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ABSTRACT: Wearable lactate sensors for sweat analysis are
highly appealing for both the sports and healthcare fields.
Electrochemical biosensing is the approach most widely used for
lactate determination, and this technology generally demonstrates
a linear range of response far below the expected lactate levels in
sweat together with a high influence of pH and temperature. In this
work, we present a novel analytical strategy based on the restriction
of the lactate flux that reaches the enzyme lactate oxidase, which is
immobilized in the biosensor core. This is accomplished by means
of an outer plasticized polymeric layer containing the quaternary
salt tetradodecylammonium tetrakis(4-chlorophenyl) borate (tra-
ditionally known as ETH500). Also, this layer prevents the enzyme
from being in direct contact with the sample, and hence, any
influence with the pH and temperature is dramatically reduced. An expanded limit of detection in the millimolar range (from 1 to 50
mM) is demonstrated with this new biosensor, in addition to an acceptable response time; appropriate repeatability, reproducibility,
and reversibility (variations lower than 5% for the sensitivity); good resiliency; excellent selectivity; low drift; negligible influence of
the flow rate; and extraordinary correlation (Pearson coefficient of 0.97) with a standardized method for lactate detection such as ion
chromatography (through analysis of 22 sweat samples collected from 6 different subjects performing cycling or running). The
developed lactate biosensor is suitable for on-body sweat lactate monitoring via a microfluidic epidermal patch additionally
containing pH and temperature sensors. This applicability was demonstrated in three different body locations (forehead, thigh, and
back) in a total of five on-body tests while cycling, achieving appropriate performance and validation. Moreover, the epidermal patch
for lactate sensing is convenient for the analysis of sweat stimulated by iontophoresis in the subjects’ arm, which is of great potential
toward healthcare applications.
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Wearable chemical sensing for real-time and continuous
monitoring of sweat composition is a very attractive

concept for sport performance, as physiological information
can be acquired without disturbing athletes during exercise.1 In
particular, lactate is considered an important biomarker for
such purpose due to its involvement in anaerobic metabolism.2

In a strong physical activity, undesired local accumulation of
lactate may occur in the working muscle, this being manifested
in the form of soreness, pain, and fatigue.3 Thus, changes in the
concentration of lactate in blood are frequently used to
monitor endurance sport in elite athletes through the well-
known threshold curve.2 On the other hand, lactate
determination in sweat is not as common yet, but some
authors have pointed out a possible correlation between sweat
lactate and exercise intensity.4,5 Some particular studies have
reported on the need of monitoring sweat close to the active
muscle to find such correlations.5 In addition, lactate in sweat
is believed to provide unique information about the general
health status of the individual, including pressure ischemia and
insufficient oxidative metabolism.6 As a result, the real-time
and continuous monitoring of lactate in sweat has been

claimed as a rich source of information to preserve the health
status of athletes while maximizing their sport performance.5,7

Electrochemical sensors are particularly convenient in the
wearable sensing technology owing to their simplicity, high
versatility, low cost, and great capacity for implementation into
wearable devices.8,9 In the specific case of lactate detection in
sweat, several nonenzymatic10−12 and enzymatic13−16 sensors
have been reported in the last years, with electrochemical
enzyme-based biosensors being the basis of the majority of
commercial portable lactate meters for blood tests. Interest-
ingly, these devices have been also used for the detection of
lactate in sweat,17 although their accuracy strongly depends on
the sweat collection method. This is known to traditionally
suffer from issues related to uncontrolled sample evapora-
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tion.18 Consequently, the implementation of lactate biosensors
in a wearable configuration, thus avoiding sample collection, is
essential for its success.
In such direction, the most commonly used concept is

lactate oxidase (LOx) as the enzyme19,20 in first-generation
biosensors that use Prussian blue (PB) to mediate hydrogen
peroxide (subproduct of the enzymatic reaction) detection at
mild applied potentials.13,16 For example, Cheng and co-
workers employed this approach to develop a textile wearable
sensor based on gold fiber electrodes that presented a linear
response up to 5 mM,13 which is not enough to cover the
expected ranges in sweat while doing sport (lactate levels
expected are up to ca. 25 mM or even higher). Vinoth et al.
reported on a wearable device for the simultaneous
determination of sodium, potassium, pH, and lactate with a
linear range of response (LRR) from 1 to 25 mM for the latter,
but with the sensitivity being highly affected by pH and
temperature.16 Nevertheless, on-body measurements during
cycling resulted in lower values than those measured by high-
performance liquid chromatography, which deserves attention
toward reliable measurements. In a similar direction, Gao et al.
reported a wearable sensor array for the simultaneous
determination of lactate, glucose, sodium, potassium, and
temperature.21 This lactate biosensor showed a relatively wide
LRR for lactate (2−30 mM), and the authors claimed that it
did not require calibration prior to on-body implementation.
However, data for the validation of on-body measurements
against a reference analytical technique were only shown for
glucose and sodium, with no tangible information regarding
the reliability of on-body lactate measurements. Indeed,
reliability in on-body determination of lactate is an issue that
is not usually properly addressed in the literature.12,21,22

Lactate biosensing has also been demonstrated with
dehydrogenase (LDH) enzyme,23 although the need of the
nicotinamide adenine dinucleotide (NAD+) cofactor and
proton coupling make it difficult to realize this enzyme as
the core of an effective wearable sensor. Nevertheless, LDH
biosensors are very attractive for other kinds of applications,
such as extracellular measurements. Other options for lactate
biosensing have explored second-generation biosensors using
tetrathiafulvalene (TTF) as the redox mediator.14,15 The group

of Wang presented a temporary tattoo biosensor with an LRR
from 1 to 20 mM that was used in certain on-body tests with
impressive results (nice correlation with the validation
method).14 Payne et al. reported on a series of considerations
about the effect of pH, temperature, and other ions in the
amperometric response of TTF-LOx biosensors before being
adapted for on-body measurements.15 Alternatively, the group
of Karyakin used enzyme engineering to increase the apparent
Michaelis constant of LOx and hence extend the LRR (up to
500 mM).24 Despite the on-body use of these sensors being
not totally demonstrated, these works highlighted the
importance of further investigations on wearable lactate
sensing technology going in the direction of reproducible
and extended LRR that covers expected levels in sweat.
Thus, although some efforts have already been made toward

real-time wearable sensing of lactate in sweat, most of the
reported works fail to meet at least one of the following
indispensable criteria: (i) adequate LRR that covers lactate
levels in sweat; (ii) nondependence to other sweat parameters
such as pH, temperature, or interfering compounds,; and (iii)
demonstrated reliability of on-body measurements. In this
direction, we present a new lactate biosensor with
unprecedented LRR from 1 to 50 mM in sweat. Such an
impressive performance is achieved by means of the
incorporation of an outer layer to the PB-LOx electrode.
The layer is composed of a polymer, plasticizer, and lipophilic
salt to limit the flux of lactate that reaches the LOx enzyme.
Advantageously, the outer layer does not affect the response
time upon lactate concentration changes and indeed prevents
the biosensor response from being affected by pH, temper-
ature, and other ions in the sample. This sort of outer layers
has been denoted as ″diffusion limiting membranes″ in the
literature and have been widely used to avoid the direct contact
of the enzyme-based electrode with the sample solution.25

Beyond the expected partition of the analyte between such
outer membrane and sample phases, the film porosity has been
reported to affect the LRR of the resulting biosensor, with
lower porosities providing a more efficient restriction toward
lactate diffusion, avoiding enzyme saturation, and somehow
controlling the presence of interfering species.25,26 The new
lactate biosensor has been successfully implemented in a

Figure 1. Images of (a) lactate, pH, and T sensors. (b) Epidermal patch with three microfluidic channels. (c) Epidermal patch with the sensors.
Attachment of the epidermal patch in (d) the forehead and (e) thigh during cycling and (f) in the arm after iontophoresis. (g) Illustration of the
sensing mechanism underlying lactate detection in sweat.
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wearable epidermal patch together with pH and temperature
sensors, being suitable for lactate measurements encompassing
both natural and stimulated perspiration, as herein demon-
strated.

■ EXPERIMENTAL SECTION
Preparation of Lactate, T, and pH Sensors. Lactate, pH, and

temperature measurements were accomplished by amperometry
(application of −50 mV), potentiometry, and resistance readouts,
respectively. A total of seven electrodes were fabricated (Figure 1a):
three for lactate (working, reference, and counter: WE1, RE1, and
CE1), two for pH (working and reference: WE2 and RE2), and
another two for temperature (two carbon electrodes). All electrodes
were manually screen-printed using either carbon (working and
counter electrodes as well as the temperature sensor) or Ag/AgCl
(reference electrodes) ink. The paths consisted of a rectangular trace
(3 × 17 × 0.1 mm) with a circle ending (diameter of 2 mm). The
layer-by-layer structure of each electrode is shown in Figure S1 in the
Supporting Information. Briefly, the lactate biosensor was based on
three layers: Prussian blue (PB) as the redox mediator; lactate oxidase
(LOx) as the enzyme; and a membrane containing tetradodecylam-
monium tetrakis(4-chlorophenyl) borate (ETH 500), polyvinyl
chloride (PVC), and bis(2-ethylhexyl) sebacate (DOS). The pH
sensor consisted of a polyaniline (PANI) electrode, and temperature
measurements were based on the electrical connection of two carbon
electrodes by multiwalled carbon nanotubes (MWCNTs).27 Details
for electrode fabrication are provided in the Supporting Information.
Fabrication of Epidermal Patches. The microfluidic cells,

containing either three (Figure 1b) or only one microfluidic channel
(Figure S2), were designed with the AutoCAD software and
fabricated by 3D printing equipment. The cell was made of flexible
polyurethane and consisted of inlets (1.5 mm diameter hole)
implemented in the microfluidic channels (30 × 1.5 × 0.1 mm) to
collect and flow the sweat during perspiration. The sensors in each
channel were allocated at the same distance from the inlet to ensure
simultaneity in the measurements. The presence of two outlets
ensures that sweat accumulation at the end of the microfluidic
channels is avoided. In the case of the cell containing the three
channels, one of each is dedicated to lactate, pH, and T sensors
(Figure 1c), whereas only the lactate biosensor is placed in the one-
channel cell (Figure S2). To be attached to the skin, the part of the
microfluidic cell opposite to that in where the sensors are
implemented contains a double adhesive tape (medical grade). In
addition, the patch is attached in the different parts of the body by
means of straps. Figure 1d−f presents images of the epidermal patch
positioned in the forehead, thigh, and arm, the latter after applying
iontophoresis.

■ RESULTS AND DISCUSSION

Investigation of Different PVC Membranes as
Diffusion Limiting Layers in Lactate Biosensing. The
sensing mechanism underlying the lactate detection developed
in this paper is illustrated in Figure 1g. Essentially, the working
principle is based on the conversion of lactate to pyruvate by
enzymatic reaction with LOx, which results in the formation of
hydrogen peroxide as the subproduct. This is then detected
through PB as the redox mediator: upon activation at a
constant potential, the PB layer in its original (oxidized) state
(PBox) is electrochemically reduced to PBred, which is then
oxidized back to PBox in the presence of the hydrogen
peroxide. The latter conversion occurs spontaneously and
manifests in a more negative current at increasing concen-
tration of peroxide and, hence, increasing concentration of
lactate reaching the enzyme. The readout principle has been
previously reported not only for the development of lactate
sensors but also others, all relying on the formation of

hydrogen peroxide through the enzymatic conversion of the
analyte.13,28

Figure 2a displays the dynamic amperometric response at an
applied potential of −50 mV at increasing lactate concen-

trations in 0.1 M phosphate buffer and using a biosensor based
on a double-layer design: a PB film and the LOx enzyme
immobilized in a Nafion matrix on top. As observed, the LRR
is displayed from 15 to 400 μM, with a sensitivity of −641 ±
21 nA mM−1 (n = 3 electrodes), limit of detection (LD) of
32.6 μM (calculated as the lactate concentration corresponding
to a signal-to-noise ratio of 3), and response time of <8 s
(calculated as the time needed to reach the 95% of the steady-
state signal) in the entire LRR. Then, the linear response
deteriorates because of the enzyme saturation from 630 μM
lactate concentration (inset in Figure 2a).
Despite this result being promising to be used as a

calibration graph for the detection of unknown lactate
concentrations in samples, the LRR is very low compared to
the expected levels of lactate in any undiluted biological fluid:
3.7−50 mM in sweat, 0.5−1 mM in urine, 3−6 mM in plasma,
1−35 mM in interstitial fluid, 0.05−0.37 mM in saliva, and 1−
5 mM in tears.6,29−32 Also, the response was slightly noisy,
which is likely explained by an effect of the stirring of the
sample solution over the lactate additions. Notably, other
polymeric materials rather than Nafion have also been
proposed in the literature to entrap LOx. This is the case for
chitosan.16,33−35 However, these sensors also presented a
reduced LRR.

Figure 2. Dynamic responses and corresponding calibration curves
(insets) carried out in phosphate buffer 0.1 M at increasing lactate
concentrations using biosensors (a) without and (b) with an outer
polymeric layer. (c) Chronoamperometric response of the optimized
biosensor. (d) Dynamic response for reversibility studies. Dynamic
amperometric response and corresponding calibration curves (insets)
carried out (e) at room temperature and at different pH values and (f)
at pH 8.1 and different temperatures.
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It is therefore necessary to investigate how to develop a
lactate biosensor presenting an LRR in the millimolar range
rather than in the micromolar one together with a less noisy
signal, minimizing any error in lactate quantification. Our
proposal is the implementation of an outer layer on top of the
enzyme aiming to provide a partition of the lactate available in
the sample solution into that layer. Thus, the flux of lactate
reaching the enzyme is reduced compared to that achieved
with the bare enzyme directly immersed in the bulk solution
(see Figure 1g). As a result, the saturation of the LOx is
expected at a higher lactate concentration in the sample. This
outer layer is traditionally called as ″diffusion limiting layer″
and has been proposed in the form of polymeric films with
thicknesses ranging from 10 to 50 μm for other analy-
tes.26,36−38 Specifically, we have evaluated PVC-based mem-
branes deposited on top of the PB-LOx biosensor.
Figure 2b presents the dynamic responses and correspond-

ing calibration graphs in 0.1 M phosphate buffer for lactate
biosensors prepared with different outer layers: (i) a mixture of
PVC and DOS [membrane M1], (ii) PVC−DOS matrix with
0.5 wt % tridodecylmethylammonium chloride (TDMAC)
[membrane M2], and (iii) PVC−DOS matrix with 3 and 9 wt
% of ETH 500 [membranes M3 and M4]. Note that DOS is a
common plasticizer to create appropriate PVC-based mem-
branes used in electrochemistry,39 TDMAC is an anion
exchanger, and ETH 500 is a lipophilic electrolyte used to
reduce the electrical resistance40 while increasing the hydro-
phobicity of the membrane.41 Importantly, recent cytotoxicity
studies performed in our research group revealed that these
compounds have no visible effect in a time frame from 0 to 96
h when incubated at different conditions with fibroblasts.42 In
that study, even the leaching effect of the DOS plasticizer was
discarded from potential toxicity. Notably, because the
biosensor is integrated into the epidermal patch for the on-
body tests, any cytotoxicity risk arisen from the components of
the outer layer was minimized (or almost inexistent). For the
detailed membrane compositions, the reader is referred to
Table S1.
All the biosensors prepared with a PVC-based outer layer

showed a shift of the LRR toward higher lactate concentrations
(in the millimolar range) compared to the electrode prepared
without any outer layer (Figure 2a versus Figure 2b). More
specifically, the PVC−DOS membrane (M1) provided an LRR
from 1 to 10 mM, with a sensitivity of −26.4 ± 0.7 nA mM−1

(n = 3 electrodes), LD of 0.10 mM, and response time of <86 s
in the entire LRR. Then, the PVC−DOS−TDMAC membrane
(M2) showed an LRR from 1 to 15 mM, with a sensitivity of
−35 ± 2 nA mM−1 (n = 3 electrodes), LD of 0.13 mM, and
response time of <79 s. Finally, the membranes with 3 and 9 wt
% of ETH500 (M3 and M4) displayed LRRs of 1−25 and 1−
15 mM, sensitivities of −29.3 ± 0.6 nA mM−1 (n = 3
electrodes) and −31.2 ± 0.9 nA mM−1 (n = 3 electrodes), LDs
of 0.10 and 0.17 mM, and response times of <85 and <67 s,
respectively. Overall, these experiments pointed out the right
direction toward an appropriate LRR to detect lactate in
undiluted biological fluids, confirming hence the core
hypothesis of the working mechanism of the biosensor
response based on a reduction of the flux of lactate reaching
the enzyme layer (see Figure 1g).
The sensitivity of all the biosensors prepared with the outer

PVC membrane was in the order of ca. 20 times lower than
that displayed by the biosensor without any outer layer. This
reduction in the sensitivity is in principle expected because the

same enzymatic activity (i.e., the same PB-LOx configuration)
is used in a wider lactate range in the case of biosensors
fabricated with the polymeric outer membrane. Then, any
difference in the LRR and/or the response time between the
PVC-based biosensors is ascribed to a different partition of
lactate in such membranes, as the thickness was kept to ca.10
μm (measured with profilometer measurements) in all the
cases.
For the membrane containing the anion-exchanger

TDMAC, it has been already demonstrated in the literature
that quaternary ammonium salts (also in the form of ionic
liquids) act as mobile carriers for lactate in plasticized PVC
membranes.43,44 The permeation flux of lactate from a feed
phase (analogous to the sample solution) to a receiving one
(the enzyme layer in the case of our biosensor) through the
membrane was unequivocally visualized. Interestingly, the net
lactate flux from one phase to the other was independent of the
amount of the quaternary ammonium salt in the plasticized
PVC membrane. Indeed, we realized the same effect in our
experiments, and practically the same calibration graph was
obtained when the TDMAC was present in the range from 0.1
to 2.7 wt %. However, the response presented in Figure 2b for
the biosensor prepared with the PVC/DOS/TDMAC outer
layer was found to gradually deteriorate with subsequent
calibrations in such a way that both the sensitivity and the
lactate concentration corresponding to the enzyme saturation
(i.e., shorter LRR) decreased. As a result, this biosensor was
categorized as not convenient for further experiments.
Concerning the biosensors prepared with the PVC/DOS/

ETH500 outer layer, previous studies have demonstrated that
ETH 500 decreases water uptake and increases membrane
lipophilicity, thereby reducing the resistance of plasticized PVC
membranes.40,45 We observed that membranes containing 3 wt
% ETH500 result in a wider LRR than those containing
TDMAC or no additive and, more importantly and contrarily
to membranes containing TDMAC, the response was
reproducible not only between electrodes but also for
consecutive calibrations. The sensor response was found to
be dependent on the amount of ETH 500 in the plasticized
polymeric membrane, with a higher content (i.e., 9 wt %)
displaying a slightly narrower LRR. This deterioration in the
sensor linearity is likely related to an overimproved permeation
of lactate, which weakens the barrier effect of the membrane.
Thus, the PVC/DOS/ETH500 membrane with a 3 wt %
content of ETH500 was selected for further studies.
Finally, regarding the thickness of the outer polymeric layer,

this was calculated to be close to 10 μm (by means of
profilometer measurements) for deposited volumes ranging
from 1.5 to 3 μL, which was an appropriate amount to ensure
the full coverage of the working electrode surface without
spreading the cocktail-drop to the entire chip and hence
causing undesired short circuit. It was expected that the
thickness of this layer modulates the analytical performance of
the sensor: the thicker the layer is, the larger is the linear range,
at the expense of both diminished sensitivity and longer
response time. In this regard and after optimization, we found
that 10 μm was a compromise for an operative situation
ensuring the good performance of the sensor for sweat
measurements.

Evaluation of the Analytical Performances of the
New Lactate Biosensor. The analytical performance of the
developed lactate biosensor, as well as pH and T sensors, was
first evaluated in batch mode and using artificial sweat as
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background. Figure 2c presents the dynamic response of the
new biosensor at increasing lactate concentrations, with the
inset showing the corresponding calibration graph. The lactate
biosensor presented an LRR from 1 to 50 mM, with a
sensitivity of −9.4 nA mM−1 (correlation coefficient of R2 =
0.997), intercept of −21.7 nA, LD of 0.11 mM, and response
time of <55 s in the entire LRR. Response repeatability was
calculated from three consecutive calibration curves using the
same electrode (Figure S3a), obtaining a sensitivity of −8.5 ±
0.3 nA mM−1 and an intercept of −43.0 ± 1.5 nA, which
correspond to %RSD of 4.1 and 3.4, respectively. Good
reproducibility was also observed for the response provided by
three twin sensors (sensitivity of −8.8 ± 0.3 nA mM−1 and
intercept of −35 ± 8 nA, n = 3 different electrodes, Figure
S3b).
The midterm drifts (Figure S4 in the Supporting

Information) displayed by the biosensor at low (2 mM) and
high (15 mM) lactate concentrations were 5.7 and 11.6 nA
h−1, respectively, over a 1 h period. These are acceptable values
that will represent an error in lactate concentration always
lower than the 4% in case of medium-term continuous
measurements. Then, the response of the lactate biosensor
toward common compounds found in sweat was evaluated by
adding concentrations of 0.25 mM glucose, 0.1 mM pyruvate,
0.1 mM ascorbic acid (AA), and 0.1 mM uric acid (UA) to a 5
mM lactate solution and registering any variation in the
amperometric response (Figure S3c in the Supporting
Information). An almost negligible response was observed
for all these compounds, further demonstrating the ability of
the developed lactate biosensor to directly measure sweat (i.e.,
no need for sample dilution or pretreatment). Resiliency tests
were carried out by recording calibration curves before and
after the application of a strong torsion strain to the biosensor
(Figure S5 in the Supporting Information). Both slope and
intercept were maintained after 30 torsions at 45°, with %RSD
of 3 and 4%, respectively.
The potentiometric pH sensor was based on a conductive

PANI film, as reported in previous works.46 Figure S6a in the
Supporting Information shows a calibration curve as the
average of three electrodes over a pH range from 4.5 to 8.5,
which covers normal pH values in sweat. A Nernstian response
was observed, with a slope of 59.1 ± 0.6 mV and intercept of
387.1 ± 12 mV. Then, the temperature sensor utilized the
chemoresistor properties of MWCNT: electrical resistance is
dependent on the temperature. As observed in Figure S6b in
the Supporting Information, the temperature sensor showed
rather good performance in the temperature range from 20 to
40 °C, with a slope of 387.7 Ω/°C and intercept of 310.8 kΩ.
Aiming for on-body determination of lactate in sweat during

exercise, the developed lactate biosensor was implemented in a
custom-made (3D printed) epidermal patch, the design of
which was shown in Figure 1c. The sample enters through the
inlets, flows along each of the microfluidic channels (in which
the sensors are allocated), and leaves the cell through the
outlet. Conveniently, the analytical performance of the lactate
biosensor after its implementation in the microfluidic cell was
evaluated in flow mode by means of a peristaltic pump. As
sweat rate is not constant during a training session and differs
between individuals, any influence of the flow rate in the
biosensor response was firstly evaluated. Flow rates between 0
and 12.5 μL min−1 were selected for this purpose. Taking into
account that the area of the microfluidic channel is 0.9 cm2,
such flow rates correspond to a sweat rate range from 0 to ca.

13.8 μL cm−2 min−1. This range covers the typical human
sweat rate, which may range from 2 to 7 μL cm−2 min−1

depending on the subject and body part.47 Overall, we found a
negligible influence of the flow rate in the amperometric
response of the biosensor (Figure S7a,b in the Supporting
Information). Thus, the steady-state signal reached for a
constant concentration of lactate (5 mM) in artificial sweat did
not show any significant variation when the flow rate was
stopped or increased in steps of 2.5 μL min−1. Lactate
additions before and after testing the influence of the flow rate
additionally confirmed an adequate sensor performance.
Figure 2d presents the dynamic response observed in the

evaluation of the reversibility of the biosensor amperometric
response by means of decreasing and increasing the lactate
concentration in an artificial sweat background. The biosensor
exhibited an average calibration curve with a slope of −6.4 ±
0.3 nA mM−1 and an intercept of −19.9 ± 1.8 nA (Figure S7c),
with RSD% values of 5 and 9%, respectively. Notably, the
sensitivity was slightly lower than that observed in the batch
mode studies (−6.4 versus −8.5 nA mM−1), which is in
principle expected as a result of the change in the mass
transport regime of lactate to the electrode.48 Figure 2e shows
the dynamic responses of the lactate biosensor at different pH
values of the background solution (ranging from 4.4 to 8.1)
with the corresponding calibration graphs (inset). Variation
coefficients in the range of 7% for both the slope and intercept
were observed. These variations are only slightly higher than
those observed in reproducibility and reversibility studies and
indeed much lower than pH variations reported in the
literature for other lactate amperometric biosensors based on
LOx.49,50

The outer PVC membrane in the biosensor tailoring is likely
responsible for the absence of any pH influence in its response,
as the transport of protons from the bulk solution to the
enzyme layer is expected to be eliminated. This was confirmed
by the almost negligible potentiometric response of the PVC/
DOS/ETH500 membrane interrogated in potentiometric
mode (Figure S8 in the Supporting Information). The
resulting calibration curve at decreasing pH presented a
slope of only 7 mV dec−1 compared to the theoretical
Nernstian slope of 59.1 mV dec−1. Moreover, no significant
changes in the biosensor response were found when the
temperature was varied in the range from 18 to 37 °C (Figure
2f), with variation coefficients of 5 and 16% for the slope and
intercept, respectively. Once more, these variations were lower
in comparison with previous works reported in the literature.27

Off-Site Validation of the Lactate Biosensor. Prior to
usage in on-body measurements, the biosensor was validated
by comparing the lactate concentration observed in 22 sweat
samples with the results provided by IC as the gold standard
technique. The samples were collected using the modified
version of the regional absorbent pad recently published by our
group.51 For this study, six different subjects were recruited
and sweat samples were obtained from different body parts
while either running or cycling over different time periods.
Table 1 presents the conditions for the sample collection
together with the results obtained with the epidermal patch
and IC. Notably, lactate concentration in all the samples
ranged between 9 and 20 mM, which is within the expected
levels in sweat. Then, the differences between the results
provided by the two techniques are in the range from ca. 2 to
11%, with most of the samples presenting less than 7% of
difference. Furthermore, the correlation plot of the biosensor
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versus the IC results showed a linear regression with a slope of
0.90 ± 0.10, intercept of 1.1 ± 1.3, correlation coefficient (R2)
of 0.95, and Pearson coefficient of 0.97 (Figure S9). These
results pointed out an excellent correlation between both
techniques.
Analytical Application of the Developed Lactate

Biosensor: On-Body Measurements of Sweat Lactate.
The applicability of the developed epidermal patch containing
the new lactate biosensor (and also pH and T sensors) for on-
body measurements of sweat lactate was assessed in two
different scenarios: (i) analysis of sweat naturally generated
during cycling (toward sport performance monitoring) and (ii)
analysis of sweat locally induced by means of iontophoresis
(toward healthcare applications). In the first case, a total of five
on-body tests (T1−T5) involving different subjects and body
locations (forehead, back, and thigh) were accomplished. The
enrolled subjects performed cycling activities based on ca. 75
min exercise program divided into 4 periods of 15 min each
(warm up, low/middle effort level, middle/high effort level,
and cool down) with 5 min rest between each stage.
Figure 3 shows the dynamic traces for pH, temperature, and

lactate concentration obtained in a cycling test (T1) with the
sensor attached to the back of the individual. The three-
channel design of the microfluidic patch (Figure 1c) allowed
sweat to reach all the sensors simultaneously through the
inlets, which resulted in a meaningful signal from ca. 14 min of
the test after perspiration is sufficient to reach the electrode
surfaces. For example, this is manifested in a significant jump
of the amperometric signal in the lactate biosensor (Figure 3c).
This initial delay in registering the signal has been widely

reported for wearable sensors attending to the need of the
subject to reach the adequate perspiration rate during the
warm-up activity, ranging from 8 to 19 min.13,14,16

Also, in the T1 on-body test, the pH was found to increase
from ca. 5.8 to 6.4 as the level of intensity in the cycling activity
was incremented (from 16 to 44 min), and then it decreased
down to ca. 6.2 during the cool-down step (Figure 3a). Sweat
temperature slowly increased during the exercise until a
constant value of 30.5 °C was reached at 46 min (Figure 3b).
Regarding the lactate levels (Figure 3c), a relatively high
concentration was detected in the first sweat that reached the
biosensor (ca. 13 mM at 14.5 min). Later, two increases in
lactate concentration (13.5 and 11.7 mM) were observed at
20.5 and 41.5 min, corresponding to the initiation of low/
middle and middle/high effort levels after the 5 min of rest in
each case. After those increases, the lactate level relaxed down
to ca. 9.6 and 8.4 mM in average.
Finally, the lactate concentration slowly decreases during the

cool-down period. Overall, the observed increases in the lactate
concentration as intensity workout was incremented may be
related to lactate production during fast anaerobic metabolism,
which is known to be reflected in increasing blood lactate
levels and decreasing pH.5 However, it is not clear yet how this
lactate production is reflected in the sweat lactate levels or how
pH would be affected. Controversial results in this regard have
been reported in the literature up to now.6 Advantageously, the
further use of the new lactate biosensor in a massive study
involving the simultaneous scrutiny of different parts of the
body that provide lactate in passive versus active muscle,
together with lactate blood correlations, will help to dissipating
such physiological questions.
While the T1 test confirmed the nice applicability of the

lactate, pH, and T sensors for on-body measurements through
the three-channel epidermal patch, Figure 4a−d displays the
other four on-body tests (T2−T5) in which only the lactate

Table 1. Lactate Concentration Observed in Sweat Samples
by Means of the Epidermal Patch Containing the Lactate
Biosensor Operating in Flow Mode and Ion
Chromatography as the Gold Standard Techniquea

lactate (mM)

subject
physical
activity

collection time
(min) zone IC sensor

diff.
(%)

1 cycling 30−40 forehead 14.6 15.5 6.2
2 running 20−30 back 9.6 10.1 5.2

30−40 back 9.8 10.5 7.1
3 cycling 20−30 forehead 12.0 11.3 5.8

30−40 forehead 11.7 11.3 3.4
4 cycling 10−20 back 12.5 13.7 9.6

20−30 back 12.5 13.7 9.6
30−40 back 13.2 12.5 5.3
30−40 leg 18.6 19.5 4.8

5 cycling 10−20 forehead 10.7 10.9 1.9
20−30 forehead 11.3 11.9 5.3
30−40 forehead 10.2 11.4 11.7
10−20 back 10.0 9.4 6.0
20−30 back 10.4 10.9 4.8
30−40 back 10.7 9.9 7.5
30−40 leg 18.2 19.5 7.1

6 running 10−20 forehead 13.2 12.7 3.8
20−30 forehead 13.7 14.2 3.6
30−40 forehead 13.7 13.4 2.2
40−50 forehead 14.9 14.2 4.7
30−40 shoulder 18.2 18.9 3.8
40−50 shoulder 17.9 18.2 1.7

aThe differences between the results provided by the IC and the
epidermal patch are provided in percentage.

Figure 3. On-body test (T1) with the epidermal patch positioned in
the back of the subject during stationary cycling exercise. Dynamic
profiles for (a) pH, (b) temperature, and (c) sweat lactate. The
workout power selected in each exercise period is provided.
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biosensor was used for validation purposes. In T2−T5, a
microfluidic patch based on a single channel for the lactate
biosensor was used (see Figure S2). Notably, special emphasis
was provided to the validation of the lactate biosensor in these
tests because the pH and T sensors have been widely validated
in a recent paper by our group.27 A similar trend as that
described for T1 was observed in T2−T5: first, sweat
presented a high lactate concentration (ca. 22.7−32.0 mM)
that slowly decreased afterward, with further increases in
lactate associated to an increment in the power in the different
cycling stages. Importantly, each subject required a different
time to reach the adequate perspiration rate (i.e., from 12 to 31
min), which may be influenced by the physical fitness of each
individual, the body location of the epidermal patch, and the
selected power range.
In parallel to the T1−T5 on-body tests, sweat samples were

collected every 15 min and analyzed with the IC. The average

lactate concentration provided by the on-body measurements
in the 15 min over sample collection was compared with the
punctual values in the samples observed in the IC (Table S2 in
the Supporting Information) by means of statistical analysis. A
two-tailed paired sample t test (also known as dependent
sample t test), which evaluates whether the average difference
between the two analytical techniques is zero, was performed.
Considering a 95% of confidence level, the calculated t-score
tcalc = 0.74 was lower than the critical value tstat = 2.11, meaning
that there were no statistically meaningful differences between
both (the biosensor and the IC) techniques. These results are
graphically presented in Figure 4e, which displays a boxplot of
the differences in lactate concentration provided by the sensor
and IC. Most of the samples presented an absolute variation
close to zero, with the first and third quartiles located at −3.2
and 4.0 mM, respectively.
A closer inspection to the individual agreement between

samples can be observed through the Bland−Altman plot
(Figure 4f), which represents the difference between both
analytical techniques versus their average values. This type of
plot allows one to identify trends and inconsistencies in
variability across the considered lactate concentration range. In
our case, the error distribution was homogeneous along the
entire concentration range, meaning that discrepancy and
variability are not dependent on the measured concentration.
Nevertheless, the lower and upper limits of agreement (LoA)
defined by a 95% of confidence level were rather wide, which
may be attributed to the different time frequency in the
measurements provided by each method.
The suitability of the developed lactate biosensor for

healthcare purposes was additionally evaluated. Two healthy
volunteers participated in this study (T6 and T7). The
iontophoresis device (Macroduct) was first applied in the
lower arm of the individual and then removed. Subsequently,
the epidermal patch was attached in the same position where
the anode of the iontophoresis device was placed (see Figure
1g). Simultaneously, sweat collection was carried out using a
commercial elliptical sweat collector (Macroduct) after
iontophoresis in the other arm. Lactate concentration was
calculated as an average value of the biosensor signal recorded
over a period of 15−30 min, depending on the time needed by
each individual to generate an adequate volume of sweat.
Table S2 in the Supporting information shows the results

obtained with the biosensor and the IC. Interestingly, very
similar lactate concentration values were observed for both
subjects (i.e., 15.1 and 13.4 mM), and variability against IC
values was similar to that previously observed in on-body
cycling tests (see Figure 4f, black circles). Overall, these results
demonstrate that the developed wearable lactate biosensor is
compatible with measurements via sweat induction by
iontophoresis, which opens up the possibility of full integration
of the two steps (i.e., iontophoresis and lactate detection) in a
single device for further implementation in the healthcare field.

■ CONCLUSIONS
We demonstrated a new strategy for lactate biosensing that
provides an extended linear range of response covering
expected levels in sweat (but also other biofluids) while
preserving the biosensor response toward pH and temperature
changes. This is achieved owing to the incorporation of an
outer polymeric layer that modulates the lactate flux reaching
the enzyme (lactate oxidase), which is immobilized in a Nafion
matrix as the core of the biosensing mechanism. The sensor

Figure 4. On-body tests (T2−T5) measuring sweat lactate during
stationary cycling exercise with the epidermal patch positioned in the
back (a and b), forehead (c), and thigh (d) of the individual. The
workout power selected in each exercise period is provided. (e) Paired
sample t test boxplot representing statistically analyzed differences in
lactate concentration measured in on-body tests with the epidermal
patch and by IC after sweat collection. (f) Bland−Altman plot
showing the difference between both measurements against the
average lactate concentration found in each sample. Full (●) and
empty (○) circles represent results derived from iontophoresis and
cycling, respectively. Orange horizontal lines represent average (solid)
as well as lower and upper limits of agreement (LoA, dashed)
calculated for a 95% of confidence level.
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showed an acceptable response time, appropriate repeatability,
reproducibility and reversibility, good resiliency, excellent
selectivity, and low drift. Also, when integrated into an
epidermal patch, the lactate concentration provided by the
biosensor presented an extraordinary correlation with the
results observed with a standardized method in the analysis of
22 sweat samples collected from 6 different subjects perform-
ing cycling or running. The new epidermal patch containing
the lactate biosensor, but also pH and temperature sensors, is
suitable for on-body sweat lactate, pH, and temperature
monitoring while doing sport but also after sweat stimulation
via iontophoresis. The patch can be positioned in the forehead,
thigh, back and/or any place in the body for continuous sweat
characterization encompassing perspiration. Overall, the
developed epidermal patch with the new lactate biosensing
concept is a promising tool for sweat analysis in both the sports
tech and healthcare domains.
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