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We have developed a biosensing platform for lactate determination based on gold electrodes modified with di-
amond nanoparticles of 4 nm of nominal diameter, employing the enzyme lactate oxidase and
(hydroxymethyl)ferrocene (HMF) as redoxmediator in solution. This systemdisplays a response towards lactate
that is completely different to those typically observed for lactate biosensors based on other nanomaterials, such
as graphene, carbon nanotubes, gold nanoparticles or even diamond nanoparticles of greater size. We have ob-
served by cyclic voltammetry that, under certain experimental conditions, an irreversible wave (E0 =
+0.15 V) appears concomitantlywith the typical FeII/FeIII peaks (E0=+0.30 V) of HMF. In this case, the biosen-
sor response to lactate shows simultaneous electrocatalytic peaks at +0.15 V and +0.30 V, indicating the con-
currence of different feedback mechanisms. The achievement of a biosensor response to lactate at +0.15 V is
very convenient in order to avoid potential interferences. The developed biosensor presents a linear concentra-
tion range from 0.02 mM to 1.2 mM, a sensitivity of 6.1 μA mM−1, a detection limit of 5.3 μM and excellent sta-
bility. These analytical properties compare well with those obtained for other lactate-based biosensors that also
include nanomaterials and employ HMF as redox mediator.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Nowadays, the employment of different kinds of nanomaterials,
such asmetallic nanoparticles, carbonnanotubes or graphene, in thede-
velopment of electrochemical biosensors is a field of great interest [1,2].
These nanomaterials present important characteristics that contribute
to increase the performance of the biosensing devices. Among them, it
can be highlighted a large specific surface area, a high electronic con-
ductivity and an increase in the surface functionalization possibilities.
From the point of view of electrochemical biosensing, these
nanomaterials offer not only a large surface area for immobilizing a
high amount of awide variety of recognition biomolecules, but also pro-
mote the electron transfer between the electrode surface and the bio-
molecule [3].

Recently, a member of the carbon nanomaterials family, denoted as
diamondnanoparticles (DNPs), has also becomea promising alternative
for biosensor development. Until now, although they present a wide
range of interesting properties, DNPs have been less employed for this
purpose than the rest of the carbon nanomaterials. Among the proper-
ties that make them suitable candidates for biosensing can be
mentioned [4–7]: i) their production at large-scale by detonation
methods with a narrow size distribution and a moderate cost, ii) the
presence on their surface, as a consequence of the production and puri-
ficationmethods, of several oxygenated functional groups, which facili-
tate the immobilization of biomolecules (peptide nucleic acids,
antibodies, enzymes) [8–11] and iii) their biocompatibility and
noncytotoxic nature.

In contrast to these excellent properties, diamondmaterial has an
insulating character, with a band gap of 5.47 eV [12], which is, in
principle, inadequate for electrochemical applications. However, sever-
al fundamental studies have shown that, despite the great bandgap
value, electrodes modified with DNPs exhibit a high electrochemical
response towards different charged redox probes in solution such as
Fe(CN6)3−/4−, Ru(NH3)62+/3+, Ru(CN)63−/4−, IrCl62−/3− [13–15], and
they are also able to promote direct electron transfer between redox
enzymes and the underlying electrode [16]. This unexpected behavior
is due to the existence of discrete electronic states within the diamond
band gap originated by the overlapping of molecular orbitals of the
different functionalities with unsaturated bonding present on the
diamond nanoparticles surface. Therefore, DNPs can be either oxidized
or reduced depending on their potential relative to the underlying
electrode or to a redox probe [13,14]. Recently, the electrochemical
behavior of neutral redox probes in solution has also been studied
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employing DNPs modified electrodes, showing an oxidation/reduction
current even higher than that obtained for charged species [17].

However, the employment of DNPs in biosensors development is
still scarce. In this sense, in a previouswork, we reported [18] the devel-
opment of an electrochemical enzymatic biosensor nanostructured
with diamond nanoparticles of 9 nm of nominal diameter (DNPs9),
employing a neutral probe, (hydroxymethyl)ferrocene, as redoxmedia-
tor in solution. The results obtained demonstrated the suitability of this
nanomaterial to prepare high performance electrochemical biosensing
platforms that allow lactate determination at +0.30 V. In the present
work,wewant to go one step further by developing a similar biosensing
platform, but based onDNPs of smaller size (4 nmof nominal diameter),
that allows diminishing the potential value for lactate determination. To
undertake this study, we started delving into the effect of several fac-
tors, such as pH and scan rate on the HMF electrochemical behavior at
4 nm DNPs modified gold electrodes (DNPs4/Au). Once these parame-
ters were optimized, lactate oxidase (LOx) was immobilized onto the
DNPs4 modified electrode and the electrocatalytic response of the
LOx/DNPs4/Au system towards lactate was studied and compared
with those of the LOx/DNPs9/Au biosensor. Finally, a similar biosensor,
but based on glucose oxidase, was fabricated in order to assess the
broad applicability of the developed platform.

2. Experimental section

2.1. Materials

Diamond nanoparticles (DNPs4 and DNPs9) are obtained from
SkySpring Nanomaterials (Products 0510HZ and 0512HZ, respectively),
Inc. (Houston, TX). According to data provided by the manufacturer,
DNPs contain\\OH,\\CN,\\COOH, C\\O\\C and C_O as functionality
groups and their nominal diameters are 3–4 nm and 4–15 nm, respec-
tively. DNPs suspensions (1 mg mL−1) were prepared in water. Lactate
oxidase (LOx, EC 232-841-6 from Pediococcus species) and glucose oxi-
dase (GOx, EC 1.1.3.4 from Aspergillus niger) lyophilized powder con-
taining 41 units/mg solid and 15,200 units/g solid, respectively were
obtained from the Sigma Chemical Co. (St. Louis, MO). Stock solutions
were prepared dissolving 1.3 mg of the LOx lyophilized powder in
500 μL of 0.1 M phosphate buffer solution (pH = 7.0) and 7.5 mg of
the GOx lyophilized powder in 250 μL of 0.1 M phosphate buffer solu-
tion (pH = 7.0). The enzyme solutions were aliquoted (10 μL) and
stored at −30 °C. Under these conditions, the enzymatic activity re-
mains stable for several weeks. L-(+)-Lactic acid lithium salt 97%, D-
(+)-glucose (99.5%) and (hydroxymethyl)ferrocene (HMF) were ob-
tained from Aldrich Chemical Co. (Milwaukee, WI). An enzymatic
assay kit for lactate determination (K-LATE 07/14) was purchased
from Megazyme (Ireland). Sodium phosphate (Merck) was employed
for the preparation of buffer solutions. Other chemicals used in this
workwere reagent grade quality and used as receivedwithout addition-
al purification steps. Water was purified with a Millipore Milli-Q-Sys-
tem. All solutions were prepared just prior to use.

2.2. Experimental techniques

Electrochemical measurements were carried out with an Ecochemie
Autolab PGSTAT12 system (Utrecht, The Netherlands) employing a
three-compartment cell with a working gold electrode and a platinum
wire as counter electrode. All potentials were reported with respect to
a Ag/AgCl reference electrode. All solutions were deaerated with nitro-
gen gas before use, keeping the gas flow over the solutions during
experiments.

FT-IR measurements were performed employing a Bruker IFS66v
spectrometer. All the spectra were obtained from 7000 to 550 cm−1

using a 4 cm−1 resolution. 250 scans were recorded for each spectrum
and background was subtracted in all the cases. FT-IR measurements
were carried out from KBr pellets.
Atomic Force Microscopy (AFM) data were obtained with a
Nanoscope IIIa equipment (Veeco) under ambient conditions by using
silicon tips, with a nominal spring constant in the 1–5 N/m range and
a nominal tip radius of 8 nm (Bruker). Images have been taken in the in-
termittent contact mode.

2.3. Procedures

2.3.1. Preparation of the electrochemical biosensing platforms
Prior to each experiment, gold electrodes were polished with 1 μm

diamondpaste (Buehler) and rinsedwithwater. Then, theywere condi-
tioned to obtain a proper baseline and stable response by holding the
potential at +2.0 V (vs Ag/AgCl) for 5 s in 0.1 M H2SO4 and then at
−0.35 V (vs Ag/AgCl) for 10 s, followed by potential cycling from
−0.20 to +1.5 V (vs Ag/AgCl) at 5 V/s for 2 min. Subsequently, the cy-
clic voltammogram characteristic of a clean polycrystalline gold elec-
trode was recorded, from −0.2 to +1.5 V (vs Ag/AgCl), at
100 mV s−1. The electrode was subsequently rinsed with water, air-
dried and modified with 5 μL of the DNPs suspension (system denoted
as DNPs/Au). Finally, 5 μL of the GOx or LOx stock solution was placed
onto the DNPs/Au electrode surface (GOx/DNPs/Au or LOx/DNPs/Au).
For control experiments, LOx/Au and GOx/Au platforms were also de-
veloped by placing 5 μL of the enzyme stock solution onto a bare Au
electrode surface.

2.3.2. Samples for AFM measurements
Samples for determining the average diameter of diamond nanopar-

ticles were prepared in a particular way due to the great tendency of
DNPs to agglomerate [19]. It is necessary to deposit single nanoparticles
on a flat substrate, such as silicon (surface roughness: 0.2 nm), in order
to obtain their height distribution unambiguously. Silicon substrates
were located at the bottom of a vase containing the suspension of
DNPs in water and sonicated during one hour. In this way, the aggre-
gates, thanks to the shaking process, were able to disaggregate to
some extent [20], leading to deposits on the substrate with both aggre-
gates and isolated DNPs. Afterwards, the DNPs modified surface was
dried under nitrogen and measured by AFM in the intermittent contact
mode. Note that to avoid tip convolution effects, the size distribution
was obtained by measuring the height of the isolated DNPs.

2.3.3. Determination of L-lactic acid in real samples
The concentration of L-lactic acid in a white wine (purchased in a

local market) was determined by the standard addition method. For
this, 2.0 mL of wine sample, after dilution 1:100 in distilled water,
were mixed with increasing volumes (0, 50, 100, 150, 200 and 250 μL)
of a 0.010M lactic acid standard solution and diluted to 10.0mL in a vol-
umetric flask with 0.1 M phosphate buffer (pH = 7.0) containing HMF
(final concentration of HMF 1.0mM). The L-lactic acid concentration ob-
tained employing the developed biosensor was compared to those ob-
tained 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
formedwasmeasured by the increase in absorbance at 340 nmand cor-
related with the L-lactic acid concentration.

3. Results and discussion

Diamond nanoparticles are available from different commercial
sources. Depending on the specific synthesis conditions and purification
procedures employed in their fabrication, the resulting nanomaterials
can present different sizes and physicochemical properties and, there-
fore, differences in their surface chemistry [14], which clearly affect
their subsequent behavior. In particular, previous studies have shown
that DNPs diameter has a great influence on their reactivity [17,21].
Thereby, the percentage of the number of atoms on the DNPs surface,
the number of functionality groups and the sp2/sp3 carbon ratio are
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parameters greatly dependent on the size. As the DNPs size decreases,
their properties become mainly determined by their surface [27].
When DNPs are employed for modifying electrodes, other factors,
such as the nature of the underlying electrode, the immobilization
method employed and the working conditions are also involved in the
behavior of the resulting device.

In order to deepen our understanding of the influence of DNPs prop-
erties on electrocatalytic processes, we have nanostructured gold elec-
trodes with diamond nanoparticles of 4 nm of nominal diameter
(DNPs4) and subsequently we have modified it with lactate oxidase
(or glucose oxidase, in some cases, in order to establish comparisons).
The response of the LOx/DNPs4/Au system to lactate was studied by cy-
clic voltammetry (CV) and compared with the response of a LOx/
DNPs9/Au biosensor.

3.1. Determination of the DNPs diameter histogram

So far, we have been referring to the nominal diameter of the DNPs
provided by the supplier. At this stage, we are going to obtain the diam-
eter distribution of the DNPs and its corresponding average value. For
this purpose, we have registered several AFM images of a flat surface
modified with DNPs4 (see Experimental section). Analyzing the height
of more than 270 nanoparticles scattered over the surface (Fig. S1),
we obtained an average height (diameter) value of bhN=3.7± 1.5 nm.

3.2. Response towards lactate of LOx/DNPs4/Au

Fig. 1A depicts the CV response for LOx/DNPs4/Au in the absence and
in the presence of 0.5mMof lactate in 0.1MpH7.0 phosphate buffer so-
lution containing 1.0 mM HMF. In the absence of lactate (Fig. 1A, curve
a), the cyclic voltammogram shows the typical redox response of the
HMF(FeII)/HMF(FeIII) process in aqueous media at a formal potential
of +0.30 V (vs Ag/AgCl) and a well-defined, but irreversible, peak
close to the first one, at a potential value of +0.15 V (vs Ag/AgCl).
This last peak only appears for systems containing simultaneously
HMF and DNPs. Therefore, it is neither relatedwith HMF nor DNP them-
selves, but rather with processes involving HMF on DNP surface.

Upon addition of lactate, two catalytic waves centered at +0.15 V
and +0.30 V (vs Ag/AgCl) are observed (Fig. 1A, curve b). It is worth
noting that this is the first time that we observe such simultaneous cat-
alytic effect in similar systems (including redox enzymes and
nanomaterials) [23–26], which in the first instance can be attributed
to the presence of diamond nanoparticles. Nevertheless, not all types
of DNPs promote this simultaneous catalytic effect, since it seems to de-
pend on their size. To highlight this fact, in Fig. 1B the electrochemical
response of the LOx/DNPs9/Au system is also displayed. Firstly, it should
be noted that the peak at +0.15 V (vs Ag/AgCl) is not clearly observed
(Fig. 1B, curve a). Secondly, upon addition of lactate a single catalytic
wave centered at +0.30 V (vs Ag/AgCl) is obtained (Fig. 1B, curve b).
Fig. 1. Cyclic voltammetric response for (A) LOx/DNPs4/Au and (B) LOx/DNPs9/Au biosensor
absence (curves a) and in presence of 0.5 mM of lactate (curves b). Scan rate v = 0.01 V/s.
3.3. Electrochemical characterization of DNPs4 modified gold electrodes

In order to understand the unexpected behavior of the LOx/DNPs4/
Au system, we have investigated the nature of peaks at +0.30 V
(main peak) and +0.15 V (pre-peak) (vs Ag/AgCl), by obtaining cyclic
voltammograms for DNPs4/Au electrode in 0.1 M pH 7.0 phosphate
buffer solution containing HMF 1.0 mM at different scan rates. As can
be observed in Fig. 2, the behavior of the pre-peak can be summarized
as follows: i) its current intensity increases as the scan rate increases,
but it becomes less well defined, ii) for scan rates equal or higher than
100mV s−1, it becomes a shoulder of the main peak, until it finally dis-
appears for even higher scan rates.

Plots of anodic current intensity, corresponding to the main peak
and the pre-peak, versus both scan rate and square root of scan rate
were performed in order to determine which of them resulted in a
straight line. It should be noted that these plots were made for scan
rates from 10 to 100 mV s−1 since, as mentioned above, for higher
scan rates the pre-peak is not enough well defined to measure its
peak current. The plot of the anodic current intensity of the main peak
versus square root of scan rate resulted in a straight line (inset A of
Fig. 2)whereas versus scan rate gives a curved line (data not shown), in-
dicating that the redox process was controlled by diffusion. Conversely,
for the pre-peak, anodic current intensity versus scan rate resulted in a
straight line (inset B of Fig. 2), suggesting an adsorption controlled pro-
cess. Thus, HMF is partially bonded to theDNP surface. This result agrees
well with previous studies, where infrared experiments confirmed the
strong electrostatic affinity of the oxidized form of HMF for negatively
charged diamond nanoparticles surfaces [17]. The negative charge of
commercial DNP powders arises from acid cleaning steps that leave ox-
ygen groups on the surface, particularly carboxyl groups [21–22]. Ac-
cording to data provided by the diamond nanoparticle supplier, DNPs4
and DNPs9 employed in the present work have\\OH,\\CN,\\COOH,
C\\O\\C and C_O functional groups on their surface, whose presence
has been confirmed by IR measurements. The vibrational spectra of
DNPs4 and DNPs9 (Fig. S2), show several bands associated to oxygen-
containing surface groups such as `C\\O\\C`, O\\H and C_O (fea-
tures at 1000–1150, 1620 and 3420, and 1386 cm−1 respectively) [21].

As concluded from the scan rate study, the pre-peak is associated to
a surface confined process, in which HMF is adsorbed onto the DNP sur-
face. Thus, working conditions can strongly influence the pre-peak be-
havior. Firstly, we have studied the effect of pH on the cyclic
voltammetric response of HMF at a DNPs4/Au electrode. Concerning
themain process at+0.30 V (vs Ag/AgCl), it was found that both poten-
tial and current values of the cathodic and anodic peaks remain constant
with pH, as it was expected for oxidation/reduction of HMF since H+

ions are not involved in the process. However, pH value plays a key
role in the case of the pre-peak. HMF is a neutral compound at its re-
duced form and a positively charged compound at its oxidized form.
For pHs higher than 6.0, the pre-peak is clearly observed suggesting
that, at these working conditions, DNPs surface functional groups
s in contact with a 0.1 M phosphate buffer solution (pH 7.0) containing 1.0 mM HMF in



Fig. 2. Cyclic voltammograms of 1.0mMHMF in 0.1M phosphate buffer solution (pH 7) at
a DNPs4/Au electrode at different scan rates: (a) 10mV s−1, (b) 50mV s−1, (c) 90mV s−1,
(d) 100mV s−1 and (e) 200mV s−1. Inset A: Plot of anodic current intensity at+0.30 V vs
square root of scan rate. Inset B: Plot of anodic current intensity at +0.15 V vs scan rate.

Fig. 4. Cyclic voltammetric response for DNPs4/Au system in contact with 1.0 mMHMF in
0.1M phosphate buffer solution (pH= 7.0) in the potential range from−0.7 V to+0.7 V
(curve a) and from −0.2 V to +0.7 V (vs Ag/AgCl) (curve b). Curves (c) and (d)
correspond to CV response from −0.2 V to +0.7 V and from −0.7 V to +0.7 V (vs Ag/
AgCl), respectively, for an unmodified Au electrode. Scan rate v = 0.1 V/s.
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(such as carboxylic acids) are probably deprotonated and therefore ad-
sorption of HMF is enhanced. For pHs lower than 6.0, adsorption of HMF
over a DNP surface (where carboxylic acids are probably protonated) is
not promoted, as suggested by the absence of the pre-peak. These re-
sults can be clearly observed in Fig. 3, where cyclic voltammograms
for DNPs4/Au system in 0.1 M phosphate buffer solution containing
HMF 1.0 mM at pH 4.5 (curve a) and pH 7.0 (curve b) are compared.

Secondly, we have recorded the cyclic voltammetric response of
HMF at both a DNPs4/Au electrode (Fig. 4, curves a, b) and a bare gold
electrode (Fig. 4, curves c, d), starting at two different initial potential
values (Ei = −0.7 V and −0.2 V (vs Ag/AgCl)). As can be observed in
Fig. 4, the modification of a gold electrode with DNPs4 enhances the
electrochemical response of the redox compound in solution, HMF,
with respect to the unmodified electrode. This enhancement is a conse-
quence of the following catalytic feedbackmechanism [17,18]: after ox-
idation of HMF(FeII) toHMF(FeIII) over the electrode surface, an electron
transfer from DNPs to HMF(FeIII) occurs, allowing a rapid regeneration
of HMF(FeII) and enhancing oxidation currents. Accordingly,
Fig. 3. Cyclic voltammetric response for DNPs4/Au system in contact with 1.0 mMHMF in
0.1 M phosphate buffer solution at (a) pH= 4.5 and (b) pH= 7.0. Scan rate v= 0.01 V/s.
enhancements of reduction currents are produced when HMF(FeII), ob-
tained from reduction of HMF(FeIII) over the electrode, gives an electron
to DNPs, regenerating HMF(FeIII). This behavior can be related to the
ability of DNPs to act as both source and sink of electrons, which has
as origin the overlapping of molecular orbitals of functionalities such
as C_C and C_O, leading to electronic states (π and π*) with energy
values lying within the diamond band gap [13,14]. In principle, the ex-
tent of the enhancement depends on the surface density of these func-
tionalities [17]. Furthermore, it should be taken into account that
usually a finite amount of sp2 bonding on diamond nanoparticles coex-
ists with sp3 ones, providing electronic conductivity. The presence of
these sp2 bonding at particle surfaces has been shown by neutron dif-
fraction measurements [20,21,27–29].

The enhancement of the electrochemical response of HMF at a DNPs
modified electrode is slightly dependent on the applied initial potential
(Ei). A more cathodic Ei leads to higher enhancement currents of the
pre-peak and themain peak. This behavior seems to indicate an increase
of the DNPs capacity to donate electrons that could be a consequence of
the initial reduction of DNPs at −0.7 V (vs Ag/AgCl). Reduction at the
electrode allows filling available surface states with electrons, enhanc-
ing DNPs capability as source of electrons and increasing therefore the
extent of the feedbackmechanism. The influence of cathodic and anodic
pretreatments on the surface activity of diamond films have been stud-
ied by several research groups [30–33]. Moreover, concerning the pre-
peak, it seems that adsorption of HMF onto DNPs surface is also im-
proved when cyclic voltammetry is started at more cathodic potential,
−0.7 V towards −0.2 V (vs Ag/AgCl), since in this case a more intense
wave at+0.15 V (vs Ag/AgCl) is observed (by comparing curves a and b
in Fig. 4).

Finally, a large initial reduction current is observed for electrodes
modifiedwith DNPs (Fig. 4, curves a, b), which is smaller or even absent
for unmodified electrodes (Fig. 4, curves c, d). In principle, taking into
account that there are not reducible compounds in solution, this reduc-
tion current at the start of the CV could be assigned to spontaneous gen-
eration of HMF(FeIII) at the DNPs surface. However, this explanation is
discarded because a current reduction is also present in cyclic voltam-
mograms recorded employing the same DNPs modified electrode
(DNPs/Au) in phosphate buffer solution without HMF. Additionally,
since experiments were performed in deaerated media, the initial cur-
rent reduction cannot be attributed to oxygen catalysis phenomena
caused by the presence of DNPs. Then, it can be probably related to
the own reduction of DNPs at the gold electrode.
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3.4. Electrochemical characterization of LOx modified DNPs/Au electrodes

It has been reported that DNPs are able to promote direct electron
transfer (DET) between an enzyme and the underlying electrode [16].
However, the cyclic voltammetric response of the LOx/DNPs4/Au sys-
tem in PBS 0.1 M (pH = 7.0) is featureless (Fig. 5, curve a). In contrast,
the cyclic voltammogram corresponding to LOx/DNPs9/Au (Fig. 5, curve
b) shows a reversible wave at−0.4 V (vs Ag/AgCl), which is consistent
with the reversible oxidation-reduction of the FAD/FADH2 of the en-
zyme according to:

LOx FADð Þ þ 2e− þ 2Hþ↔LOx FADH2ð Þ ð1Þ

After 100 scans, the redox peak at −0.4 V (vs Ag/AgCl) diminishes
around 8% (data not shown), demonstrating that DET remains over con-
tinuously cycling.

Control experiments carried out employing a bare gold, a DNPs/Au
and a LOx/Au electrodes yielded featureless voltammograms (data not
shown), demonstrating that DNPs9 are able to promote DET between
redox enzymes and the underlying electrodes.

The cyclic voltammetric response obtained by employing a different
enzymewas obtained in order to assess whether thementioned behav-
ior is specific for LOx. Results obtained for glucose oxidase (GOx),
displayed in Fig. S3, confirm that peaks corresponding to FAD/FADH2

are observed no matter the oxidoreductase employed, but only for
DNPs9. Therefore, it seems that DET between DNPs and enzymes is
not promoted in all cases. In this sense, the relative orientation of the
enzyme redox active site and the DNPs can be different depending on
the DNP size. For example, LOx (or GOx) and DNPs9 have a similar
size, leading to an adequate accommodation of the enzyme onto the
nanomaterial. Conversely, DNPs4 is smaller than the enzyme, forcing a
different positioning.

3.5. Biosensor response. Analytical properties

The response of the LOx/DNPs4/Au developed biosensor towards in-
creasing concentrations of lactate is studied (Fig. 6A).

According to the following catalytic mechanism, upon addition of
lactate, LOx catalyzes the oxidation of lactate to pyruvate (Eq. (2)),
while the electrons are transferred to (HMF)ox, regenerating the
Fig. 5. Cyclic voltammetric response for LOx/DNPs4/Au (curve a) and LOx/DNPs9/Au
(curve b) in contact with 0.1 M phosphate buffer solution (pH = 7.0) in the absence of
substrate. Scan rate v = 0.1 V/s.
enzyme activity (Eq. (3)). The re-oxidation of HMF (Eq. (4)) leads to a
response (curves b–f), which is proportional to the amount of lactate
present in the solution.

L‐lactateþ LOxð Þox→Pyruvateþ LOxð Þred ð2Þ

LOxð Þred þ HMFð Þox→ LOxð Þox þ HMFð Þred ð3Þ

HMFð Þred−e−→ HMFð Þox ð4Þ

SinceHMFmolecules involved in this catalytic process can be both in
solution and adsorbed onto the DNPs surface, two catalytic waves at
+0.30 V and+0.15 V (vs Ag/AgCl) are obtained. The analytical proper-
ties (linear concentration range, sensitivity and detection limit) of the
developed biosensing platform can be obtained from both catalytic
waves. However, comparison of calibration plots obtained bymeasuring
the catalytic current at +0.15 V (Fig. 6B) or at +0.30 V (vs Ag/AgCl)
(data not shown) show that better linear concentration range and sen-
sitivity are obtained for the first case. As can be observed in the inset of
Fig. 6B, the calibration plotwas linear from0.02mMto 1.2mM,with the
following equation: I (μA)=0.107+6.1 C (mM) (R2=0.998). The sen-
sitivity, calculated from the slope of the plot, was of 6.1 μA mM−1. The
detection limit, calculated as the ratio between three times the standard
deviation of background current and the sensitivity, was 5.3 μM.
Concerning the calibration plotmeasured at+0.30 V (vs Ag/AgCl) a lin-
ear concentration range from 0.03 mM to 0.55 mM, a sensitivity of
3.6 μA mM−1 and a detection limit of 9.1 μM are obtained. Finally, the
stability of biosensors was also evaluated. Firstly, we have obtained
the biosensor response to 0.4 mM of lactate 50 times in order to assess
the repeatability, obtaining a RSD value of 1%. Secondly, we have obtain-
ed the biosensor response to 0.4mMof lactate after 30 days of storage at
4 °C. Under these conditions, biosensors retain 98% of their initial re-
sponse whereas the system without DNPs retains only the 50%.

Storage stability data allow deriving several conclusions regarding
the role of DNPs in enzyme adsorption. The better storage stability ob-
tained for the LOx/DNPs4/Au system comparedwith the LOx/Au system
indicate that in the absence of DNPs the enzyme is more easily released
from the transducer and/or the enzymatic activity is lost more rapidly.
These data suggest that DNPs lead to a stronger enzyme adsorption
which hampers its release from the surface and/or provides a more ad-
equate microenvironment for the enzyme conformational stabilization
that preserves the enzymatic activity. Moreover, the presence of DNPs
can induce a different positioning of the enzymeonto their surface com-
pared with that on a bare gold surface as has been concluded from the
results presented above concerning DNPs direct electron transfer
promotion.

The analytical response, specially that measured at +0.15 V (vs Ag/
AgCl), compares well with those obtained for other lactate-based bio-
sensors developed in our laboratory that also include nanomaterials
and employ HMF as redox mediator [18,24–26]. Here, it is important
to point out that the LOx/DNPs4/Au biosensor developed in the present
work presents an important advantage related to the lower potential re-
quired for lactate detection (+0.15 V towards +0.30 V (vs Ag/AgCl),
which represents 150 mV), which minimizes the potential interfer-
ences. In this sense, we have obtained the LOx/DNPs4/Au biosensor re-
sponse to 0.7 mM of lactate in absence and presence of acetaminophen
(0.1 mM), ascorbic acid (0.1 mM) and uric acid (0.1 mM), demonstrat-
ing that these potential interferences have negligible effect.

3.6. Determination of L-lactic acid in real samples

We have applied the LOx/DNPs4/Au biosensor for lactic acid deter-
mination in wine. The results obtained, following the procedure de-
scribed in the experimental section, were compared with those
obtained employing a commercial enzymatic assay kit. The average
value obtained for 3 measurements using different biosensors



Fig. 6. (A) Cyclic voltammetric response for LOx/DNPs4/Au biosensor in contact with 1.0 mMHMF in 0.1 M phosphate buffer solution (pH= 7.0) in absence (curve a) and in presence of
0.1mM, 0.2mM, 0.3mM, 0.4mMand 0.5mMof lactate (curves b–f). Scan rate v=0.01 V/s. (B) Calibration curve obtained from cyclic voltammograms,measuring the current intensity at
+0.15 V (vs Ag/AgCl). The inset shows the linear concentration range.
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(14.6 ± 0.9 mM) agrees well with those obtained by the enzymatic kit
(14.6 ± 0.7 mM). However, the employment of the biosensor method
is more rapid, direct and economical.
4. Conclusions

DNPs4 immobilized onto gold electrodes (DNPs4/Au) cause the ap-
pearance of an oxidation pre-peak at +0.15 V (vs Ag/AgCl) for pH N 6
and low scan rates, accompanying the typical ferrocene (FeII)/
ferrocenium (FeIII) peak at +0.30 V (vs Ag/AgCl). The pre-peak current
intensity shows a linear dependence with scan rate, suggesting an ad-
sorption controlled process. Conversely, the peak current of the main
process at +0.30 V (vs Ag/AgCl) shows a linear dependence with
square root of scan rate, indicating a redox process controlled by diffu-
sion. The response of LOx/DNPs4/Au biosensor to lactate shows two si-
multaneous bioelectrocatalytic processes at +0.15 V and +0.30 V (vs
Ag/AgCl), indicating that different feedback mechanisms (through
both HMF adsorbed onto DNPs and HMF in solution) are taking place.
The possibility to measure the biosensor response to lactate at a poten-
tial value of +0.15 V (vs Ag/AgCl) is very convenient, from the point of
view of avoiding potential interferences. The resulting LOx/DNPs4/Au
biosensor shows a linear concentration range from 0.02 mM to
1.2 mM, a sensitivity of 6.1 μA mM−1 and a detection limit of 5.3 μM,
as well as an excellent stability. The developed biosensor has been ap-
plied to lactate determination in wine samples, demonstrating its suit-
ability to measure this analyte in a complex matrix. Finally, although
DNPs4 do not promote the direct electron transfer between the enzyme
and the underlying electrode, DNPs9 do it, supporting the idea that dif-
ferent sizes and physicochemical properties of DNPs affect their
resulting surface chemistry.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bioelechem.2016.05.007.
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