct electron transfer between the
enzyme and the electrode, but our previous results demonstrate
that the presence of the nanomaterial (DNPs) facilitates it.

3.3. Biosensor electrochemical response

Lactate biosensor is based on lactate oxidase (LOx), which in
presence of oxygen catalyzes the oxidation of lactate into pyruvate
and hydrogen peroxide. The activity of the immobilized LOx can be
electrochemically detected bymonitoring the H2O2 produced in the
enzymatic reaction.

Lactate þ O2 / pyruvate þ H2O2

In order to minimize the contribution of interfering substances
to the lactate biosensor response, one of the most important ap-
proaches reported in the literature is based on the replacement of
the natural electron acceptor (O2) by an artificial mediator such as
hydroxymethylferrocene (HMF) to act as a redox mediator in so-
lution. Fig. 6 (curve a) shows the cyclic voltammetric response
from �0.2 V to þ0.7 V at 10 mV/s for the Au/MPTS/DNPs/LOx
electrode in a 0.1 M pH ¼ 7.0 phosphate buffer solution containing
1.0 mM of HMF in the absence of lactate. Addition of lactate to a
final concentration of 1.0 mM (Fig. 6, curve b) leads to an
enhancement of the anodic peak current concomitant with a
decrease of the cathodic peak current consistent with a clear



Fig. 6. Cyclic voltammetric response for Au/MPTS/DNPs/LOx platform in contact with
0.1 M pH ¼ 7 phosphate buffer solution containing 1 mM of HMF in the absence (a),
and presence (b), of 1.0 mM of lactate. Scan rate: 10 mV s�1.
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electrocatalytic effect. As mentioned above, we have employed
diamond nanoparticles (DNPs) with the aim of improving charge
transport in the designed organic-inorganic hybrid material. From
comparison of the catalytic current obtained in the presence
(present work) and in the absence (previous work, [12]) of DNPs, it
is evident that the employment of DNPs in the biosensor con-
struction enhances significantly the analytical response of the
resulting device. On the other hand, and in order to confirm the role
of the enzyme in the catalytic response, the cyclic voltammetric
response of Au/MPTS/DNPs electrode in the same conditions was
obtained. As one would expect, upon addition of lactate (data not
shown) no catalytic waves were observed.

Analytical properties of the Au/MPTS/DNPs/LOx biosensor were
obtained from the calibration curve. Fig. 7 displays a typical cali-
bration plot obtained from the cyclic voltammetric measurements
at different lactate concentrations. As shown in the inset of Fig. 7,
the biosensor response was linear from 0.053 mM to 1.6 mM, with
the following equation: I (mA) ¼ 0.026 þ 2.6C (mM) (R2 ¼ 0.991).
The sensitivity, calculated from the slope of the plot, was
Fig. 7. Calibration curve obtained from cyclic voltammetric measurements. The inset
shows the linear concentration range. Scan rate: 10 mV s�1.
2.6 mA mM�1. The detection limit, calculated as the ratio between
three times the standard deviation of background current and the
sensitivity, was 16 mM. The reproducibility was evaluated from the
relative standard deviation (RSD) of three different biosensors at
0.5 mM lactate concentration level, obtaining a RSD value of 7%.
Finally, the stability of biosensors was also evaluated. Firstly, we
recorded successive cyclic voltammograms in 0.1 M phosphate
buffer, pH 7.0, containing 0.1 mMHMF in the presence of 0.7 mM of
lactate. From these measurements (Figure S4), it can be concluded
that about 92% of the initial current response remains after 100
scans. In order to study the storage stability of the developed
biosensor, additional experiments were carried out. Biosensors
retain 100% of their initial response after 15 days of storage at 4 �C
and 70% after one month, indicating that the solegel based bio-
sensing platforms have an excellent storage stability.

These analytical properties are comparable to other biosensors
developed in our lab for lactate determination [12,18,26,39]. In
particular, comparing the performance of Au/DNPs/LOx biosensor
[18] with those of Au/MPTS/DNPs/LOx, the presence of solegel
matrix improves the stability. After the same period of time (15
days), the Au/DNPs/LOx retains the 50% of its initial response while
a value of 100% is obtained for the Au/MPTS/DNPs/LOx. This result
confirms that encapsulation of the enzyme in a 3D solegel matrix
allows preserving its catalytic activity and avoids its leaking to the
solution. On the other hand, as can be seen in Table 1, biosensors
including different kinds of nanomaterials such as AuNPs [12] or
graphene [39] lead to similar properties than those that include
DNPs (present work). However, the employment of DNPs gives rise
to more economic devices. In addition, DNPs are easy-handled and
inexpensive candidates as nanomaterials capable of enhancing the
electron transfer in solegel materials.

3.4. Determination of L-lactic acid in real samples

In order to demonstrate the applicability of the developed
biosensor for lactic acid determination in real samples, where
possible interferences due to the complexity of the matrix can
occur, we have analyzed a beverage (wine) containing lactic-acid
following the procedure described in the experimental section.
The obtained results were compared with those obtained
employing a commercial enzymatic assay kit. The average lactate
concentration value obtained for three measurements using
different biosensors (5.8 ± 0.2mM) agrees well with those obtained
by the enzymatic kit (5.6 ± 0.4 mM). However, the employment of
the biosensor method is more rapid, direct and economical.

4. Conclusions

In the presentwork, we have included for the first time diamond
nanoparticles in a solegel matrix in order to improve electron
transfer in L-lactate biosensing platforms. Topographical AFM
measurements demonstrate that inclusion of DNPs in the solegel
matrix leads to rougher surfaces. Moreover, surface potential and
capacitance gradient measurements allow us distinguish between
the different components (MPTS, DNPs) of our nanocomposite.
From force curves, it can be concluded that DNPs are buried at
different depths in the sol gel 3D network. EIS measurements
demonstrate that the presence of DNPs improve the electron
transfer within solegel matrix. The developed Au/MPTS/DNPs/LOx
biosensor shows a linear concentration range from 0.053 mM to
1.6 mM, a sensitivity of 2.6 mA mM�1, a detection limit of 16 mM, a
good reproducibility (RSD 7%) as well as an excellent stability. These
analytical properties are comparable to other biosensors previously
published, presenting also as advantages that DNPs are inexpensive
and easy-handled nanomaterials. The developed biosensor has



Table 1
Analytical parameters of gold based biosensors. Au ¼ gold, LOx ¼ lactate oxidase, DTSP ¼ 3,30-dithiodipropionic acid di(N-succinimidyl ester), MPTS ¼ (3-mercaptopropyl)-
trimethoxysilane, AuNPs ¼ gold nanoparticles, DNPs ¼ diamond nanoparticles, GC ¼ glassy carbon, GO ¼ graphene oxide, ERG ¼ electrochemically reduced graphene.

Reference Electrode Linear range (mM) Sensitivity (mA mM�1) Detection limit (mM) R.S.D. (%)

[26] Au/LOx Up to 0.3 0.77 10 8
[26] Au/DTSP/LOx Up to 0.2 0.69 40 8
[12] Au/MPTS/AuNPs/LOx 0.05e0.25 3.4 4.0 5
[18] Au/DNPs/LOx 0.05e0.7 4.0 15 3
[39] GC/GO/LOx 0.018e0.58 6.5 5.5 3
[39] GC/ERG/LOx 0.025e0.25 3.2 7.5 6
Present work Au/MPTS/DNPs/LOx 0.05e1.6 2.6 16 7
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been successfully applied to lactate determination inwine samples,
demonstrating its suitability to measure this analyte in a complex
matrix.
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