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Abstract: Lactate is an essential biomarker for determining the health of the muscles and oxidative
stress levels in the human body. However, most of the currently available sweat lactate monitoring
devices require external power, cannot measure lactate under low sweat rates (such as in humans
at rest), and do not provide adequate information about the relationship between sweat and blood
lactate levels. Here, we discuss the on-skin operation of our recently developed wearable sweat
sampling patch. The patch combines osmosis (using hydrogel discs) and capillary action (using
paper microfluidic channel) for long-term sweat withdrawal and management. When subjects are at
rest, the hydrogel disc can withdraw fluid from the skin via osmosis and deliver it to the paper. The
lactate amount in the fluid is determined using a colorimetric assay. During active sweating (e.g.,
exercise), the paper can harvest sweat even in the absence of the hydrogel patch. The captured fluid
contains lactate, which we quantify using a colorimetric assay. The measurements show the that the
total number of moles of lactate in sweat is correlated to sweat rate. Lactate concentrations in sweat
and blood correlate well only during high-intensity exercise. Hence, sweat appears to be a suitable
biofluid for lactate quantification. Overall, this wearable patch holds the potential of providing a
comprehensive analysis of sweat lactate trends in the human body.

Keywords: paper microfluidics; sweat; sensing; hydrogels; lactate; osmotic pumping; evaporation;
capillary; wicking; biochemical assay

1. Introduction

Lactate is a by-product of glycolysis, which is generated as an outcome of anaerobic
glucose metabolism due to the high energy demand of the body. It is a pivotal biomarker
for determining oxidative stress levels, muscle health, and tissue hypoxia [1–4]. Lactate is
predominantly present in eccrine sweat [5], blood [3,6], and to a certain extent in tears [7]
and saliva [8]. The net amount of lactate present in these biofluids is highly dependent on
the physiological state and the site of anaerobic metabolism in the human body. Lactate
monitoring is of prime importance in certain groups of individuals, especially those who
are frequently prone to oxygen-deficit conditions such as athletes and military personnel [3]
(for improving training and performance endurance). Critical lactate levels in the body can
abruptly alter the fluid pH and cause several detrimental effects on human health such as
seizures, sepsis, renal failure, tumors [9], cerebral stroke [10], and panic disorders [11].

Lactate content in eccrine sweat depends on several parameters such as the exertion
type, duration, intensity, and sweat rate [11]. Medium-intensity exercise (60–70% of
maximum heart rate) for a short duration, or heat-induced sweating can generate a lactate
concentration of up to 25 mM, while exhaustive outdoor exercises could generate up to
115 mM [12–16]. On a contrary note, it is also proven that the sweat lactate concentration
varies inversely with sweat rate [17]. This suggests that with rigorous physical activity, the
rate of sweat release is greater than the rate of lactate generation. There is also evidence that
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suggests sweat lactate levels vary minimally with age [15], sex [15,18], and the sampling
location (due to varying sweat gland density) [6,19]. Apart from eccrine sweat glands,
there two other types of sweat glands in the body have been identified: apocrine and
apoeccrine [5]. However, there is less evidence of lactate being present in the sweat secreted
by these glands, and our focus here is on eccrine glands in the forearms as a commonly
accepted lactate testing location.

Similar to most other biomarkers, researchers have looked upon the correlation be-
tween the lactate concentration in sweat and blood. Alam et al. have evaluated that blood
lactate concentration ranges between 0.5 and 2 mM for a healthy subject at rest [3]. Dur-
ing a low to medium-intensity exercise workout, the blood lactate concentration neither
shows a significant change in its magnitude nor reflects a good correlation with sweat
lactate concentration [13,20]. Goodwin et al. have shown that once the body crosses its
lactate threshold (LT), blood lactate concentration rises exponentially and can peak up to
11 mM [21]. Such high blood lactate can inhibit muscle contractions and is undesirable. A
study by Karpova et al. has shown a positive correlation between blood and sweat lactate
levels during high-intensity exercise [1]. Thus, the extent of lactate generation in both
sweat and blood are well understood under active sweating. However, to the best of our
knowledge, there are no literature reports of studies that simultaneously monitor sweat
and blood lactate levels under low sweating conditions or after a sufficiently long-time
post exercise.

Researchers have been able to quantify sweat and blood lactate levels using different
sensing and quantification techniques [7,11–54]. Established commercial and laboratory-
based sensing platforms function in the presence of an enzyme (either lactate oxidase
(LOx) or lactate dehydrogenase (LDH)). Earlier skin-interfacing wearable sensor prototypes
developed on colorimetric principles typically operate by transporting sweat through
complex serpentine microfluidic channels to a sensing zone, which contains a lactate
specific enzymatic assay. The incoming lactate in the sweat reacts and generates a colored
product whose intensity is quantified via phone-based image analysis. This intensity
directly correlates to the concentration of lactate in sweat [22–25].

Another class of wearable device prototypes involve electrochemical measurements
where lactate concentration is determined based on the magnitude of the current generated
at the functionalized electrode surface [26–51]. Such sensing platforms usually comprise a
three-electrode system where the enzyme is immobilized on the working electrode either
via cross-linking, adsorption, electrostatics, or covalent bonding [3]. Lactate in sweat
can be also quantified using chemiluminescence [52,53], HPLC [30,55], or enzyme free
colorimetry [47].

Despite delivering on-spot sweat lactate detection with high sensitivity, wide linear
dynamic range (LDR), and low limit of detection (LOD), the current wearable platforms
face the following three key challenges: they (1) remain inoperative under the conditions
of normal human activity—which rarely involves profuse sweating [7,8,12,22–25,40–42,
44,48,52]; (2) do not provide a comprehensive analysis of the human lactate metabolism
and its correlation to blood lactate levels [27,30,34,36,40–42,46–48,50,56]; and (3) require
an external power source for continuous operation [8,12,36,40–42,47,48,50–52,54]. Thus,
most of the current sweat lactate sensors function only under “active sweating”; i.e.,
they either require the subjects to undergo strenuous physical exertion, ingest sweat
stimulating agents [36,57], or elevate body temperature [13] prior to testing. As a result,
these prototypes can quantify the lactate concentration in sweat only during exercise and
not under any other physiological condition (such as rest or post-exercising conditions).
Furthermore, conducting measurements via active sweating is not only inconvenient and
tedious but also raises questions concerning its clean capture, external contamination, low
sweat volumes due to uncontrolled evaporation, and dilution of biomarkers because of
excessive sweating. Some prototypes have quantified sweat lactate release from rested
subjects [34,36,58]. However, these prototypes are not a wearable platform, have a low
sampling duration, do not report their sweat lactate results post-exercise, and do not study
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the correlation between blood and sweat lactate levels. Hence, there is a necessity of an
efficient sweat lactate monitoring device, which is capable of delivering information under
all physiological conditions (rest, during exercise, and post-exercise), and providing a
comprehensive understanding of the human lactate metabolism remains unaddressed.

This article discusses the on-skin performance of our recently developed zero-powered,
non-invasive wearable sweat sampling patch [14,59,60]. We use three different pumping
materials (based on different osmotic strength) in our patch for sampling sweat lactate
from the forearm region of the body. We chose the forearm, since it is standard for such
measurements and has one of the highest sweat gland densities in the body [5]. The
patches were tested under five different physiological conditions (rest, medium-intensity
exercise, high-intensity exercise, post-medium-intensity exercise, and post-high-intensity
exercise). We initially present a comparative analysis of the amount of lactate sampled
by each pumping source. Then, we discuss the operating mechanism of each osmotic
on-skin pumping material toward facilitating long-term lactate withdrawal and estimate
how much lactate is sampled via osmosis. Next, we study the dependency of sweat lactate
on the sweat rate. Finally, we seek to understand the correlation between sweat and blood
lactate levels.

2. Experimental Section
2.1. Materials

The experiments were performed using Whatman filter paper (Grade 542, GE Health-
care Life Sciences, Waukesha, WI, USA); Sylgard-184 elastomer (Dow Corning, Midland,
MI, USA); phosphate buffer saline (PBS), acrylamide (Sigma, St. Louis, MO, USA), N-N′

methylenebisacrylamide (Sigma, St. Louis, MO, USA), 2-hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone (Sigma, St. Louis, MO, USA), D-glucose, alcohol wipes (medical
grade), L-lactic acid quick test strips (QQLLAC10, BioAssay Systems, Hayward, CA, USA),
and a lactate plus meter (Nova Biomedical, Waltham, MA, USA).

2.2. Patch Fabrication

Sylgard-184 silicone elastomer and its curing agent were mixed in a 10:1 w/w ratio
and cured for 12 h at 70 ◦Cto make the base for the PDMS sheet. The patch was pre-
pared by attaching two PDMS sheets together—38 mm × 15 mm × 2 mm (bottom) and
30 mm× 15 mm× 1 mm (top). A single hole matching the hydrogel diameter was punched
at 6 mm from one of the edges on the bottom sheet to encase the hydrogel. A section of
Whatman 542 paper was cut out using a CO2 laser cutter (Universal Laser Systems VLS 3.5,
Scottsdale, AZ, USA) and was sandwiched between the top and bottom PDMS sheets. Our
previous research on capillary-assisted evaporative pumping determined the dimension
of the paper channel for this study [59]. The PDMS sheets were attached together using
additional silicone as a binder (Sylgard-184), making sure that it did not contact the pa-
per channel. The whole patch was treated in an oven at 40 ◦C overnight to achieve firm
adhesion between the sheets.

2.3. Hydrogel Synthesis and PDMS Disk Fabrication

The hydrogels for the osmotic interface were made using acrylamide monomer,
N, N′-methylenebisacrylamide as the crosslinker and 2-hydroxy-4′-(2-hydroxyethoxy)-
2-methylpropiophenone as the photo-initiator. The monomer solution contained 22% (w/w)
acrylamide, 0.48% (w/w) crosslinker, and 0.15% (w/w) photo-initiator. The solution was
cured inside a circular Petri dish (47 mm diameter) under a 175 mW/cm2 UV lamp (Sunray
400-SM, Uvitron International, West Springfield, MA, USA) for three minutes. Disks of
6 mm diameter were punched out and stored in either 4 M glucose or PBS solution for 24 h.
These solutions served as the osmolytes. After 24 h, the infused disks were transferred to a
fresh solution in a vial and stored for further usage. A single disk was taken out, blotted
with a paper napkin (to remove the residual osmolyte on the hydrogel surface), and fitted
inside the circular space in the patch before usage.
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Disks of 6 mm diameter were punched out from a 2 mm thick PDMS sheet. This was
referred as the PDMS disk. The PDMS disk was fitted inside the circular space in the patch
before usage.

2.4. On-Skin (In Vivo) Sweat Analysis

Human trials were conducted on individuals in five sets: (a) NEX (i.e., without
exposing them to any physical activity) for 2 h; (b) during MEX for an hour; (c) PMEX
for 2 h; (d) during HEX for 30 min; and (e) PHEX for 2 h. All trials were conducted
under normal ambient conditions (22 ◦C, 45% relative humidity (RH)) and strictly as per
two approved IRB protocols (UNC-18-1959 and UNC-19-3065). Eight healthy subjects
(5 females and 3 males), aged 20–28, were recruited from the NC State University campus.
All 8 subjects were tested under NEX, MEX, and PMEX trials, while 3 subjects were also
tested under MEX and PMEX trials. All subjects gave written, informed consent before
participation in the study.

We used three types of patches for our human trials, which differ by the type of their
pumping material: 4 M glucose hydrogel, PBS hydrogel, and PDMS disk. Both subjects’
forearms were initially washed with alcohol and DI water. Then, these patches were
snapped on both forearms of every individual using a Velcro strap. The subjects resided on
a bench for 2 h when testing under NEX. After 2 h, the patches were taken off and stored for
analysis. A paper strip was also gently rubbed (dry rub test) on the skin to check the base
lactate level after 2 h. Blood lactate was measured using the conventional finger-pricking
test. This concluded the NEX trials. The skin was rewashed using alcohol and DI water,
and a fresh new batch of all three patch types was interfaced onto the skin again during the
MEX trials. After an hour, the patches were taken off, and a dry rub test was performed.
Blood lactate was also measured. This concluded the MEX trials. The skin was washed
again with alcohol and DI water. A fresh new batch of all three patch types was interfaced
onto the skin again for 2 h. After 2 h, the patches were taken off and stored for analysis.
Additionally, a dry rub test and blood lactate test were also conducted. This concluded the
PMEX trials.

The HEX and PHEX trials were conducted 24 h post PMEX trial completion. The skin
was initially washed with alcohol and DI water. Then, the patches were snapped on both
forearms. The subjects exercised under HEX for 30 min. After the test, both dry rub and
blood lactate tests were conducted. The protocol followed for the PHEX trial was the same
as that for the PMEX trial. The subjects refrained from any food or drinks throughout the
testing period. The paper channel in the patch was treated with our previously developed
colorimetric lactate assay (lactate dehydrogenase based) to determine the lactate levels
after the completion of each trial [14]. A further detailed description of the testing protocol
is provided in the Supplementary Information.

2.5. Statistical Analysis

We performed a two-sample t-test for statistical significance. Significance is denoted
as p < 0.05.

3. Results and Discussion
3.1. Sweat Sampling Mechanism of the Wearable Patch

Our wearable patch functions based on the simultaneous action of three basic effects
to deliver long-term sweat and biomarker sampling: osmosis, capillary wicking, and
evaporation [14]. Osmosis is the main pumping mechanism for sweat extraction. A
hydrogel infused with a highly concentrated solute (osmolyte) generates the osmotic
driving force with the skin. The hydrogel is hosted inside the circular chamber of the
patch, as shown in Figure 1. The hydrogel disk and the circular end of the paper directly
interface the skin. The hydrogel withdraws sweat and its associated biomarkers due to
its higher osmotic strength (with respect to sweat) (Figure 1). These withdrawn sweat
and biomarkers are sampled on a paper microfluidic channel. The paper channel has two
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sections: (a) a long rectangular strip (sandwiched between two PDMS sheets), with one
end in contact with the hydrogel and the other end connected to (b) a pad with a large
surface area (evaporation pad), which is left open to allow sweat evaporation. The sweat,
biomarkers, and the osmolyte travel through the rectangular section of the paper channel
via capillary action toward the evaporation pad. The incoming sweat evaporates from the
pad, leaving behind all biomarkers and non-volatile osmolytes. These biomarkers can be
quantified using different analytical techniques. Since osmosis is a colligative property, the
patch does not require any external power source for long-term operation. The patch will
continue to operate (withdraw sweat from skin) as long as the chemical potential difference
between the skin and hydrogel is maintained. In our previous work, we have analyzed
the in vitro performance of the patch and studied all its components [14,59,60]. We found
that hydrogel equilibrated in 4 M glucose solution functions best in delivering long-term
model biomarker collections on paper. Hence, we decided to use a patch with 4 M glucose
hydrogel and dry paper for all our human subject studies.
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Figure 1. Schematic of the wearable, zero-powered, and non-invasive sweat sensing platform on
skin. The platform comprises of a hydrogel pad and a paper microfluidic channel. Simultaneous
action of osmosis, capillary wicking, and evaporation leads to long-term sweat withdrawal from skin
even at resting perspiration rates.

3.2. Sampling of Sweat Lactate Using Different Pumping Materials in the Patch

We characterized the efficiency of three different pumping sources in our patch for
sampling sweat lactate from the human skin: 4 M glucose hydrogel, PBS hydrogel, and a
PDMS hydrogel substitute disk. The three osmolytes were chosen since they have varying
levels of osmotic strength and are benign to the human skin upon contact. The 4 M glucose
hydrogel has the highest osmotic strength. The PBS hydrogel is isotonic with sweat, while
the PDMS disk is inert and has no osmotic action. We embedded each of these materials
in the patch and estimated the amount of lactate that they sample on paper under five
different physiological conditions: rest (NEX), medium-intensity exercise (MEX, 60–70%
of maximum heart rate), post-medium-intensity exercise (PMEX), high-intensity exercise
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(HEX, >85 % maximum heart rate), and post-high-intensity exercise (PHEX) (Figure S1).
The base lactate level under each physiological condition was measured by mechanically
rubbing the pad of the paper channel on skin (without hydrogel). This method of lactate
collection was referred as the “dry rub” test. Such a comprehensive study would provide
a better understanding regarding how effectively lactate is sampled via osmosis under
varying physiological conditions, unlike our previous work, where we only used the 4 M
glucose hydrogel patch to sample lactate during rest and MEX condition. The exercise
protocol for the human trials and the calibration plot of the lactate assay protocol is
presented in the Supplementary Information (Figures S2 and S3). The methodology of
calibration has been reported in our previous paper [14]. The sensitivity and LOD of our
colorimetric lactate assay are 0.18 a.u./mM and 750 µM, respectively.

Figures 2 and 3 present a comparative analysis of sweat lactate and volume intake by
different pumping materials in the patch under varying physiological conditions, respec-
tively. Figure 2a summarizes the set of all the physiological conditions in which the subjects
were tested. After 2 h of rest (NEX) trials, the 4 M glucose hydrogel, PDMS disk, and the PBS
hydrogel patch collected ≈17 ± 11 nmoles, ≈17.5 ± 12 nmoles, and ≈13.3 ± 7.5 nmoles of
lactate, respectively. The dry rub test resulted in ≈23.63 ± 9.5 nmoles of lactate on paper
after 2 h (Figure 2b). The results show that all three pumping materials in the patch can
sample lactate from the skin during rest. The 4 M glucose hydrogel patch shows visible
fluid flow on the paper channel (Figures 2b and 3). In contrast, the PBS hydrogel patch
did not show any visible fluid collection but did collect lactate on paper (Figure 3). As
PBS hydrogel is isotonic to sweat, it is evident that the lactate on paper originates from the
natural lactate generation rate of the body (≈0.3–1.3 nmole.cm−2 min −1) [36]. The same
reasoning also holds for the PDMS disk patch (Figures 2b and 3). The lactate readouts of
all three pumping materials matched well with the dry rub test (Figure 2b). This justifies
that lactate readout of our patch matches well with base lactate levels after 2 h and shows
that it can function efficiently under low sweating conditions.
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Figure 3. Optical images of the patch on skin showing the levels of sweat collection on the paper
channel of patches with different pumping materials under different physiological conditions. The
red mark on the paper channel indicates the position of sweat after each trial. Scale bar = 5 mm.

The patches were also tested under conditions of medium-intensity exercise (MEX).
The 4 M glucose hydrogel, PDMS disk, and PBS hydrogel patches sampled
≈50.55 ± 20.6 nmoles, ≈49.32 ± 26.8 nmoles, and ≈51.56 ± 25.61 nmoles of lactate,
respectively, after 1 h of exercise. The dry rub test resulted in ≈30 ± 13.4 nmoles of lactate
collection on paper after 1 h (Figure 2c). The amounts of lactate sampled by all three
pumping materials were significantly larger (p < 0.05) than the NEX trial results and dry
rub test during MEX. All three patch types also showed greater sweat collection on paper
than NEX trials.

Exercise increases the energy demand of the body. A part of this high-energy de-
mand is compensated via anaerobic glycolysis, which leads to the generation of lactate
in sweat [1–3,13,14]. Our patch was able to detect this increase with all three pumping
materials. Exercise also leads to “active sweat” generation. Hence, lactate sampled by a
4 M glucose patch is released via both osmosis and active sweat under exercise. The release
of active sweat makes the 4 M glucose patch collect more lactate than the dry rub test. PBS
hydrogel and PDMS disk patches show elevated lactate levels solely due to the inflow of
active sweat, since they do not create osmotic gradients with inherent fluid withdrawing
power.

The patches were tested under post-medium intensity exercise (PMEX) conditions for
2 h. The 4 M glucose hydrogel, PDMS disk, and PBS hydrogel collected samples containing
≈19.50 ± 8.0 nmoles, ≈21.0 ± 9.0 nmoles, and ≈14.6 ± 12.6 nmoles of lactate, respectively.
The dry rub test resulted in ≈19.8 ± 10.8 nmoles of lactate on paper after 2 h (Figure 2d).
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The 4 M glucose patch showed visible fluid flow on paper, while the PBS hydrogel patch
and PDMS patch did not sample any fluid on paper. During PMEX, the aerobic glycolysis
rate increases, and the lactate in sweat gets converted to pyruvate [2]. Hence, the amount
of lactate in sweat decreases as the body cools down after exercise. Our patch was able to
detect this change with all three pumping materials. Additionally, similar lactate readouts
with the NEX trials also indicate that base lactate levels were reached within 2 h after
exercise completion in all subjects.

High-intensity exercise (HEX) trials were also conducted with all three patch types.
The 4 M glucose hydrogel, PDMS disk, and PBS hydrogel sampled ≈143.76 ± 10.7 nmoles,
≈170.30 ± 14.9 nmoles, and ≈168.10 ± 16.8 nmoles of lactate, respectively. The dry rub
test resulted in ≈89.30 ± 14.6 nmoles of lactate on paper after 30 min (Figure 2e). All three
patch types sampled≈5 times larger sweat volume on paper than MEX trials. The amounts
of lactate sampled by all three pumping materials and dry rub were significantly larger
(p < 0.05) than the lactate sampled during MEX trials. Additionally, the lactate readouts of
all three pumping materials were significantly higher than the readout of the dry rub test.
HEX rapidly induces anaerobic glycolysis and ramps up the lactate levels in sweat [2,13,17].
HEX also leads to greater active sweat release than MEX, which makes all three types
of patches sample larger samples of lactate than the dry rub test. This confirms that the
amount of lactate in sweat depends on the sweat rate [1,17,18].

The patches were next tested under PHEX conditions for 2 h after the MEX trials.
The 4 M glucose hydrogel, PDMS disk, and PBS hydrogel sampled ≈5.05 ± 2.1 nmoles,
≈9.45 ± 3.3 nmoles, and ≈10.09 ± 4.7 nmoles of lactate, respectively. The dry rub test
resulted in ≈6.03 ± 5.8 nmoles of lactate on paper after 2 h (Figure 2f). All three patches
and dry rub tests showed significantly lower lactate levels (p < 0.05) than HEX and PMEX
trials. The 4 M glucose patch showed visible fluid flow on paper, while the PBS hydrogel
patch and PDMS patch did not sample any fluid on paper (Figure 3). Significantly lower
levels of lactate than HEX trials prove that most of the lactate in sweat had been converted
to pyruvate within 2 h. Moreover, significantly lower levels of lactate than PMEX trials
show that the rate of aerobic metabolism (conversion of lactate to pyruvate) during PHEX
is higher than PMEX. Hence, less lactate appears in sweat during the PHEX trials. Our
patch was able to detect this change with all three pumping materials. Additionally, similar
lactate readouts with the NEX trials also prove that base lactate levels were also reached
within 2 h.

3.3. Working Mechanism of Different Pumping Materials on-skin toward the Sampling of
Sweat Lactate

We interpret the transport effects of each pumping media based on the amount
of lactate withdrawn by them through the paper–skin interface. Figure 4a highlights
how a 4 M glucose hydrogel facilitates lactate withdrawal from skin during NEX, PMEX,
and PHEX trials. Once the hydrogel interfaces the skin, osmosis is initiated due to the
chemical potential difference between the hydrogel and sweat inside the skin. The glucose
solution (from the hydrogel) and the osmotically withdrawn sweat and lactate (from
skin) collectively appear in the form of a colorless liquid that wicks onto the rectangular
section of the paper channel over time. Since no active sweat is released at rest, the
lactate registered on paper is derived completely from the osmotically withdrawn sweat
(Figure 2b,d,f) [14]. The PBS hydrogel is isotonic with sweat and has no fluid withdrawing
power. Hence, the patch does not show any visible sweat collection at the paper-skin
interface (Figure 4b). However, the paper registers a considerable amount of lactate from
the skin (Figure 2b,d,f). This lactate amount is an outcome of the wet paper absorbing some
of the naturally generated lactate from the human body [14]. The PDMS disk collects lactate
on the paper in contact with skin but without any traces of fluid on the paper channel
(Figures 2b,d,f and 4c). The absence of fluid on the paper channel is expected, since PDMS
has no intrinsic fluid-withdrawing capacity. The lactate appears completely due to its
natural production rate in the body.
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We also interpret schematically the on-skin action of the pumping materials during
MEX and HEX trials. The 4 M glucose hydrogel patch shows greater fluid and lactate
collection on the paper channel than the NEX trials (Figure 2c,e). The additional fluid flow
arises due to the inflow of “active” sweat in the patch (Figure 4d). Lactate concentration in
the active sweat increases with exercise. Hence, the rise in the amount of lactate content
on paper is a direct result of active sweat inflow [1,17,18]. The PBS hydrogel also shows
greater fluid and lactate collection on paper than the NEX trials (Figure 2c,e). Since a PBS
hydrogel has no fluid withdrawing power, the additional fluid and lactate on paper is
derived from the inflow of active sweat (Figure 4e). The same collection mechanism also
holds for a PDMS disk patch (Figures 2c,e and 4f).

We also evaluated the amount of lactate sampled by the 4 M glucose patch via osmosis
under different physiological conditions. This patch selection was made as 4 M glucose
hydrogels possessed the highest (in comparison to PBS hydrogel and PDMS disk) osmotic
strength. The efficiency of the 4 M glucose hydrogel toward lactate withdrawal via osmosis
is expressed in terms of “osmotic contribution (OC)”, which is calculated as:(

nHG − nPBS
nPBS

)
× 100 (1)

where nHG is the moles of lactate sampled by the 4 M glucose hydrogel and nPBS is the
moles of lactate sampled by the PBS hydrogel.

The 4 M glucose hydrogel patch sampled on average ≈40% (NEX), ≈25% (MEX),
≈45% (PMEX), ≈0.5% (HEX), and ≈20% (PHEX) more lactate than a PBS hydrogel patch.
The observed variation in the contributions under each condition can be attributed to the
difference in the rate of lactate metabolism and to the small differences between the rates
of lactate generation by each forearm in each subject (Figure 5).
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Lactate collection via osmosis dominates during NEX, PMEX, and PHEX trials due to
the absence of active sweat inflow in the paper channel. MEX and HEX trials lead to the
active inflow of sweat in the patch, which increases the lactate content on paper. Moreover,
HEX leads to larger sweat and lactate collection than MEX but samples lactate the least
via osmosis. Hence, the higher the inflow of active sweat, the less the lactate collection via
osmosis. Overall, our wearable patch functions by two concurrent mechanisms for sweat
lactate withdrawal: (a) osmosis at low sweat rates and (b) active sweat for medium to high
sweat rates.

3.4. Relationship between Sweat Lactate and Sweat Volume

We investigated how the sweat lactate content depends on the sampled sweat vol-
ume on paper under all five physiological conditions. This helped us to understand the
dependency of sweat lactate on the sweat rate. We analyzed this only for the 4 M glu-
cose hydrogel patch for two reasons: (a) 4 M glucose hydrogel has the highest osmotic
strength. Hence, its pumping activity was our major focus of interest. (b) The PBS hydrogel
patch did not result in sweat collection on paper during NEX, PMEX, and PHEX trials.
Hence, calculation of lactate concentration was not always possible for a PBS hydrogel
patch. The 4 M glucose hydrogel sampled ≈1.8 ± 0.4 µL (NEX), ≈2.7 ± 1.3 µL (MEX),
and ≈1.6 ± 0.3 µL (PMEX), ≈11.3 ± 3.2 µL (HEX), and ≈1.60 ± 0.5 µL (PHEX) of fluid on
paper. During NEX, MEX, HEX, and PHEX trials, the amount of collected sweat lactate
increased with the fluid volume on paper (Figure 6a–c). However, we observed an opposite
trend during the PMEX trials (Figure 6c).

The 4 M glucose hydrogel produced an average sweat withdrawal rate (SWR) of
0.03 µL.cm −2.min −1, which corresponded to an average sweat volume of ≈1.8 µL after
2 h of testing under NEX. The sampled lactate quantity and sweat volume are in agree-
ment with the results reported earlier by Bhide et al. [58]. A good correlation (Pearson’s
correlation coefficient, r > 0.7) existed between the sweat lactate amount and fluid volume
on paper. This shows that the amount of moles of lactate varies proportionally with sweat
rate at rest (Figure 6a). Hence, osmosis leads to joint sweat and lactate withdrawal during
NEX trials (Figures 4a and 5).
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The 4 M glucose hydrogel produced an SWR of ≈0.10 µL.cm −2.min −1 and
≈0.75 µL.cm −2.min −1 during MEX and HEX trials, respectively. Such sweat rates are in
line with the literature [17,61]. Both sweat and lactate amounts on paper increased dur-
ing MEX and HEX trials, with HEX collecting the highest amount of lactate (Figure 6b).
The observed scattering between the data points is a result of the difference in sweat
generation rates of each subject. Around ≈1–1.5 µL, and ≈7–8 µL of additional sweat
flows into the paper during MEX and HEX trials, respectively, in comparison to the NEX
trials. This additional fluid is active sweat resulting from exercise (Figures 3 and 4d). A
good correlation (r > 0.5) between the sampled lactate amount and sweat volume again
proves that sweat lactate amount (moles) is a function of sweat rate [1,17,18]. The 4 M
glucose hydrogel produced an SWR of ≈0.03 µL.cm −2.min −1 during both PMEX and
PHEX trials. Such an SWR is similar to the NEX trials. The lactate amount possesses a
negative correlation (r < 0) with the sampled sweat volume on paper during PMEX trials
(Figure 6c). As per the review of Bakker et al., this happens since lactate gets converted
to pyruvate as the body cools down after exercise [2]. As a result, the amount of lactate in
sweat decreases. A positive correlation existed during PHEX trials due to the extremely
low magnitude of lactate amount (with respect to PMEX) and sweat volume.

3.5. Estimation of Sweat Lactate Concentration and Its Relationship with Blood Lactate

The amount of sampled lactate and sweat volume on paper were used to calculate
the lactate concentration for the 4 M glucose hydrogel patch. The 4 M glucose hydrogel
initiates the osmotic withdrawal of sweat upon contact with the skin at a lactate extraction
rate (LER) (from skin) of ≈0.58 nmole.cm −2. min −1 (NEX), ≈3.21 nmole.cm −2. min −1

(MEX), ≈0.68 nmole.cm −2. min −1 (PMEX), ≈20.30 nmole.cm −2. min −1 (HEX), and
≈0.16 nmole.cm −2. min −1 (PMEX) (assuming constant sweat generation rate). This
corresponded to an average sweat lactate concentration of ≈9.38 mM (NEX), 19.30 mM
(MEX), 13.08 mM (PMEX), 13.62 mM (HEX), and 3.18 mM (PHEX) (Figure 7a).

The sweat lactate concentration during NEX trial is considered low, as it falls toward
the lower end of the normal human sweat lactate concentration range [6,14,36,38]. Lactate
concentration during MEX trials was significantly larger (p < 0.05) than NEX trials. This
happens because (a) exercise induces anaerobic metabolism, which leads to the appearance
of lactate in sweat, and (b) exercise causes greater sweat release, which proportionally
releases more lactate (Figure 6b). Lactate concentration during PMEX was significantly
lower (p < 0.05) than that during MEX, since lactate gets converted to pyruvate as the
body cools down after exercise. Additionally, this also suggests that base lactate levels
were reached within two hours (p > 0.05, with respect to NEX). The difference between the
lactate concentrations during MEX and HEX trials were insignificant (p > 0.05). Although
HEX trials lead to greater amount of lactate generation, a higher volume of sweat release
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slightly decreases the lactate concentration due to dilution (Figures 2e, 3, 6b and 7a) [18,61].
Hence, as the lactate concentration peaks during MEX, we believe that it is the facile
physiological zone for estimating the maximum sweat lactate concentration (Figure 7a,b).
Sweat lactate concentrations during PHEX trials were significantly lower than the PMEX
trials (p < 0.05) due to significant lower lactate generation (Figure 2f). This confirms the
following two outcomes: (a) the rate of disappearance of lactate from sweat during PHEX
trials is faster than PMEX trials, and it happens within 2 h after HEX termination, and
(b) two hours is a sufficient time period to attain the base lactate level. Moreover, the lactate
concentration readouts of the 4 M glucose hydrogel patches during NEX, MEX, and HEX
trials match well with the lactate concentration readouts of existing devices, which were
reported under similar exertion levels (rest, medium-intensity exercise, and high-intensity
exercise) (Figure 6b) [1,5,12,14,17,23,30,34,36,42–44,47,48,50,53,56,58,61–64]. This validates
the efficient functioning of our patch under all physiological conditions.

Micromachines 2021, 12, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 7. Comparative analysis of sweat lactate concentration readout of 4 M glucose hydrogel patch and blood lactate 
concentration. (a) Plot showing the estimated sweat lactate concentration in a 4 M glucose hydrogel patch under different 
physiological conditions. (b) Plot presenting a comparative analysis of the lactate concentration readout from our patch 
(dotted circular box) to the lactate concentration data from previously published lactate studies. (c) Plot showing the meas-
ured blood lactate concentration under different physiological conditions. Relationship of sweat and blood lactate concen-
tration during (d) NEX trial, (e) MEX and HEX trials, and (f) PMEX and PHEX trials. * denotes p<0.05. Each dot denotes 
data from one subject. These plots elucidate the correlation between blood and sweat lactate levels under different physi-
ological conditions. The error bars denote standard deviation from all subjects. 

We also measured blood lactate levels and investigated its correlation to sweat lactate 
under all five physiological conditions (Figure 7c–f). A poor correlation between sweat 
and blood lactate levels was recorded during NEX trials (Figure 7d). This is expected due 
to the lack of physical exertion. Hence, as suggested by Anderson et al., the lactate in sweat 
and blood during NEX is mainly derived from the sweat glands above type I muscle fibers 
[65]. Type I muscle fibers generate energy mainly by aerobic metabolism. The measured 
average blood lactate concentration also matches well with what Alam et al. have reported 
in their review [3]. Blood lactate concentration during MEX trials remained low and sim-
ilar to NEX trials (p > 0.05) (Figure 7c). Hence, MEX does not affect the blood lactate levels. 
This also results in a poor correlation between blood and sweat lactate levels (Figure 7e). 
Such trends are expected, since we operate below the lactate threshold (LT) of the human 
subjects during MEX trials [61]. Goodwin et al. have shown that blood lactate increases 
exponentially beyond LT [21]. The data also established the source of lactate origination 
to be mainly the sweat glands above the type IIa muscles and not blood [65]. Type IIa 
muscle fibers generate energy under both aerobic and anaerobic metabolism. The poor 
correlation between blood and sweat lactate levels during PMEX exists due to the absence 
of physical exertion and glycolysis in type I muscle fibers (Figure 7f). 

HEX causes a significant rise in the blood lactate levels (p < 0.05, with respect to MEX) 
(Figure 7c). Consequently, the ratio between sweat and blood lactate concentration de-
creases (with respect to MEX). This results mainly from the following two reasons: (a) 
HEX makes the subjects exceed their LT (>85% of maximum heart rate) [21]. This causes 
the lactate to partition into blood from the type IIb muscle fibers. Anderson et al. have 
shown that the type IIb muscle fibers generate energy purely via anaerobic glycolysis [65]. 

Figure 7. Comparative analysis of sweat lactate concentration readout of 4 M glucose hydrogel patch and blood lactate
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denotes data from one subject. These plots elucidate the correlation between blood and sweat lactate levels under different
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We also measured blood lactate levels and investigated its correlation to sweat lactate
under all five physiological conditions (Figure 7c–f). A poor correlation between sweat and
blood lactate levels was recorded during NEX trials (Figure 7d). This is expected due to the
lack of physical exertion. Hence, as suggested by Anderson et al., the lactate in sweat and
blood during NEX is mainly derived from the sweat glands above type I muscle fibers [65].
Type I muscle fibers generate energy mainly by aerobic metabolism. The measured average
blood lactate concentration also matches well with what Alam et al. have reported in
their review [3]. Blood lactate concentration during MEX trials remained low and similar
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to NEX trials (p > 0.05) (Figure 7c). Hence, MEX does not affect the blood lactate levels.
This also results in a poor correlation between blood and sweat lactate levels (Figure 7e).
Such trends are expected, since we operate below the lactate threshold (LT) of the human
subjects during MEX trials [61]. Goodwin et al. have shown that blood lactate increases
exponentially beyond LT [21]. The data also established the source of lactate origination to
be mainly the sweat glands above the type IIa muscles and not blood [65]. Type IIa muscle
fibers generate energy under both aerobic and anaerobic metabolism. The poor correlation
between blood and sweat lactate levels during PMEX exists due to the absence of physical
exertion and glycolysis in type I muscle fibers (Figure 7f).

HEX causes a significant rise in the blood lactate levels (p < 0.05, with respect to
MEX) (Figure 7c). Consequently, the ratio between sweat and blood lactate concentration
decreases (with respect to MEX). This results mainly from the following two reasons:
(a) HEX makes the subjects exceed their LT (>85% of maximum heart rate) [21]. This causes
the lactate to partition into blood from the type IIb muscle fibers. Anderson et al. have
shown that the type IIb muscle fibers generate energy purely via anaerobic glycolysis [65].
(b) A drop in the HCO3

− ion concentration and pH in plasma leads to an inflow of lactate
in blood to maintain the acid–base equilibrium [19]. Overall, a prolonged high blood lactate
concentration (> 3 mM) induces faster fatigue and is physiologically challenging [65–67].
Hence, individuals can be recognized as being “fit” if they can delay reaching LT or show
low blood lactate levels even under HEX [65]. A strong correlation exists between blood
and sweat lactate levels during HEX (Figure 7e). The correlation exists due to higher blood
lactate levels than those in the MEX trial. Such correlations have been reported by Karpova
et al. previously [1]. A poor correlation exists between blood and sweat lactate levels
during PHEX trials (Figure 7f) due to the absence of high physical exertion.

4. Conclusions

We report here the on-skin functioning of a non-invasive sweat sampling patch that
operates under novel osmotic extraction principles. The patch uses a hydrogel disk infused
with a solute to raise its chemical potential difference with respect to sweat in the skin. As
a result, the hydrogel directly withdraws the sweat from the skin via osmosis and without
the necessity of active perspiration. The extracted sweat is transported via a paper channel
and evaporated at a pad to maintain the continuous inflow of sweat and its associated
biomarkers. Since osmosis is a colligative property inherent to the system, the patch does
not require any external power source for long-term operation. The patch will continue to
withdraw sweat as long as the chemical potential difference sustains between the hydrogel
and sweat. Moreover, this patch design is flexible, non-invasive, and can be comfortably
worn on the skin.

We tested the patch with three different pumping media under five different physi-
ological conditions for sweat lactate quantification. Results show that all three pumping
media sample lactate on paper during rest, exercise, and post-exercise trials. Lactate was
majorly withdrawn by the glucose hydrogel via osmosis when the body remained exertion-
free (NEX). The PBS hydrogel and PDMS disk patches sample lactate on paper due to the
natural lactate generation rate of the body during NEX trials. The moles of sweat lactate
collected increase with exercise intensity and decrease when the body cools down. During
exertion (MEX and HEX), lactate is derived primarily from the inflow of active sweat in
all three patch systems. Hence, the amount of sweat lactate captured is proportional to
the sweat rate. The calculation of sweat lactate concentration was only possible for the
glucose hydrogel patch, as there was considerable sweat collection on the paper. The lactate
concentration measured by the glucose hydrogel patch correlated well with the lactate
concentration readouts of other sensors, which were tested under similar exertion levels.
Sweat lactate concentration during HEX remained lower than MEX. This occurs because
the rate of sweat production (volume/time) is greater than the rate of lactate generation
(moles/time) in sweat during HEX, which eventually leads to dilution and a lower lactate
concentration (moles/volume). Hence, sweat lactate concentration should be measured



Micromachines 2021, 12, 1513 14 of 17

under MEX as it peaks during this physiological state. Blood lactate concentration stayed
low and did not show a good correlation with sweat lactate concentration during NEX,
MEX, PMEX, and PHEX trials. This occurred due to the absence of physical exertion. In
contrast, the blood lactate concentration increased and showed a good correlation with
sweat lactate concentration during HEX. This occurred since all subjects surpassed their LT
during HEX. The variation in sweat and blood lactate concentration levels under different
physiological conditions is presumably an outcome of varying glycolysis rates at different
muscle fiber sites.

Overall, our wearable osmotic sweat sampling patch appears to have big potential in
facilitating continuous sweat collection for hours and delivering useful health information
about human lactate trends under varying physiological conditions. Despite the on-skin
studies, our patch requires post-processing measures for estimating the amount of lactate in
sweat. After testing, the rectangular strip needs to be cut out and subjected to an assay for
lactate determination. Hence, the current version of the patch is not an optimized solution
for device operation, since an ideal wearable should deliver continuous monitoring and
real-time data generation. Our group is working toward extending the current version of
the patch to a continuous, real-time sweat sensing platform for lactate by incorporating
enzymatic electrochemical sensors. In addition to lactate, the prototype reported here can
be used to sample multiple other sweat based biomarkers as well. We are also working
toward transforming our current patch to a lateral flow assay (LFA) platform for cortisol
and potassium detection in sweat. We believe that such a prototype, capable of functioning
with multiple sensing principles (colorimetric, electrochemical) will provide a better, long-
term understanding about the metabolism of different sweat-based biomarkers under both
at home and clinical settings.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/mi12121513/s1. Figure S1: Schematic illustration of the human trial protocol. 4 M glucose
hydrogel, PBS hydrogel, and PDMS disk patches were tested on skin during rest, exercise, and
post-exercise conditions for sweat lactate estimation. The dry rub test estimates the base lactate level
during each physiological stage. Figure S2: Rotational speed of the cycle ergometer and exercise
intensity range during human trials. Figure S3: Calibration plot of normalized intensity vs. lactate
concentration.
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Potential Biosensor for Lactate Detection. Text. Res. J. 2014, 84, 1729–1741. [CrossRef]

26. Ashley, B.K.; Brown, M.S.; Park, Y.; Kuan, S.; Koh, A. Skin-Inspired, Open Mesh Electrochemical Sensors for Lactate and Oxygen
Monitoring. Biosens. Bioelectron. 2019, 132, 343–351. [CrossRef] [PubMed]

27. Mao, Y.; Zhang, W.; Wang, Y.; Guan, R.; Liu, B.; Wang, X.; Sun, Z.; Xing, L.; Chen, S.; Xue, X. Self-Powered Wearable Athletics
Monitoring Nanodevice Based on ZnO Nanowire Piezoelectric-Biosensing Unit Arrays. Sci. Adv. Mater. 2019, 11, 351–359.
[CrossRef]

http://doi.org/10.1002/celc.201901703
http://doi.org/10.1186/2110-5820-3-12
http://www.ncbi.nlm.nih.gov/pubmed/23663301
http://doi.org/10.1016/j.bios.2018.06.054
http://doi.org/10.1016/j.bios.2016.07.076
http://www.ncbi.nlm.nih.gov/pubmed/27476060
http://doi.org/10.1080/23328940.2019.1632145
http://doi.org/10.1063/1.4921039
http://www.ncbi.nlm.nih.gov/pubmed/26045728
http://doi.org/10.1016/j.snb.2011.12.049
http://doi.org/10.1039/C3AN02359A
http://www.ncbi.nlm.nih.gov/pubmed/10706105
http://doi.org/10.1016/j.jss.2009.04.020
http://doi.org/10.1007/s12576-012-0213-z
http://doi.org/10.1016/j.bios.2016.09.038
http://www.ncbi.nlm.nih.gov/pubmed/27743863
http://doi.org/10.1016/0003-2670(94)80004-9
http://doi.org/10.1021/acsami.0c22730
http://www.ncbi.nlm.nih.gov/pubmed/33587589
http://doi.org/10.1590/S0100-879X2007000100017
http://www.ncbi.nlm.nih.gov/pubmed/17225006
http://doi.org/10.1152/jappl.1983.54.2.355
http://www.ncbi.nlm.nih.gov/pubmed/6833032
http://doi.org/10.1007/s12576-009-0073-3
http://doi.org/10.1007/s004210050676
http://doi.org/10.1111/j.1469-445X.2000.02058.x
http://doi.org/10.1007/s10517-010-1075-0
http://www.ncbi.nlm.nih.gov/pubmed/21161059
http://doi.org/10.1177/193229680700100414
http://www.ncbi.nlm.nih.gov/pubmed/19885119
http://doi.org/10.1126/scitranslmed.aaf2593
http://doi.org/10.1002/adhm.201601355
http://www.ncbi.nlm.nih.gov/pubmed/28105745
http://doi.org/10.1021/acssensors.8b01218
http://www.ncbi.nlm.nih.gov/pubmed/30707572
http://doi.org/10.1177/0040517514528565
http://doi.org/10.1016/j.bios.2019.02.041
http://www.ncbi.nlm.nih.gov/pubmed/30897541
http://doi.org/10.1166/sam.2019.3447


Micromachines 2021, 12, 1513 16 of 17

28. Enomoto, K.; Shimizu, R.; Kudo, H. Real-Time Skin Lactic Acid Monitoring System for Assessment of Training Intensity. Electron.
Commun. Japan 2018, 101, 41–46. [CrossRef]

29. Payne, M.E.; Zamarayeva, A.; Pister, V.I.; Yamamoto, N.A.D.; Arias, A.C. Printed, Flexible Lactate Sensors: Design Considerations
Before Performing On-Body Measurements. Sci. Rep. 2019, 9, 13720. [CrossRef]

30. Onor, M.; Gufoni, S.; Lomonaco, T.; Ghimenti, S.; Salvo, P.; Sorrentino, F.; Bramanti, E. Potentiometric Sensor for Non Invasive
Lactate Determination in Human Sweat. Anal. Chim. Acta 2017, 989, 80–87. [CrossRef]

31. Weltin, A.; Kieninger, J.; Enderle, B.; Gellner, A.K.; Fritsch, B.; Urban, G.A. Polymer-Based, Flexible Glutamate and Lactate
Microsensors for in Vivo Applications. Biosens. Bioelectron. 2014, 61, 192–199. [CrossRef] [PubMed]

32. Meyerhoff, C.; Bischof, F.; Mennel, F.J.; Sternberg, F.; Bican, J.; Pfeiffer, E.F. On Line Continuous Monitoring of Blood Lactate
in Men by a Wearable Device Based upon an Enzymatic Amperometric Lactate Sensor. Biosens. Bioelectron. 1993, 8, 409–414.
[CrossRef]

33. Tur-García, E.L.; Davis, F.; Collyer, S.D.; Holmes, J.L.; Barr, H.; Higson, S.P.J. Novel Flexible Enzyme Laminate-Based Sensor for
Analysis of Lactate in Sweat. Sens. Actuators B Chem. 2017, 242, 502–510. [CrossRef]

34. Nagamine, K.; Mano, T.; Nomura, A.; Ichimura, Y.; Izawa, R.; Furusawa, H.; Matsui, H.; Kumaki, D.; Tokito, S. Noninvasive
Sweat-Lactate Biosensor Emplsoying a Hydrogel-Based Touch Pad. Sci. Rep. 2019, 9, 10102. [CrossRef] [PubMed]

35. Pribil, M.M.; Laptev, G.U.; Karyakina, E.E.; Karyakin, A.A. Noninvasive Hypoxia Monitor Based on Gene-Free Engineering of
Lactate Oxidase for Analysis of Undiluted Sweat. Anal. Chem. 2014, 86, 5215–5219. [CrossRef] [PubMed]

36. Lin, S.; Wang, B.; Zhao, Y.; Shih, R.; Cheng, X.; Yu, W.; Hojaiji, H.; Lin, H.; Hoffman, C.; Ly, D.; et al. Natural Perspiration Sampling
and in Situ Electrochemical Analysis with Hydrogel Micropatches for User-Identifiable and Wireless Chemo/Biosensing. ACS
Sens. 2020, 5, 93–102. [CrossRef]

37. Park, J.; Sempionatto, J.R.; Kim, J.; Jeong, Y.; Gu, J.; Wang, J.; Park, I. Microscale Biosensor Array Based on Flexible Polymeric
Platform toward Lab-on-a-Needle: Real-Time Multiparameter Biomedical Assays on Curved Needle Surfaces. ACS Sens. 2020,
1–31. [CrossRef]

38. Bariya, M.; Nyein, H.Y.Y.; Javey, A. Wearable Sweat Sensors. Nat. Electron. 2018, 1, 160–171. [CrossRef]
39. Nie, Z.; Deiss, F.; Liu, X.; Akbulut, O.; Whitesides, G.M. Integration of Paper-Based Microfluidic Devices with Commercial

Electrochemical Readers. Lab Chip 2010, 10, 3163–3169. [CrossRef] [PubMed]
40. He, W.; Wang, C.; Wang, H.; Jian, M.; Lu, W.; Liang, X.; Zhang, X.; Yang, F.; Zhang, Y. Integrated Textile Sensor Patch for Real-Time

and Multiplex Sweat Analysis. Sci. Adv. 2019, 5, eaax0649. [CrossRef]
41. Sempionatto, J.R.; Nakagawa, T.; Pavinatto, A.; Mensah, S.T.; Imani, S.; Mercier, P.; Wang, J. Eyeglasses Based Wireless Electrolyte

and Metabolite Sensor Platform. Lab Chip 2017, 17, 1834–1842. [CrossRef] [PubMed]
42. Martín, A.; Kim, J.; Kurniawan, J.F.; Sempionatto, J.R.; Moreto, J.R.; Tang, G.; Campbell, A.S.; Shin, A.; Lee, M.Y.; Liu, X.; et al.

Epidermal Microfluidic Electrochemical Detection System: Enhanced Sweat Sampling and Metabolite Detection. ACS Sens. 2017,
2, 1860–1868. [CrossRef] [PubMed]

43. Bhide, A.; Cheeran, S.; Muthukumar, S.; Prasad, S. Enzymatic Low Volume Passive Sweat Based Assays for Multi-Biomarker
Detection. Biosensors 2019, 9, 13. [CrossRef]

44. Jia, W.; Bandodkar, A.J.; Valde, G.; Windmiller, J.R.; Yang, Z.; Ram, J.; Chan, G.; Wang, J. Electrochemical Tattoo Biosensors for
Real-Time Noninvasive Lactate Monitoring in Human Perspiration. Anal. Chem. 2013, 85, 6553–6560. [CrossRef] [PubMed]

45. Lamas-Ardisana, P.J.; Loaiza, O.A.; Añorga, L.; Jubete, E.; Borghei, M.; Ruiz, V.; Ochoteco, E.; Cabañero, G.; Grande, H.J.
Disposable Amperometric Biosensor Based on Lactate Oxidase Immobilised on Platinum Nanoparticle-Decorated Carbon
Nanofiber and Poly(Diallyldimethylammonium Chloride) Films. Biosens. Bioelectron. 2014, 56, 345–351. [CrossRef]

46. Abrar, M.A.; Dong, Y.; Lee, P.K.; Kim, W.S. Bendable Electro-Chemical Lactate Sensor Printed with Silver Nano-Particles. Sci. Rep.
2016, 6, 30565. [CrossRef] [PubMed]

47. Imani, S.; Bandodkar, A.J.; Mohan, A.M.V.; Kumar, R.; Yu, S.; Wang, J.; Mercier, P.P. A Wearable Chemical-Electrophysiological
Hybrid Biosensing System for Real-Time Health and Fitness Monitoring. Nat. Commun. 2016, 7, 11650. [CrossRef] [PubMed]

48. Guan, H.; Zhong, T.; He, H.; Zhao, T.; Xing, L.; Zhang, Y.; Xue, X. A Self-Powered Wearable Sweat-Evaporation-Biosensing
Analyzer for Building Sports Big Data. Nano Energy 2019, 59, 754–761. [CrossRef]

49. Rathee, K.; Dhull, V.; Dhull, R.; Singh, S. Biosensors Based on Electrochemical Lactate Detection: A Comprehensive Review.
Biochem. Biophys. Rep. 2016, 5, 35–54. [CrossRef] [PubMed]

50. Gao, W.; Emaminejad, S.; Nyein, H.Y.Y.; Challa, S.; Chen, K.; Peck, A.; Fahad, H.M.; Ota, H.; Shiraki, H.; Kiriya, D.; et al. Fully
Integrated Wearable Sensor Arrays for Multiplexed in Situ Perspiration Analysis. Nature 2016, 529, 509–514. [CrossRef]

51. Luo, X.; Guo, L.; Liu, Y.; Shi, W.; Gai, W.; Cui, Y. Wearable Tape-Based Smart Biosensing Systems for Lactate and Glucose. IEEE
Sens. J. 2020, 20, 3757–3765. [CrossRef]

52. Roda, A.; Guardigli, M.; Calabria, D.; Maddalena Calabretta, M.; Cevenini, L.; Michelini, E. A 3D-Printed Device for a Smartphone-
Based Chemiluminescence Biosensor for Lactate in Oral Fluid and Sweat. Analyst 2014, 139, 6494–6501. [CrossRef] [PubMed]

53. Chen, M.-M.; Cheng, S.-B.; Ji, K.; Gao, J.; Liu, Y.-L.; Wen, W.; Zhang, X.; Wang, S.; Huang, W.-H. Construction of a Flexible
Electrochemiluminescence Platform for Sweat Detection. Chem. Sci. 2019, 10, 6295–6303. [CrossRef]

54. Yokus, M.A.; Songkakul, T.; Pozdin, V.A.; Bozkurt, A.; Daniele, M.A. Wearable Multiplexed Biosensor System toward Continuous
Monitoring of Metabolites. Biosens. Bioelectron. 2020, 153, 112038. [CrossRef]

http://doi.org/10.1002/ecj.12061
http://doi.org/10.1038/s41598-019-49689-7
http://doi.org/10.1016/j.aca.2017.07.050
http://doi.org/10.1016/j.bios.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/24880657
http://doi.org/10.1016/0956-5663(93)80025-K
http://doi.org/10.1016/j.snb.2016.11.040
http://doi.org/10.1038/s41598-019-46611-z
http://www.ncbi.nlm.nih.gov/pubmed/31300711
http://doi.org/10.1021/ac501547u
http://www.ncbi.nlm.nih.gov/pubmed/24837858
http://doi.org/10.1021/acssensors.9b01727
http://doi.org/10.1021/acssensors.0c00078
http://doi.org/10.1038/s41928-018-0043-y
http://doi.org/10.1039/c0lc00237b
http://www.ncbi.nlm.nih.gov/pubmed/20927458
http://doi.org/10.1126/sciadv.aax0649
http://doi.org/10.1039/C7LC00192D
http://www.ncbi.nlm.nih.gov/pubmed/28470263
http://doi.org/10.1021/acssensors.7b00729
http://www.ncbi.nlm.nih.gov/pubmed/29152973
http://doi.org/10.3390/bios9010013
http://doi.org/10.1021/ac401573r
http://www.ncbi.nlm.nih.gov/pubmed/23815621
http://doi.org/10.1016/j.bios.2014.01.047
http://doi.org/10.1038/srep30565
http://www.ncbi.nlm.nih.gov/pubmed/27465437
http://doi.org/10.1038/ncomms11650
http://www.ncbi.nlm.nih.gov/pubmed/27212140
http://doi.org/10.1016/j.nanoen.2019.03.026
http://doi.org/10.1016/j.bbrep.2015.11.010
http://www.ncbi.nlm.nih.gov/pubmed/28955805
http://doi.org/10.1038/nature16521
http://doi.org/10.1109/JSEN.2019.2959029
http://doi.org/10.1039/C4AN01612B
http://www.ncbi.nlm.nih.gov/pubmed/25343380
http://doi.org/10.1039/C9SC01937E
http://doi.org/10.1016/j.bios.2020.112038


Micromachines 2021, 12, 1513 17 of 17

55. Biagi, S.; Ghimenti, S.; Onor, M.; Bramanti, E. Simultaneous Determination of Lactate and Pyruvate in Human Sweat Using
Reversed-Phase High-Performance Liquid Chromatography: A Noninvasive Approach. Biomed. Chromatogr. 2012, 26, 1408–1415.
[CrossRef]

56. Zhang, Y.; Tao, T.H. A Bioinspired Wireless Epidermal Photoreceptor for Artificial Skin Vision. Adv. Funct. Mater. 2020, 30,
2000381. [CrossRef]

57. Souza, S.L.; Graça, G.; Oliva, A. Characterization of Sweat Induced with Pilocarpine, Physical Exercise, and Collected Passively
by Metabolomic Analysis. Ski. Res. Technol. 2018, 24, 187–195. [CrossRef] [PubMed]

58. Bhide, A.; Lin, K.; Muthukumar, S.; Prasad, S. On-Demand Lactate Monitoring towards Assessing Physiological Responses in
Sedentary Populations. Analyst 2021, 146, 3482–3492. [CrossRef] [PubMed]

59. Shay, T.; Saha, T.; Dickey, M.D.; Velev, O.D. Principles of Long-Term Fluids Handling in Paper-Based Wearables with Capillary–
Evaporative Transport. Biomicrofluidics 2020, 14, 034112. [CrossRef] [PubMed]

60. Yokus, M.A.; Saha, T.; Fang, J.; Dickey, M.D.; Velev, O.D.; Daniele, M.A. Towards Wearable Electrochemical Lactate Sensing Using
Osmotic-Capillary Microfluidic Pumping. In Proceedings of the 2019 IEEE Sensors, Montreal, QC, Canada, 27–30 October 2019;
pp. 1–4.

61. Klous, L.; de Ruiter, C.J.; Scherrer, S.; Gerrett, N.; Daanen, H.A.M. The (in)Dependency of Blood and Sweat Sodium, Chloride,
Potassium, Ammonia, Lactate and Glucose Concentrations during Submaximal Exercise. Eur. J. Appl. Physiol. 2021, 121, 803–816.
[CrossRef]

62. Zhao, C.; Li, X.; Wu, Q.; Liu, X. A Thread-Based Wearable Sweat Nanobiosensor. Biosens. Bioelectron. 2021, 188, 113270. [CrossRef]
[PubMed]

63. Xuan, X.; Pérez-Ràfols, C.; Chen, C.; Cuartero, M.; Crespo, G.A. Lactate Biosensing for Reliable On-Body Sweat Analysis. ACS
Sens. 2021, 6, 2763–2771. [CrossRef] [PubMed]

64. Vinoth, R.; Nakagawa, T.; Mathiyarasu, J.; Mohan, A.M.V. Fully Printed Wearable Microfluidic Devices for High-Throughput
Sweat Sampling and Multiplexed Electrochemical Analysis. ACS Sens. 2021, 6, 1174–1186. [CrossRef] [PubMed]

65. Anderson, G.S.; Rhodes, E.C. A Review of Blood Lactate and Ventilatory Methods of Detecting Transition Thresholds. Sports Med.
1989, 8, 43–55. [CrossRef] [PubMed]

66. Green, J.M.; Pritchett, R.C.; Crews, T.R.; McLester, J.R.; Tucker, D.C. Sweat Lactate Response between Males with High and Low
Aerobic Fitness. Eur. J. Appl. Physiol. 2004, 91, 1–6. [CrossRef] [PubMed]

67. Broskey, N.T.; Pories, W.J.; Jones, T.E.; Tanner, C.J.; Zheng, D.; Cortright, R.N.; Yang, Z.W.; Khang, N.; Yang, J.; Houmard, J.A.;
et al. The Association between Lactate and Muscle Aerobic Substrate Oxidation: Is Lactate an Early Marker for Metabolic Disease
in Healthy Subjects? Physiol. Rep. 2021, 9, e14729. [CrossRef]

http://doi.org/10.1002/bmc.2713
http://doi.org/10.1002/adfm.202000381
http://doi.org/10.1111/srt.12412
http://www.ncbi.nlm.nih.gov/pubmed/29131416
http://doi.org/10.1039/D1AN00455G
http://www.ncbi.nlm.nih.gov/pubmed/33955985
http://doi.org/10.1063/5.0010417
http://www.ncbi.nlm.nih.gov/pubmed/32566070
http://doi.org/10.1007/s00421-020-04562-8
http://doi.org/10.1016/j.bios.2021.113270
http://www.ncbi.nlm.nih.gov/pubmed/34074569
http://doi.org/10.1021/acssensors.1c01009
http://www.ncbi.nlm.nih.gov/pubmed/34228919
http://doi.org/10.1021/acssensors.0c02446
http://www.ncbi.nlm.nih.gov/pubmed/33517662
http://doi.org/10.2165/00007256-198908010-00005
http://www.ncbi.nlm.nih.gov/pubmed/2675254
http://doi.org/10.1007/s00421-003-0968-2
http://www.ncbi.nlm.nih.gov/pubmed/14551778
http://doi.org/10.14814/phy2.14729

	Introduction 
	Experimental Section 
	Materials 
	Patch Fabrication 
	Hydrogel Synthesis and PDMS Disk Fabrication 
	On-Skin (In Vivo) Sweat Analysis 
	Statistical Analysis 

	Results and Discussion 
	Sweat Sampling Mechanism of the Wearable Patch 
	Sampling of Sweat Lactate Using Different Pumping Materials in the Patch 
	Working Mechanism of Different Pumping Materials on-skin toward the Sampling of Sweat Lactate 
	Relationship between Sweat Lactate and Sweat Volume 
	Estimation of Sweat Lactate Concentration and Its Relationship with Blood Lactate 

	Conclusions 
	References

