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A B S T R A C T

Lactate concentration is studied as an indicator of physical performance in sports activities, and is also analyzed
in health care applications, as well as in the food and cosmetic industries. This organic acid is routinely de-
termined in different concentration ranges, depending on the type of samples for analysis. This paper describes
the development of a screen-printed lactate oxidase (LOx) based biosensor to determine lactate in broad con-
centration range. The Cu-MOF (copper metallic framework) crosslinking of 0.25U LOx in a chitosan layer, allows
to determine the enzymatic product generated on a platinum modified working electrode, at 0.15 V (vs SPE Ag/
AgCl). The biosensor responds linearly in two different concentration ranges: a first catalysis range of
14.65 µAmM−1, from 0.75 µM to 1mM, followed by a saturation zone from 1 to 4mM, after which a substrate
enzymatic inhibition of 0.207 µAmM−1, is observed up to 50mM. These two ranges of analysis would allow the
biosensor to be used for the determination of lactate in different types of samples, with low and high content of
lactate. The method reproducibility was kept below 7% and a limit of detection of 0.75 µM was obtained. The
device was successfully used in the determination of lactate in sweat and saliva, as a low cost noninvasive
analysis, and also in wine samples.

1. Introduction

Lactate is known as a critical metabolite biomarker of tissue oxy-
genation, and is studied when assessing physical performance in sports
activities, to prescribe appropriate exercise intensities [1,2]. It is also
analyzed in health care applications to evaluate an underlying pa-
thology during a routine stress test [3,4].

Due to a physiological accumulation, lactate relies in a process
known as lactate acidosis, which takes place when the organism re-
quires energy. This process can outcome in muscle fatigue, especially
during endurance-based activities [5,6], result of pH decrease due to
the levels of lactate in the blood and muscles [7]. Therefore, in clinical
exercise and performance testing, blood lactate is the most frequently
measured parameter, once it is considered as the key metabolite to
finding out the degree of exhaustion of the athletes [2]. In view of the
wide demand for the development of noninvasive, fast and reliable
methods for monitoring lactate [8], saliva and sweat are suitable ma-
trices for its determination, especially in sports medicine, since blood
sampling can be avoided.

During exercise, lactate assessment through saliva samples has
proven to be very attractive due to the high correlation with the blood
levels [9,10], and also given the continuous and convenient availability

of this metabolite, that can vary from 0.1 to 2.5mM [11]. In turn, blood
and sweat lactate levels have an unclear relation, although the sweat
lactate is increased with exercise intensity [12–15]. Lactate constitutes
about 0.28% of the organic acids content in sweat, and is described to
be present in concentration range from 3.7 mM up to 50mM [16,17].
However, this dynamic range usually reaches a maximum of 25mM
[18].

The importance of lactate is not limited to the medical sector. This
acid is found in many foods and beverages, in which concentration level
indicates the freshness, stability, and quality of several products, being
also added as acidulant, and flavoring agent (E270). [19]. In the
winemaking industry, the course of malolactic fermentation is mon-
itored by following the falling of L-malic acid and the rising of L-lactic
acid. Therefore, this continuous monitoring is an important control for
wine commercialization, preventing significant economic losses
[20,21].

Among the various conventional analytical tools, colorimetric and
chromatographic analysis of lactate are the standard methods.
However, given the high complexity of these, simplest alternative such
as, the use of screen-printed amperometric biosensors (SPE), have been
developed for monitoring lactate [19,22–25].

The screen-printing technology offers high sensitivity and allows the
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easy electrode modification with nanomaterials and biocomponents, in
order to attain reliable and selective devices of analysis [26]. Platinum
has an important role in electrode modification, especially for oxidase
enzyme based-biosensors due to their catalytic effect on their product,
allowing higher sensitivities for the electrochemical measurement
[27–34].

Chitosan (CS) is a biocompatible cationic polymer, successfully
applied in the biomedical domain [35–37]. Heightened interest in
biosensing has prompted the extensive application of CS as a matrix for
enzyme immobilization in SPE [38–43], providing an excellent micro-
environment for biomolecules, emerging in highly sensitive and stable
devices. Moreover, it possesses an excellent membrane-forming ability,
high permeability to water, good adhesion, high mechanical strength
and susceptibility to chemical modifications. Cruz et al., use the
permselectivity properties of this polymer to develop a fast, selective,
and reversible electrochemical sensor [44].

Furthermore, a new class of porous materials called Metal-Organic
Frameworks (MOF) possess several advantageous properties for sensing
applications. These materials, are recognized as a low-density network
formed by a metallic center and an organic ligand. MOFs hold inter-
esting properties such as ultrahigh and permanent porosity, high
thermal and chemical stability, tunable pore structure and dimension,
and adjustable internal surface characteristics. They have been applied
to numerous areas of study, like catalysis, separation, biomedical
imaging, clean energy, drug delivery and gas storage and separation
[45,46]. In biosensing applications, these materials play a the role as
biomimetic components [47], offering improved sensitivities for de-
tection of certain analytes [48]. Gamero et al. reported an electro-
chemical biosensor based on three-dimensional ordered macroporous
gold film electrodes, using covalently immobilized lactate oxidase, to
obtain an increased conductivity and stability for lactate sensing [49].

In the last decade, numerous reports for lactate biosensing in several
matrices have been published. As an alternative for a noninvasive
analysis, sweat [33,34,50–53] and saliva [54–57], are target matrices
for several biosensors. Also, numerous biosensors were also released for
wine and other fermented beverages [20,58,59]. However, the applic-
ability of these devices seems to be limited to one type of matrix
sample, requiring a considerable number of enzymatic units, and/or a
high potential for amperometric measurement to follow the enzymatic
response. Also, the range of analysis seems to be limited to values under
28–30mM of lactate [50,60].

In the present work, a novel approach was exploited for lactate
analysis. Based on the enzymatic kinetic of immobilized lactate oxidase
(LOx), the biosensor responds linearly to lactate concentrations in two
different ranges. Additional to the normal catalytic process, an inhibi-
tion process at high substrate concentrations was observed, drawing a
second linear zone, able to be used directly in the analysis of samples
with high lactate content. As far as we know, it is the first time that a
single LOx based biosensor has demonstrated its applicability in the
determination of lactate in diversified samples, using a low number of
enzymatic units, with two distinct analysis ranges, allowing in this case,
the quantification of lactate in wines, saliva and sweat samples. The
design, characterization and evaluation of the dual range LOx biosensor
are described in the following sections.

2. Materials and methods

2.1. Materials

Lactate oxidase (LOx) from pediococcus sp. (E.C. 1.1.3.2.) lyophilized
powder, 28 units/mg solid, chitosan, glutaraldehyde (GA), bovine
serum albumin (BSA), terephthalic acid (1,4 – H2BDC), triethylene-
diamine (TED), N,N-Dimethylformamide (DMF), L-(-)-malic acid,
maleic acid, gallic acid, sodium pyruvate, resveratrol and D(+)-Glucose
monohydrate, were purchased from Sigma-Aldrich (Steinheim,
Germany). Potassium hexachloroplatinate (IV), L-histidine

monohydrochloride monohydrate, sulfuric acid, urea, ascorbic acid,
sodium phosphate dibasic dihydrate, sodium phosphate monobasic di-
hydrate, copper nitrate trihydrate, ethanol and potassium chloride were
obtained from Merck (Darmstadt, Germany). From Panreac-Applichem
(Darmstadt, Germany) were purchased L-lactic acid (85%), succinic
acid, citric acid anhydrous, ortho-phosphoric acid (85%), sodium
chloride and sodium hydroxide. Creatinine was obtained from
(Barcelona, Cromatest), and Uric Acid from Alfa Aesar. Quercetin di-
hydrate from Extrasynthese (Genay, France). Acetic acid from VWR
(France).

In the fabrication of screen-printed electrodes inks used, namely
Electrodag PF-407 A (carbon ink), Electrodag 6037 SS (silver/silver
chloride ink), Electrodag 418 (silver ink) and Electrodag 452 SS (di-
electric ink), were supplied by Achenson Colloiden (Scheemda,
Netherlands).

The cooper metal framework (Cu-MOF) was synthesized according
to the previously reported method by [48,61]. Briefly, copper nitrate
trihydrate (0.493 g), 1.4-H2BDC (0.453 g) and TED (0.32 g) were dis-
solved in 100mL of DMF, and the mixture was sonicated to obtain a
homogenous solution. Then the solution was heated at 120 °C for 36 h.
After cooling at room temperature, the obtained blue crystalline power
was collected, washed with DMF and water several times and dried
under vacuum overnight.

All the reagents used were of analytical grade and Milli-Q water
(Millipore, Bedford, USA) was employed for preparing all solutions.

Human saliva and sweat samples were collected from healthy vo-
lunteers and were stored at − 20 °C. The sweat samples were collected
in vials, from volunteers front head, immediately after running. Also,
saliva samples were collected directly in vials and stored until used. The
wine samples were obtained from the local market and stored at 4 °C.

2.2. Apparatus

Voltammetric measurements were performed using an Autolab
PGSTAT128N electrochemical system with the General Purpose
Electrochemical System (GPES) software version 4.9 (Echo Chemie,
Utrecht, The Netherlands). A PalmSens® portable electrochemical po-
tentiostat with the PS Trace program (PalmSens® Instruments BV,
Houten, The Netherlands) was used for chronoamperometric mea-
surements. Reversed phase HPLC analysis was performed with a liquid
chromatograph Flexar PerkinElmer® (Connecticut, U.S.A), consisting of
a binary pump, manual sampler, and UV detector. Chromatographic
separation was carried out at a ACE 5 C18 Column (ACE® HPLC
Columns, Aberdeen, Scotland), 250mm×4.6mm and with particle
size of 5 µm.

Microscopy imaging and elemental composition analysis were per-
formed using a scanning electron microscope (SEM) JEOL JSM-6460LV
with an INCA elementary X-ray analysis system Oxford Instruments
(Abingdon-on-Thames, UK). The X-ray analysis was performed at three
different zones of each working electrode with a zoom of ×500.

2.3. SPE manufacturing

Screen printed electrodic systems, SPE, were produced following a
previously described procedure [62]. Sequential deposition of the inks,
which defines conductive silver tracks, Ag/AgCl reference electrode,
carbon counter and working electrodes and dielectric layer, was per-
formed on polyester films (HIFI Industrial Film, Dardily France).

2.4. Electrodemodification

2.4.1. Platinum coating (Pt/SPCE)
To achieve a homogenous Pt coating onto the carbon surface of the

working electrode, a volume of 200 µL of a 1mM platinum solution in
0.1 M KCl was deposited onto the electrodic system and cyclic vol-
tammetric measurements were performed from 0.5 to − 0.7 V (vs SPE
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Ag/AgCl), with a scan rate of 0.002 V s−1. The experiments were con-
ducted for 5, 10, 15, 20, 25, 30, 45, 55, 80 and 100 scans. The proce-
dure, a modification of the one described for Compton [63], proves to
be more efficient for the developed system (Section 3.1).

2.4.2. Preparation of enzymatic electrodes (LOx–Cu-MOF/CS/Pt/SPCE)
After the platinum modification, the Pt/SPCE electrode was rinsed

with Milli-Q water. Then the electrode was dried and 2 µL of chitosan
(0.6% (w/v) in 0.5% acetic acid) were cast onto the electrode surface,
and dried at room temperature. Following, the enzyme was crosslinked
on the CS/Pt/SPCE surface, using an immobilization solution, con-
taining 3 µL of LOx (1.5 U µL−1, in 0.01M phosphate buffer, pH 8.0),
3 µL of Cu-MOF (2mgmL−1), 0.56 µL of BSA (3% (w/v)) and 0.56 µL of
GA (2.5% (v/v)). 1.20 µL of this solution, was cast onto the electrode
surface, and the modified electrode, LOx–Cu-MOF/CS/Pt/SPCE, was
dried and stored at 4 °C in a refrigerator until use.

2.5. Electrochemical measurements

Amperometric measurements were carried out in a bath system. All
measurements were made at room temperature in a cell containing
5mL of supporting electrolyte (phosphate buffer at 0.1M, pH 7.0), with
constant stirring. The working electrode operated at 0.60 and 0.15 V (vs
SPE Ag/AgCl), in the case of LOx/SPCE and LOx/Pt/SPCE, respectively.
The corresponding sample was added after reaching a stable baseline.

Wine and sweat samples were spiked and analyzed without any
pretreatment. Only the saliva sample was spiked after centrifuging, to
avoid high viscosity. Biosensing analysis of the real samples was carried
out using the standard addition method.

Voltammetric measurements were recorded, between − 0.2–0.9 V
(vs SPE Ag/AgCl) at different scan rates from 0.02 V s−1 to 0.15 V s−1

in a solution containing 2mM of lactate in supporting electrolyte.

2.6. HPLC measurements

Before use, the column was cleaned with water and methanol/water
(85/15), during 30min for each step. Then, isocratic elution was per-
formed using a phosphate buffer (0.2% (v/v) of phosphoric acid and
0.16% (w/v) of dihydrogen phosphate in water, pH 2.0), at 1.2 mL/
min. Injection volume was 20 µL, and the quantification wavelength
was set at 216 nm. The amount of lactate was quantified using
Chromera chromatography software, determining the lactate/maleic
acid peak area ratio, where maleic acid is the internal standard. The
concentration of lactate in the samples was determined from the cali-
bration curve of the peaks at the retention time of 4.6 and 6.7 min, for
lactate and maleic acid, respectively (see Fig. S1 in Supplementary
material) [64].

Prior to HPLC analysis, all samples were centrifuged at 13.2 rpm at
4 ⁰C, during 30min, and the supernatant filtered through sterile cel-
lulose acetate 0.45 µm-membrane syringe filter. The samples were di-
luted; 7.5 times for red wine and sweat samples, and 2 times for white
wine and saliva; and finally enriched with 10 ppm of maleic acid. All
samples, standards and chromatographic phases were previously soni-
cated.

3. Results and discussion

Lactate Oxidase (LOx), is a flavoprotein recognized for its ability to
catalyze the oxidation of lactate to pyruvate in the presence of oxygen,
as shown in Eq. (1).

+ ⎯ →⎯⎯ +Lactate O Pyruvate H O
LO

2 2 2
x (1)

In the proposed method, a biosensor based on the immobilization of
LOx on a platinum surface was used as a sensing interface to catalyze
the electrochemical oxidation of hydrogen peroxide, Eq. (2). The

biosensor allows the selective determination of lactate by monitoring
the amperometric oxidation of the hydrogen peroxide, produced from
the enzymatic reaction.

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ + +
+ −H O O H e2 2 2 .

Pt electrode
2 2 2 (2)

It was found that, depending on lactate concentration, 0.25U of
immobilized LOx leads to different responses. In the first stage of en-
zymatic catalysis, a linear increment in the current signal was observed,
for lactate concentrations from 0.75 μM to 1mM. After a saturation
zone, between 1 and 4mM, a linear decrease in current intensity values
takes place, for lactate ranging between 4 and 50mM, as a consequence
of a substrate inhibition process.

Copper metallic framework (Cu-MOF) and Chitosan (CS) were used
to improve the biosensor, proving to considerably increase device
performance. Therefore, a deep study of each component influence was
carried out, as described in the next sections.

3.1. Electroactive surface area determination

Platinum surfaces are known to notably favor the oxidation of hy-
drogen peroxide since the potential required for oxidation corresponds
to the platinum oxide (PtO) film formation [32]. The modification of
the carbon working surface with a Pt coating improves the electro-
chemical signal for lactate determination. Therefore, in order to survey
Pt influence in the electrochemical response, the electroactive surface
area (ESA) was determined for the different number of voltammetric
cycles used in Pt coating of working electrodes [65].

Several theories have been proposed to determine the electroactive
surface area (ESA) of electrodes. ESA measurements can be based on
chemisorptions phenomena of a chemical bond between the catalyst
surface and the adsorbate. As Pt provides a well-developed region for
oxide monolayer reduction, the method applied evaluates the peak
charge of PtO at the Pt/SPCE [65,66].

To determine the ESA of Pt/SPCE, cyclic voltammetric measure-
ments were conducted in an acidic media (0.1M H2SO4) from
− 0.3–1.3 V and the reduction peaks for platinum oxide (at approxi-
mately 0 V), were registered.

It was possible to calculate the ESA surface area by applying the Eq.
(3) [66]:

=
−

ESA
Q

(cm )
(μC)

420(μC cm )
o2

2 (3)

where, Qo is the charge associated with surface oxidation, and
420 μC cm−2 is the charge associated with the full monolayer of oxygen
corresponding to PtO, which requires two electrons per site for its re-
moval.

By increasing the number of voltammetric cycles the ESA value
rises, given the amount of platinum deposited onto the carbon surface.
The ESA value obtained by electrode modification with Pt is noticeably
increased in comparison with the geometric area (0.126 cm2) (see Fig.
S2 in Supplementary material). It has been previously found that the
electroactive area can be increased about 1000 times comparatively to
the geometric one [67]. Area evolution remained steady after 55 scans,
and ESA value was estimated to increase hundredfold, compared to the
geometric one. This plateau is defined by the electrode surface sa-
turation for Pt deposition.

Besides the contribution in terms of electroactive area, which allows
for a more effective determination of the enzymatic generated H2O2,
this metallic coating also greatly contributes to an improvement of the
optimal work potential since it decreases from 0.60 to 0.15 V. This new
potential value introduces additional advantages in terms of electro-
chemical response specificity, also offering satisfactory current outputs.

Calibration curves were obtained to evaluate the effect of the
number of scans in the Pt deposition process on the electrochemical
behavior of the lactate biosensor. The higher the number of scans, the
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higher the current values that were found, increasing sensitivity for the
first measurement range of biosensor (from 0.75 µM to 1mM).
However, for lactate concentrations from 4 to 50mM, it was observed
that the inhibitory response of the biosensor was weakly altered by the
amount of deposited Pt, indicating that the process is controlled by the
decrease in enzymatic activity.

The Pt coating process is time consuming and does not greatly affect
the inhibition process of LOx. In light of this, 10 voltammetric cycles for
SPCE modification with Pt were chosen, since it is less time consuming
for electrode modification and the biosensor responds adequately to
both low and high lactate concentrations, by increasing the ESA about
33 times relative to the geometric area. In agreement with electro-
chemical data, SEM and X-ray analysis shows an efficient nucleation of
Pt onto working SPCE, exhibiting a satisfactory content of Pt nanos-
tructures by using 10 voltammetric cycles of deposition, which favors
the enzymatic product oxidation (see Figs. S3 And S4 in Supplementary
material).

3.2. Chitosan influence in amperometric measurements

The presence of CS is proven to be essential for an adequate am-
perometric response, by affecting the enzymatic behavior in several
aspects. It was observed that this membrane acts like a barrier, delaying
the displacement rate of the enzymatic reaction product, H2O2, to the Pt
surface and the amperogram resolution increased in the range of lactate
concentrations corresponding to the enzyme inhibition (4–50mM).
When tested to evaluate enzymatic activity, the CS membrane marks a
delay in electrochemical signal acquisition, proving that the polymeric
film hinders the arrival of the analytes to the electrode surface. In fact,
the linear relation between the cyclic voltammetric peak current and
the square root of the scan rate according to Randles-Sevcik equation
[68], demonstrates that a diffusion-controlled reaction is taking place
on the Pt electrode surface.

The study of electroactive area was conducted in both the presence
and absence of chitosan, since this membrane can lead to a lower Pt
ESA available for the electrochemical oxidation of H2O2. In fact, the
presence of a CS layer results in slightly lower ESA values, probably due
to a partial surface covering with the polymeric molecules.
Nevertheless, the same trend of the electroactive area evolution was
attained for CS/Pt/SPCE (see Fig. S2 in Supplementary material).

On the other hand, the enzymatic activity of LOx is positively in-
fluenced by this compound, probably due to the biocompatibility of this
natural polymer. The use of CS combined with a Pt coating on the
electrode surface makes the developed biosensor more sensitive for
both concentration ranges, 0.75 µM to 1mM, and from 4 to 50mM.
Therefore, several CS concentrations of 0%, 0.2%, 0.6%, 1% and 2%
(w/v) in 0.5% acetic acid, were tested on the Pt surface, before the
enzymatic immobilization (see Fig. S5, in Supplementary material). A
considerable increase in generated current was observed in the pre-
sence of CS. Improved values for lactate biosensing in both analysis
ranges were found for 0.6% and 1% of CS. Nevertheless, a slow process
for 1% CS was observed, affecting the experimental time. Also, higher
amount of CS seems to be connected to higher noise in the ampero-
metric measurement. Bearing this in mind, 0.6% CS was selected as the
optimal membrane, given that it has a higher sensitivity for lactate with
a good amperometric resolution (Fig. 1 – A, orange line).

The role of this membrane was also studied when deposited in
different steps of the immobilization procedure, and the effect in the
amperometric signal registered. When deposited after enzyme im-
mobilization, the registered current was lower than that observed when
the biocomponent was first immobilized. This, probably reflects the LOx

activity loss as consequence of the pH of CS solution. The same beha-
vior was found for the enzymatic sandwiching between two CS deposits
resulting in a lag response for lactate sensing.

3.3. Optimization of immobilization procedure

3.3.1. Copper metal-organic framework influence in amperometric
measurement

Additionally, in this work the use of Cu-MOF proves to be favorable
in terms of the biosensor's inhibition signal sensitivity and stability.
According with the literature, this MOF present a brick-like mor-
phology, and is able to form a film layer in presence of chitosan, also
this materials can influence the charge transfer process [48,49]. The
study of the metallic framework influence was carried out using dif-
ferent amounts of Cu-MOF, ranging from 0, 1, 2, 3 and 4mgmL−1, in
the immobilization solution (see Fig. S6, in Supplementary material).
Despite other Cu-MOF concentrations leading to higher slope values for
lactate sensing through inhibition, they also show a higher variability of
the electrochemical response. The optimal balance between stability
and sensitivity for lactate biosensing was found to be 2mgmL−1 of Cu-
MOF. In Fig. 1 – A (green line), we can observe an imperceptible in-
fluence in the catalytic zone barely affecting the sensitivity. This data
contrast with a positive evolution of biosensor sensitivity for LOx in-
hibition response. When added to the enzymatic immobilization step,
Cu-MOF proves to result in higher sensitivity of immobilized enzyme to
inhibitory concentrations of lactate, increasing the slope obtained in
this second zone. Comparing with the normal glutaraldehyde cross-
linking onto the working electrode, higher sensitivities and improved
current decrease steps, were obtained.

Regarding the configuration of the sensing interface is noted that,
by associating the individual contribution of each component with the
all components used at time, the LOx-based biosensor sensitivity is in-
creased in both ranges for analysis (Fig. 1 – A, blue line). It should be
noted that the concentration ranges for analysis were maintained, in-
dicating that the amount of enzyme is the responsible of this property.
An enhanced signal is clearly observed when the Cu-MOF crosslinking
is performed on a CS membrane, showing the metallic framework
contribution in terms of sensitivity for the catalysis zone. This may be
possibly attributed to a better orientation of the enzymatic structure in
presence of the Cu-MOF by preventing the active center hinder by the
CS membrane.

3.3.2. Enzymatic crosslinking
The design and manufacture of enzymatic biosensors is deeply in-

fluenced by the immobilization of the enzyme on the electrochemical
transducer, allowing an increase in stability and selectivity [69]. In this
work, LOx was immobilized onto the CS/Pt/SPCE by Cu-MOF cross-
linking using GA as a bifunctional reagent mixed with a non-active
protein, BSA. Despite the previously optimized amount of each cross-
linking component (data not shown), elimination of GA fully from the
immobilization procedure could result in higher biosensor performance
since this bifunctional reagent is known for having denaturing prop-
erties. Furthermore, the recognized porosity of the MOF structures
suggests that this type of components could also behave as an im-
mobilization frame, avoiding the need of GA as bifunctional agent.
Therefore, electrochemical measurements were carried out in the pre-
sence and absence of the crosslinking agents when Cu-MOF was pre-
sent. However, the biosensor displays a non-favorable response when
the crosslinking agents are absent. In fact, the biosensor's performance
is altered, resulting in less sensitive in the inhibitory range. Also, an
increase in measurement noise was observed, by signal to noise ratio
decrease on those conditions, hindering an ideal visualization of am-
perometric steps.

3.4. Biosensor characterization

The accuracy of the developed method was calculated in terms of
reproducibility and repeatability. Under optimum conditions, several
calibration curves were obtained varying the concentration range from
0.75 µM up to 1mM, and from 4–50mM, to study reproducibility in
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both catalysis and inhibitory zones respectively (Fig. 1 – B and C). The
reproducibility achieved in terms of RSD associated with the slopes of
the calibration curves, recorded using different biosensors, was 5.03%
in the catalysis calibration range, while for the inhibitory lactate con-
centrations an RSD of 6.82% was attained.

Despite the disposable nature, under optimum operating conditions,
a single biosensor submitted to successive calibration measurements, in
the first range, only lose more than 10% of sensitivity after the tenth
measurement (see Fig. S7, in Supplementary material).

The linear regression parameters between lactate concentration and
the analytical signal for catalysis range were used to determine the limit
of detection (LOD). Using the equation LOD=3Sx/y/b, where Sx/y is the
estimated standard deviation of the minimum concentration detected
and b the average slope of three catalysis calibration curves, the LOD
obtained was of 0.75 µM [70,71].

In terms of lifetime, the biosensors prove to maintain approximately
100% response sensitivity, reflected in terms of calibration curve slope,
for both zones up to 50 days, when stored at 4 °C until use (see Fig. S8 in
Supplementary material). The long-term stability achieved with the
LOx–Cu-MOF/CS/Pt/SPCE, improve the commercial value of the sensor
and the effectiveness in lactic acid monitoring during the malolactic
fermentation, once this process usually takes place for up to 40 days in
most wines [72]. The analytical parameters that characterize the sensor
performance are shown in Table 1.

In Table 2, the main characteristics of the developed biosensor are
compared with other LOx – based electrochemical biosensors reported
in the literature. The approach presented in this work outperforms
other devices in terms of operational stability and in terms of biosensor
performance. The proposed biosensor is the only one that offers the
possibility to determine lactate in different real samples, using two
different concentration ranges of interest, a catalytic one from 0.75 µM
to 1mM, and an inhibitory range from 4m to 50mM, both in the same
device. Our device is the only able to determine high content of lactate,
reaching an upper limit of analysis of 50mM. In addition, the

enzymatic units used of 0.25 U, are considerably lower than other ap-
proaches, that can reach similar ranges, resulting in an economic de-
vice. In this way, is possible to attend different end-users, once the
biosensor can cover a broad range of analysis, being useful in both
biological and food analysis, with possibility to perform continuous
measurements.

3.4.1. Interference study
Since the biosensor is expected to be exposed to several types of

electroactive compounds, its selectivity was examined to ensure ap-
plicability in the analysis of real life samples. Therefore, potential in-
terferences were investigated under the same experimental conditions.

First, potentially interfering substances present in wine samples
were evaluated; namely malic acid, glucose, ethanol, ascorbic acid,
tartaric acid, succinic acid, citric acid and acetic acid. Gallic acid,
quercetin and resveratrol were also tested as possible phenolic inter-
ferents. For wine interference analysis, all evaluated compounds
showed negligible electrochemical signals considering 100% the lactate
response (Fig. 2 – A). In fact, as shown in Fig. 3, red wine gives an
imperceptible signal when using a Cu–MOF/CS/Pt/SPCE based sensor
(without the enzyme), compared to the amperometric signal obtained
with a LOx–Cu-MOF/CS/Pt/SPCE based sensor.

On the other hand, the plethora of metabolites and electrolytes
present in perspiration and saliva potentially acting as biological in-
terferents were considered (Fig. 2 – B). The amperometric responses of
creatinine (84 µM), ascorbic acid (10 µM), glucose (0.17 mM), L-histi-
dine (0.52mM), pyruvic acid (0.18mM), uric acid (24.5 µM), urea
(10mM) and sodium chloride (23mM) were examined against the
lactate signal in both catalysis and inhibitory concentration ranges. At
physiological levels, negligible responses to creatinine, ascorbic acid,
glucose and pyruvic acid, with respect to the lactate signal, were found.

Uric acid and urea were identified as interfering species, since they
cause a small oxidation signal on platinum modified electrodes (Fig. 2–
B). Uric acid is present in saliva samples, however, as shown in Table 3,

Fig. 1. A: Amperograms obtained at different LOx based biosensors in 5mL of phosphate buffer pH 7.0, for successive additions of lactate ranging from 0.75 µM up to
50mM. Eap: 0.15 V; (grey) LOx/Pt/SPCE; (green) LOx–Cu-MOF/Pt/SPCE; (orange) LOx/CS/Pt/SPCE, and (blue) LOx–Cu-MOF/CS/Pt/SPCE. Calibration curves in
catalysis (B) and inhibition (C) zones obtained in optimal conditions, corresponding to amperogram (blue) LOx–Cu-MOF/CS/Pt/SPCE (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).

Table 1
Calibration parameters of LOx–Cu-MOF/CS/Pt/SPCE biosensor for lactate determination in buffered media. (*) Inhibition response at physiological level of biological
interferents.

Biosensor Working potential (V) Analysis range Sensitivity slope (µAmM-1) R2 Reproducibility (% RSD) LOD
n=3 n=3

LOx–Cu-MOF/CS/Pt/SPCE +0.15 V Catalysis 14.650 (± 0.721) 0.999 5.03 0.75 µM
Inhibition 0.207 (± 0.016) 0.997 6.82 –
Inhibition* 0.0123 (± 0.00051) 0.999 5.56 –
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high accuracy was achieved for lactate determination in this biological
matrix analysis. Important interferences were found in the presence of
L-histidine and sodium chloride (see Fig. S9 and Fig. S10 in
Supplementary material), given that these compounds inhibit the en-
zyme and their presence proves to significantly affect the performance

of the developed biosensor, decreasing its sensitivity. The inhibitory
effect of both species was found to be greater than that caused by the
lactate. As a result, the slope values of the inhibitory calibration curves
decreased by 49% and 65% in the presence of L-histidine and sodium
chloride, respectively (see Fig. S10 in Supplementary material).

More than an inhibitor of the LOx, chloride can be interfering with
the redox reaction, since this anion is described to inhibit the H2O2

oxidation onto the platinum surface, as described previously by Hall
[73]. Regarding this, chloride influence in the catalysis zone was
checked, resulting in a loss of sensitivity dependent of the anion con-
centration (see Fig. S11 in Supplementary material). Notwithstanding,
the developed biosensor shows that can be used to determine variations
in sweat lactate concentrations during physical exercise and to assess
muscular fatigue by LOx inhibition.

3.5. Application in biological and food samples

The lactate concentrations of four different samples were de-
termined using the newly developed LOx–Cu-MOF/CS/Pt/SPCE based
biosensor and the results were compared with those found using HPLC
analysis as the reference method. The initial concentrations of lactic
acid present in the samples were determined by applying the standard
addition method. Table 3 shows the good correlation between chro-
matographic and electrochemical methods for lactate quantification in
different samples, evidencing that the proposed lactate biosensor is
suitable, accurate and reliable for analyzing this type of samples.

4. Conclusions

A new dual-range LOx-based screen-printed biosensor was devel-
oped by a Cu-MOF crosslinking of only 0.25 U of LOx on a platinum
modified surface covered with chitosan. The device proved to be sui-
table for a broad range of lactate determination, offering two distinct
ranges of analysis: an enzymatic catalysis range from 0.75 µM to 1mM,
and a substrate inhibitory concentrations range comprised between 4
and 50mM. This inhibitory behavior is appropriate for determining
sweat lactate as it encompasses all the possible ranges for analysis.
Higher sensitivity in the modified platinum surface for lactate was
found when working at 0.15 V (vs SPE Ag/AgCl), avoiding the ap-
pearance of interferents. It has been proven that the Cu-MOF cross-
linking used with CS membrane result in an improved performance of
the final device for both zones. The biosensor presents good accuracy,
since RSD value was kept below 7% for both, catalytic and inhibitory
zones. A detection limit of 0.75 µM of lactate for the first zone was
determined. The biosensor showed good repeatability for nine con-
secutive measurements. When stored at 4 °C, biosensor long-term sta-
bility studies indicate that the sensitivity is maintained consistent over
a period of 50 days.

The efficiency of the developed biosensor was tested in food samples
such as white and red wines, as well as in biological samples, such as
saliva and sweat. Regarding the inhibitory zone, after a convenient
adaptation of the biosensor as a wearable device, could be useful in the
direct measurement of high concentrations of sweat lactate. Overall, the
biosensor can be potentially used to control malolactic fermentation in
the winemaking process and would be highly useful for monitoring
physical performance in sports medicine applications, as a noninvasive
routine analysis, offering a low cost and easy to use analysis of lactate.
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Fig. 2. Percentages of amperometric responses of potential interferents against
lactate response, at LOx–Cu-MOF/CS/Pt/SPCE. Eap: 0.15 V (vs SPE Ag/AgCl).
(A): wine interferents. Spiked additions of 2mg L-1 of each interferent com-
pound against lactate: 0.5 mM, in phosphate buffer (0.1M, pH 7.0); (B): phy-
siological interferents. Spiked additions of components at physiological levels,
against 4mM of lactate, in phosphate buffer saline (0.1 M, pH 7.0; with NaCl
(23mM)).

Fig. 3. Amperograms recorded at LOx–Cu-MOF/CS/Pt/SPCE (red curve) and at
control Cu-MOF/CS/Pt/SPCE (blue curve), for the determination of lactate in
wine samples. Successive additions of 10 µL of red wine in phosphate buffer
(0.1 M, pH 7.0), at Eap: 0.15 V (vs SPE Ag/AgCl).

Table 3
Comparison of results of lactate concentration obtained using amperometric
and chromatographic methods in different samples. N=number of experi-
ments.

Samples N LOx – Cu-MOF/CS/Pt/SPCE HPLC
Lactate (mM)

Red wine 5 38.82 ± 2.20 38.34 ± 2.93
White wine 5 7.90 ± 0.39 8.15 ± 1.00
Saliva 6 0.71 ± 0.08 0.73 ± 0.01
Sweat 6 34.56 ± 1.02 35.40 ± 0.60
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Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.talanta.2018.06.054.

References

[1] Y. Fujita, K. Kawaji, A. Kanamori, K. Matoba, Y. Yajima, A. Takeuchi, K. Ishii,
Relationship between age-adjusted heart rate and anaerobic threshold in estimating
exercise intensity in diabetics, Diabetes Res. Clin. Pract. 8 (1990) 69–74.

[2] M.L. Goodwin, J.E. Harris, A. Hernández, L.B. Gladden, Blood lactate measurements
and analysis during exercise: a guide for clinicians, J. Diabetes Sci. Technol. 1
(2007) 558–569.

[3] J. Bakker, P. Gris, M. Coffernils, R.J. Kahn, J.-L. Vincent, Serial blood lactate levels
can predict the development of multiple organ failure following septic shock, Am. J.
Surg. 171 (1996) 221–226.

[4] P.J. Derbyshire, H. Barr, F. Davis, S.P.J. Higson, Lactate in human sweat: a critical
review of research to the present day, J. Physiol. Sci. 62 (2012) 429–440.

[5] L.B. Gladden, Lactate metabolism: a new paradigm for the third millennium, J.
Physiol. 558 (2004) 5–30.

[6] S. Cairns, Lactic acid and exercise performance, Sports Med. 36 (2006) 279–291.
[7] R.A. Robergs, F. Ghiasvand, D. Parker, Biochemistry of exercise-induced metabolic

acidosis, Am. J. Physiol. Regul. Integr. Comp. Physiol. 287 (2004) R502–R516.
[8] G.G. Guilbault, G. Palleschi, G. Lubrano, Non-invasive biosensors in clinical ana-

lysis, Biosens. Bioelectron. 10 (1995) 379–392.
[9] E. Tékus, M. Kaj, E. Szabó, N.L. Szénási, I. Kerepesi, M. Figler, R. Gábriel,

M. Wilhelm, Comparison of blood and saliva lactate level after maximum intensity
exercise, Acta Biol. Hung. 63 (Suppl. 1) (2012) S89–S98.

[10] R. Segura, C. Javierre, J.L. Ventura, M.A. Lizarraga, B. Campos, E. Garrido, A new
approach to the assessment of anaerobic metabolism: measurement of lactate in
saliva, Br. J. Sports Med. 30 (1996) 305–309.

[11] L. Rassaei, W. Olthuis, S. Tsujimura, E.J.R. Sudhölter, A. Van Den Berg, Lactate
biosensors: current status and outlook, Anal. Bioanal. Chem. 406 (2014) 123–137.

[12] D.A. Sakharov, M.U. Shkurnikov, M.Y. Vagin, E.I. Yashina, A.A. Karyakin,
A.G. Tonevitsky, Relationship between lactate concentrations in active muscle
sweat and whole blood, Bull. Exp. Biol. Med. 150 (2010) 83–85.

[13] S. Wolfe, G. Cage, M. Epstein, L. Tice, H. Miller, R.S. Gordon, Metabolic studies of
isolated human eccrine sweat glands, J. Clin. Investig. 49 (1970) 1880–1884.

[14] M.J. Buono, N.V.L. Lee, P.W. Miller, The relationship between exercise intensity
and the sweat lactate excretion rate, J. Physiol. Sci. 60 (2010) 103–107.

[15] P. Pilardeau, J. Vaysse, M. Garnier, M. Joublin, L. Valeri, Secretion of eccrine sweat
glands during exercise, Br. J. Sports Med. 13 (1979) 118–121.

[16] A.B. Stefaniak, C.J. Harvey, Dissolution of materials in artificial skin surface film
liquids, Toxicol. Vitr. 20 (2006) 1265–1283.

[17] C.J. Harvey, R.F. LeBouf, A.B. Stefaniak, Formulation and stability of a novel ar-
tificial sebum under conditions of storage and use, Int. J. Cosmet. Sci. 32 (2010)
347–355.

[18] J.M. Green, R.C. Pritchett, T.R. Crews, J.R. McLester, D.C. Tucker, Sweat lactate
response between males with high and low aerobic fitness, Eur. J. Appl. Physiol. 91
(2004) 1–6.

[19] N. Nikolaus, B. Strehlitz, Amperometric lactate biosensors and their application in
(sports) medicine, for life quality and wellbeing, Microchim. Acta 160 (2008)
15–55.

[20] S. Pérez, E. Fàbregas, Amperometric bienzymatic biosensor for l-lactate analysis in
wine and beer samples, Analyst 137 (2012) 3854, http://dx.doi.org/10.1039/
c2an35227c.

[21] A. Lonvaud-Funel, Lactic acid bacteria in the quality improvement and depreciation
of wine, Antonie van leeuwenhoek, Int. J. Gen. Mol. Microbiol. 76 (1999) 317–331.

[22] M. Briones, E. Casero, M.D. Petit-Domínguez, M. a. Ruiz, A.M. Parra-Alfambra,
F. Pariente, E. Lorenzo, L. Vázquez, Diamond nanoparticles based biosensors for
efficient glucose and lactate determination, Biosens. Bioelectron. 68 (2015)
521–528.

[23] K. Rathee, V. Dhull, R. Dhull, S. Singh, Biosensors based on electrochemical lactate
detection: a comprehensive review, Biochem. Biophys. Rep. 5 (2016) 35–54.

[24] H. Teymourian, A. Salimi, R. Hallaj, Low potential detection of NADH based on
Fe3O4 nanoparticles/multiwalled carbon nanotubes composite: fabrication of in-
tegrated dehydrogenase-based lactate biosensor, Biosens. Bioelectron. 33 (2012)
60–68.

[25] C.S. Pundir, V. Narwal, B. Batra, Determination of lactic acid with special emphasis
on biosensing methods: a review, Biosens. Bioelectron. 86 (2016) 777–790.

[26] O.D. Renedo, M.A. Alonso-Lomillo, M.J.A. Martínez, Recent developments in the
field of screen-printed electrodes and their related applications, Talanta 73 (2007)
202–219.

[27] H. Wu, J. Wang, X. Kang, C. Wang, D. Wang, J. Liu, I.A. Aksay, Y. Lin, Glucose
biosensor based on immobilization of glucose oxidase in platinum nanoparticles/
graphene/chitosan nanocomposite film, Talanta 80 (2009) 403–406.

[28] Y.C. Tsai, S.Y. Chen, C.A. Lee, Amperometric cholesterol biosensors based on
carbon nanotube-chitosan-platinum-cholesterol oxidase nanobiocomposite, Sens.
Actuators B Chem. 135 (2008) 96–101.

[29] H. Tang, J. Chen, S. Yao, L. Nie, G. Deng, Y. Kuang, Amperometric glucose bio-
sensor based on adsorption of glucose oxidase at platinum nanoparticle-modified
carbon nanotube electrode, Anal. Biochem. 331 (2004) 89–97.

[30] X. Jiang, Y. Wu, X. Mao, X. Cui, L. Zhu, Amperometric glucose biosensor based on
integration of glucose oxidase with platinum nanoparticles/ordered mesoporous

carbon nanocomposite, Sens. Actuators B Chem. 153 (2011) 158–163.
[31] J. Huang, J. Li, Y. Yang, X. Wang, B. Wu, J. ichi Anzai, T. Osa, Q. Chen,

Development of an amperometric l-lactate biosensor based on l-lactate oxidase
immobilized through silica sol-gel film on multi-walled carbon nanotubes/platinum
nanoparticle modified glassy carbon electrode, Mater. Sci. Eng. C 28 (2008)
1070–1075.

[32] S.B. Hall, E.A. Khudaish, A.L. Hart, Electrochemical oxidation of hydrogen peroxide
at platinum electrodes. Part 1. An adsorption-controlled mechanism,
Electroanalysis 43 (1998) 579–588.

[33] A. Abellán-Llobregat, I. Jeerapan, A. Bandodkar, L. Vidal, A. Canals, J. Wang,
E. Morallón, A stretchable and screen-printed electrochemical sensor for glucose
determination in human perspiration, Biosens. Bioelectron. 91 (2017) 885–891.

[34] P.J. Lamas-Ardisana, O.A. Loaiza, L. Añorga, E. Jubete, M. Borghei, V. Ruiz,
E. Ochoteco, G. Cabañero, H.J. Grande, Disposable amperometric biosensor based
on lactate oxidase immobilised on platinum nanoparticle-decorated carbon nano-
fiber and poly(diallyldimethylammonium chloride) films, Biosens. Bioelectron. 56
(2014) 345–351.

[35] M. Kumar, A review of chitin and chitosan applications, React. Funct. Polym. 46
(2000) 1–27.

[36] B. Krajewska, Application of chitin- and chitosan-based materials for enzyme im-
mobilizations: a review, Enzym. Microb. Technol. 35 (2004) 126–139.

[37] M. Rinaudo, Chitin and chitosan: properties and applications, Prog. Polym. Sci. 31
(2006) 603–632.

[38] S. Mansouri Majd, A. Salimi, B. Astinchap, Label-free attomolar detection of lactate
based on radio frequency sputtered of nickel oxide thin film field effect transistor,
Biosens. Bioelectron. 92 (2017) 733–740.

[39] G. Wang, J.J. Xu, H.Y. Chen, Z.H. Lu, Amperometric hydrogen peroxide biosensor
with sol-gel/chitosan network-like film as immobilization matrix, Biosens.
Bioelectron. 18 (2003) 335–343.

[40] Y. Liu, M. Wang, F. Zhao, Z. Xu, S. Dong, The direct electron transfer of glucose
oxidase and glucose biosensor based on carbon nanotubes/chitosan matrix, Biosens.
Bioelectron. 21 (2005) 984–988.

[41] X. Kang, J. Wang, H. Wu, I.A. Aksay, J. Liu, Y. Lin, Glucose oxidase-graphene-
chitosan modified electrode for direct electrochemistry and glucose sensing,
Biosens. Bioelectron. 25 (2009) 901–905.

[42] G.D. Altun, S.A. Cetinus, Immobilization of pepsin on chitosan beads, Food Chem.
100 (2007) 964–971.

[43] Ş. Akkuş Çetinus, H. Nursevin Öztop, Immobilization of catalase into chemically
crosslinked chitosan beads, Enzym. Microb. Technol. 32 (2003) 889–894.

[44] J. Cruz, M. Kawasaki, W. Gorski, Electrode coatings based on chitosan scaffolds,
Anal. Chem. 72 (2000) 680–686.

[45] S.E. Miller, M.H. Teplensky, P.Z. Moghadam, D. Fairen-Jimenez, Metal-organic
frameworks as biosensors for luminescence-based detection and imaging, Interface
Focus 6 (2016) 20160027.

[46] H. Furukawa, K.E. Cordova, M. O’Keeffe, O.M. Yaghi, The chemistry and applica-
tions of metal-organic frameworks, Science 341 (123044) (2013) 974 (80-.).

[47] F.-X. Qin, S.-Y. Jia, F.-F. Wang, S.-H. Wu, J. Song, Y. Liu, Hemin@metal–organic
framework with peroxidase-like activity and its application to glucose detection,
Catal. Sci. Technol. 3 (2013) 2761.

[48] X. Wang, X. Lu, L. Wu, J. Chen, 3D metal-organic framework as highly efficient
biosensing platform for ultrasensitive and rapid detection of bisphenol A, Biosens.
Bioelectron. 65 (2015) 295–301.

[49] M. Gamero, M. Sosna, F. Pariente, E. Lorenzo, P.N. Bartlett, C. Alonso, Influence of
macroporous gold support and its functionalization on lactate oxidase-based bio-
sensors response, Talanta 94 (2012) 328–334.

[50] W. Gao, S. Emaminejad, H.Y.Y. Nyein, S. Challa, K. Chen, A. Peck, H.M. Fahad,
H. Ota, H. Shiraki, D. Kiriya, D.-H. Lien, G.A. Brooks, R.W. Davis, A. Javey, Fully
integrated wearable sensor arrays for multiplexed in situ perspiration analysis,
Nature 529 (2016) 509–514.

[51] M.H. Faridnia, G. Palleschi, G.J. Lubrano, G.G. Guilbault, Amperometric biosensor
for determination of lactate in sweat, Anal. Chim. Acta 278 (1993) 35–40.

[52] W. Jia, A.J. Bandodkar, G. Valde-Ramírez, J.R. Windmiller, Z. Yang, J. Ramírez,
G. Chan, J. Wang, Electrochemical tattoo biosensors for real-time noninvasive
lactate monitoring in human perspiration, Anal. Chem. 85 (2013) 6553–6560.

[53] S. Imani, A.J. Bandodkar, A.M.V. Mohan, R. Kumar, S. Yu, J. Wang, P.P. Mercier, A
wearable chemical–electrophysiological hybrid biosensing system for real-time
health and fitness monitoring, Nat. Commun. 7 (2016) 11650.

[54] K. Petropoulos, S. Piermarini, S. Bernardini, G. Palleschi, D. Moscone, Development
of a disposable biosensor for lactate monitoring in saliva, Sens. Actuators B Chem.
237 (2016) 8–15.

[55] J. Ballesta Claver, M.C. Valencia Mirón, L.F. Capitán-Vallvey, Disposable electro-
chemiluminescent biosensor for lactate determination in saliva, Analyst 134 (2009)
1423–1432.

[56] A.M. Spehar-Délèze, S. Anastasova, P. Vadgama, Electropolymerised phenolic films
as internal barriers for oxidase enzyme biosensors, Electroanalysis 26 (2014)
1335–1344.

[57] J. Kim, G. Valdés-Ramírez, A.J. Bandodkar, W. Jia, A.G. Martinez, J. Ramírez,
P. Mercier, J. Wang, Non-invasive mouthguard biosensor for continuous salivary
monitoring of metabolites, Analyst 139 (2014) 1632–1636.

[58] L.V. Shkotova, T.B. Goriushkina, C. Tran-Minh, J.M. Chovelon, A.P. Soldatkin,
S.V. Dzyadevych, Amperometric biosensor for lactate analysis in wine and must
during fermentation, Mater. Sci. Eng. C 28 (2008) 943–948.

[59] R. Monošík, M. Streďanský, G. Greif, E. Šturdík, A rapid method for determination
of l-lactic acid in real samples by amperometric biosensor utilizing nanocomposite,
Food Control. 23 (2012) 238–244.

[60] S. Anastasova, B. Crewther, P. Bembnowicz, V. Curto, H.M. Ip, B. Rosa, G.Z. Yang, A

H. Cunha-Silva, M.J. Arcos-Martinez Talanta 188 (2018) 779–787

786

http://dx.doi.org/10.1016/j.talanta.2018.06.054
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref1
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref1
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref1
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref2
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref2
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref2
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref3
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref3
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref3
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref4
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref4
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref5
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref5
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref6
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref7
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref7
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref8
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref8
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref9
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref9
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref9
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref10
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref10
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref10
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref11
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref11
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref12
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref12
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref12
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref13
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref13
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref14
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref14
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref15
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref15
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref16
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref16
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref17
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref17
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref17
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref18
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref18
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref18
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref19
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref19
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref19
http://dx.doi.org/10.1039/c2an35227c
http://dx.doi.org/10.1039/c2an35227c
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref21
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref21
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref22
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref22
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref22
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref22
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref23
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref23
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref24
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref24
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref24
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref24
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref25
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref25
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref26
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref26
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref26
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref27
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref27
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref27
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref28
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref28
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref28
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref29
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref29
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref29
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref30
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref30
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref30
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref31
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref31
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref31
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref31
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref31
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref32
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref32
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref32
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref33
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref33
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref33
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref34
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref34
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref34
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref34
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref34
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref35
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref35
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref36
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref36
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref37
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref37
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref38
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref38
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref38
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref39
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref39
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref39
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref40
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref40
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref40
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref41
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref41
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref41
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref42
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref42
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref43
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref43
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref44
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref44
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref45
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref45
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref45
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref46
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref46
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref47
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref47
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref47
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref48
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref48
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref48
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref49
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref49
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref49
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref50
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref50
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref50
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref50
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref51
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref51
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref52
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref52
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref52
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref53
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref53
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref53
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref54
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref54
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref54
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref55
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref55
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref55
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref56
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref56
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref56
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref57
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref57
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref57
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref58
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref58
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref58
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref59
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref59
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref59
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref60


wearable multisensing patch for continuous sweat monitoring, Biosens. Bioelectron.
94 (2017) 730.

[61] J.Y. Lee, D.H. Olson, L. Pan, T.J. Emge, J. Li, Microporous metal-organic frame-
works with high gas sorption and separation capacity, Adv. Funct. Mater. 17 (2007)
1255–1262.

[62] M.A. Alonso-Lomillo, O. Domínguez-Renedo, L. del, T. de Román, M.J. Arcos-
Martínez, Horseradish peroxidase-screen printed biosensors for determination of
Ochratoxin A, Anal. Chim. Acta 688 (2011) 49–53.

[63] X. Dai, R.G. Compton, Detection of As(III) via oxidation to As(V) using platinum
nanoparticle modified glassy carbon electrodes: arsenic detection without inter-
ference from copper, Analyst 131 (2006) 516–521.

[64] L. Roque, I. Escudero, J.M. Benito, Lactic acid recovery by microfiltration using
niosomes as extraction agents, Sep. Purif. Technol. 151 (2015) 1–13.

[65] S. Trasatti, O.A. Petrii, Real surface area measurements in electrochemistry, J.
Electroanal. Chem. 327 (1992) 353–376.

[66] J.O. Bockris, B.E. Conway, R.E. White, Mod. Asp. Electrochem. (1992).
[67] P. Daubinger, J. Kieninger, T. Unmüssig, G.A. Urban, Electrochemical character-

istics of nanostructured platinum electrodes - a cyclic voltammetry study, Phys.
Chem. Chem. Phys. 16 (2014) 8392–8399.

[68] J. Wang, Analytical Electrochemistry, John Wiley & Sons, 2006.
[69] M.A. Alonso-Lomillo, O. Domínguez-Renedo, M.J. Arcos-Martinez, Enzyme

modified screen printed electrodes, in: R. Courneaux, P. Novotny (Eds.), Biosens.
Prop. Mater. Appl. Nova Publishers, Hauppauge NY, 2009, pp. 1–52.

[70] J. Mocak, a.M. Bond, S. Mitchell, G. Scollary, A statistical overview of standard
(IUPAC and ACS) and new procedures for determining the limits of detection and
quantification: application to voltammetric and stripping techniques (Technical
Report), Pure Appl. Chem. 69 (1997) 297–328.

[71] E.R. Ziegel, Stat. Chemom. Anal. Chem. (2004).
[72] P. Giménez-Gómez, M. Gutiérrez-Capitán, F. Capdevila, A. Puig-Pujol,

C. Fernández-Sánchez, C. Jiménez-Jorquera, Monitoring of malolactic fermentation
in wine using an electrochemical bienzymatic biosensor for l-lactate with long term
stability, Anal. Chim. Acta 905 (2016) 126–133.

[73] S.B. Hall, E.A. Khudaish, A.L. Hart, Electrochemical oxidation of hydrogen peroxide
at platinum electrodes. Part V: inhibition by chloride, Electrochim. Acta 45 (2000)
3573–3579.

[74] D. Jiang, Z. Chu, J. Peng, W. Jin, Screen-printed biosensor chips with Prussian blue
nanocubes for the detection of physiological analytes, Sens. Actuators B Chem. 228
(2016) 679–687.

[75] W. Jia, A.J. Bandodkar, G. Valdés-Ramírez, J.R. Windmiller, Z. Yang, J. Ramírez,
G. Chan, J. Wang, Electrochemical tattoo biosensors for real-time noninvasive
lactate monitoring in human perspiration, Anal. Chem. 85 (2013) 6553–6560.

H. Cunha-Silva, M.J. Arcos-Martinez Talanta 188 (2018) 779–787

787

http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref60
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref60
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref61
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref61
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref61
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref62
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref62
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref62
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref63
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref63
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref63
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref64
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref64
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref65
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref65
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref66
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref67
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref67
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref67
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref68
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref69
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref69
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref69
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref70
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref70
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref70
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref70
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref71
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref72
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref72
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref72
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref72
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref73
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref73
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref73
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref74
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref74
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref74
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref75
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref75
http://refhub.elsevier.com/S0039-9140(18)30660-X/sbref75

	Dual range lactate oxidase-based screen printed amperometric biosensor for analysis of lactate in diversified samples
	Introduction
	Materials and methods
	Materials
	Apparatus
	SPE manufacturing
	Electrodemodification
	Platinum coating (Pt/SPCE)
	Preparation of enzymatic electrodes (LOx–Cu-MOF/CS/Pt/SPCE)

	Electrochemical measurements
	HPLC measurements

	Results and discussion
	Electroactive surface area determination
	Chitosan influence in amperometric measurements
	Optimization of immobilization procedure
	Copper metal-organic framework influence in amperometric measurement
	Enzymatic crosslinking

	Biosensor characterization
	Interference study

	Application in biological and food samples

	Conclusions
	Acknowledgements
	Supporting information
	References




