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A skin-interfaced microfluidic platform supports
dynamic sweat biochemical analysis during
human exercise
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Blood lactate concentration is an established circulating biomarker for measuring muscle acidity and can be
evaluated for monitoring endurance, training routines, or athletic performance. Sweat is an alternative biofluid
that may serve similar purposes and offers the advantage of noninvasive collection and continuous monitoring.
The relationship between blood lactate and dynamic sweat biochemistry for wearable engineering applications
in physiological fitness remains poorly defined. Here, we developed a microfluidic wearable band with an inte-
grated colorimetric timer and biochemical assays that temporally captures sweat and measures pH and lactate
concentration. A colorimetric silver nanoplasmonic assay was used to measure the concentration of lactate, and
dye-conjugated SiO, nanoparticle-agarose composite materials supported dynamic pH analysis. We evaluated
these sweat biomarkers in relation to blood lactate in human participant studies during cycling exercise of vary-
ing intensity. lontophoresis-generated sweat pH from regions of actively working muscles decreased with in-
creasing heart rate during exercise and was negatively correlated with blood lactate concentration. In contrast,
sweat pH from nonworking muscles did not correlate with blood lactate concentration. Changes in sweat pH and
blood lactate were observed in participants who did not regularly exercise but not in individuals who regularly
exercised, suggesting a relationship to physical fitness and supporting further development for noninvasive,

biochemical fitness evaluations.

INTRODUCTION
Skin-interfaced wearable biochemical sensors are of interest for their
ability to provide information on physiological status for a range of
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health-related applications including the monitoring of exercise and
endurance. These sensors typically require access to a biofluid such
as sweat, tears, or interstitial fluid to provide biochemical measure-
ments. Muscle pH is a metric of muscle fatigue for sports physiology
because the dominant anaerobic respiration pathway results in pro-
gressive acidosis during intense exercise (1-3); however, monitoring
muscle pH requires invasive needle biopsies, limiting its practical
usefulness. Blood lactate is strongly correlated with muscle meta-
bolic acidosis and offers a less invasive approach for investigating
muscle fatigue. Blood analysis, however, requires discrete sampling
events and skin penetration with the associated risks of pain and
infection (4-6). Interstitial fluid analysis not only has the potential
to continuously evaluate lactate concentration similar to existing
blood glucose technology (7-9) but also requires skin puncture by
microneedles. Sweat can serve as an alternative to blood for certain
diagnostic assessments, with the benefits of noninvasive and con-
tinuous collection during physical activity. Sweat pH and lactate
concentrations have been examined for evaluation of sports physiol-
ogy (4-6, 10-12); however, there is a need to establish quantitative
comparisons of sweat analytes with corresponding gold-standard
parameters in peripheral blood and muscle tissue.

Sweat analysis by skin-interfaced wireless devices has incorpo-
rated electrochemical (10, 13-15), colorimetric (16-18), or hybrid
sensors (19), some with capabilities to capture and handle sweat for
real-time in situ quantitative analysis. Microfluidic designs with
colorimetric sensors are attractive because of their simplicity in de-
sign and versatility in function (20, 21), but they lack a convenient

10f15

¥202 ‘0 Jequieldss uo AISBAIUN URISSMULION Ie 610'90us 105" MamMm//:sdny Wod) pepeoumod


mailto:y-huang@​northwestern.​edu
mailto:dhkim1@​skku.​edu
mailto:dhkim1@​skku.​edu
mailto:jrogers@​northwestern.​edu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscitranslmed.ado5366&domain=pdf&date_stamp=2024-09-04

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

means to track time-dynamic characteristics or to accurately moni-
tor key biochemical metabolic species, such as pH and lactate. The
technology platforms introduced here support timed measurements
of sweat chemistry through an elastic microfluidic band that inte-
grates a suite of colorimetric sensors and timers for studies of sweat
pH and lactate in human exercise. The system was designed to allow
continuous sweat collection from the surface of the skin and time-
dependent chemical analysis. Advanced functional components in-
clude a sweat-activated colorimetric timer based on the reactive
diffusion of a maltodextrin-iodine complex, an interference-free
nanoplasmonic lactate enzymatic sensor that produces multicolor
changes through silver nanoplate (AgNPL) etching, a nonbleeding
SiO; pH sensor based on bromothymol blue (BTB)-conjugated
mesoporous nanoparticles, and a conventional thermochromic lig-
uid crystal sensor. By digital image acquisition and analysis, each
assay allows colorimetric quantification and temporal tracking of
biomarker concentrations in a wireless fashion without any supporting
electronics or power supplies. The band supports a reusable, adhesive-
free, water-tight interface to the skin, with the ability to collect sweat
from the wrist, forearm, ankle, or other body parts.

The skin-interfaced microfluidic band developed here was tested
in a series of human participants during rest or physical activity and
in parallel with blood metabolite analysis. The results support a
technologically minimalist, cost-effective means for tracking time-
dynamic changes in sweat composition with body location, exercise
type, duration, and intensity. Because of the wearable nature of the
device, we were able to measure sweat pH in both working and non-
working muscles, which showed different responses to exercise, pro-
viding insights into local muscle activity. Our findings suggest that
sweat pH may offer a noninvasive alternative for assessing changes
in muscle acidity, given that sweat pH correlates with blood lactate.
Human participant studies indicate a potential for differentiation of
personal fitness status, whereby participants who regularly exercise
maintain sweat pH homeostasis better than participants who do not
regularly exercise. Our data suggest possibilities for routine use of
sweat monitoring in personal fitness and create opportunities for
similar studies of other important chemical species in sweat.

RESULTS

A skin-interfaced microfluidic elastic band captures sweat
for biochemical analyses

Here, we designed a microfluidic band and colorimetric sensor suite
for adhesive-free monitoring of sweat biochemical analytes (Fig. 1A).
The elastomer poly(dimethylsiloxane) (PDMS) constituted the body
of the device covered by a film of PDMS and polyethylene tere-
phthalate (PET). An elastic rubber strap secured with a “snap and
loop” fastener secured the device to the body with options to inte-
grate with smartwatches (fig. S1A). The PDMS band has a skin-
interfacing inlet, formed by lightly cross-linked PDMS (30:1 ratio),
connected to molded sweat collection chambers (Fig. 1B and fig. S1B).
This inlet routed sweat through to an enclosed linear series of micro-
fluidic channels, valves, and reservoirs with colorimetric chemical
reagents (Fig. 1, B and C). To evaluate the interaction of this inlet
with human skin, the soft PDMS sweat collection well was gently
pressed against the forearm of a human participant (fig. S1C). The
well remained attached under gentle pulling of the device away from
the skin, indicating a tacky interface (fig. S1D). To test whether
the interface was water tight, the band was worn on the wrist with a
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food dye-loaded cellulose paper placed at the inlet (fig. S1E). The
device left a localized dye mark on the skin inside the inlet area indi-
cating a water-tight interface (fig. S1, F and G), whereas when leak-
age was artificially induced, the dye mark was visible outside of the
inlet area (fig. S1, H and I). The band can be worn on the wrist, fore-
arm, or ankle by stretching the band around the targeted body part
(Fig. 1, D and E). The ability of the band to adhere to the skin without
leakage suggested that there is no need for an additional adhesive
component, which has an associated risk of skin irritation (22).

To evaluate strain in the band under stretching, bending, or
twisting, we conducted finite element analysis (FEA) of the distribu-
tion of the maximum principal strain on the external surface of the
PDMS microfluidics (Fig. 1, F to H). The PDMS body of the device
has an approximate elastic modulus of 0.8 MPa (23) and fracture
strain of about 80% (23), whereas the PET film cover has an ap-
proximate modulus of 2 GPa and fracture strain of 1.5% (24). An
elastic rubber strap with an approximate modulus of 2 MPa was
used to fasten the device to the body (fig. S1J). Under 10% stretch,
FEA demonstrated that the rubber strap experienced a maximum
principal strain of 54.3% (fig. S1J), whereas PDMS and PET reached
only 4 and 1.3%, respectively (Fig. 1F and fig. S1, K and L). These
findings indicated that the rubber strap absorbed most of the defor-
mations in the device, thus mechanically isolating the PDMS and
PET (fig. S1, ] to L). With 120° bending, PDMS and PET exhibited
2.9 and 0.06% maximum principal strain, respectively (Fig. 1G).
Under 120° twisting, PDMS and PET demonstrated 3.7 and 0.7%
strain, respectively (Fig. 1H). Bending of 120° had negligible influ-
ence on the geometrical integrity of each of the microfluidic cham-
bers (fig. S2A), changing their length and height by less than 1%
(fig. S2, B and C). These microfluidic geometrical deformations un-
der bending, twisting, and stretching had negligible influence on the
timer sensor performance in the FEA model (fig. S2D).

Maltodextrin-iodine can be used as a colorimetric timer

To achieve a temporal characterization of sweat biomarker con-
centration, we designed a colorimetric readout assay for elapsed
time using the controlled chemical dissociation of the colored
maltodextrin-iodine and the diffusion of the dissociated iodine/iodide
species. A cellulose fiber paper was loaded with the maltodextrin-
iodine complex and phosphate buffer (pH 5.5) and then coated with
a perfluorinated resin (Nafion) to form a core-shell fiber structure
(fig. S3, A and B). Successful loading of maltodextrin-iodine and coat-
ing with Nafion, which acts as a glue for maltodextrin-iodine particles
on the cellulose fiber, was confirmed by scanning electron micros-
copy with energy-dispersive x-ray spectroscopy (SEM-EDS) label-
ing iodine and fluorine (fig. S3, C and D). This paper-based assay
was placed in a reservoir within the PDMS band and covered with
the PDMS and PET film (Fig. 2A). The assay was designed such
that sweat entering the reservoir from the skin should solubilize the
purple maltodextrin-iodine complex, leading to complex dissocia-
tion, free iodine diffusion, and a loss of color in a time-dependent
fashion (25). FEA simulations were constructed on the basis of the
mass conservation of iodide, iodine, and maltodextrin to model
the dissociation of maltodextrin-iodine and the diffusion of iodine/
iodide through the device over a 60-min simulation (Fig. 2A and
fig. $4, A to C). The model was designed to incorporate all rele-
vant processes of chemical dissociation of the maltodextrin-iodine
complex and diffusion of iodine/iodide through various materi-
als and parameters of the system (Fig. 2, B to E, and table S1). The
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Fig. 1. Microfluidic skin-interfaced elastic band for sweat capture. (A) Schematic of the complete device and exploded view showing PDMS layer with temperature
sensor, sweat collecting reservoirs, valves, and microfluidic channels; the array of colorimetric assays; and the PDMS and PET top layer. (B) Rendering of the sweat collec-
tion inlet region (left) and layout of the colorimetric assays, including temperature sensor (black circle), six sets of lactate sensor (blue circle), pH sensor (yellow square),
and colorimetric timer (purple square) in series. Color scales, lactate (millimolar), timer (minutes), and pH. (C) Photograph of the microfluidic band on the skin with food
dye visualization. Scale bar, 1 cm. (D) Representative image of the device worn on the wrist with a smartwatch interface and (E) the device worn on the ankle. Scale bar,
2 cm. (F to H) Representative simulations of FEA showing the distribution of the principal strain on the external surface of the PDMS microfluidic structure and the respec-
tive images during 10% stretching (F), 120° bending (G), and 120° twisting (H). Scale bars, 1 cm. Color scales, % strain. Renderings and illustrations created with Autodesk
3ds Max.
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modeled dissociation rate increased with larger PDMS reservoir
depths allowing more iodine to diffuse (Fig. 2B), increased tempera-
ture led to higher diffusivity and dissociation (Fig. 2C), and increas-
ing thicknesses of the Nafion coatings led to less diffusivity (Fig. 2D).
The time (¢) dependence of the maltodextrin-iodine complex con-
centration (cs) can be described empirically with a simple, single
exponential decay, as ¢s + ¢5 (t = 0) = exp (—at) (Fig. 2E), where a is
the decay factor for the maltodextrin-iodine complex that depends
on temperature. FEA investigations where we maintained diffusivity
values at 30°C while permitting temperature shift alterations for re-
action equilibrium constants demonstrated that both equilibrium
constants and diffusivity values had major effects on the color decay
rate with temperature variations (fig. S4, D and E).

Atomic mapping with EDS revealed the distribution of iodine in
a cross section of a PDMS microchannel (D = 0.68 mm, L = 40 mm),
through which iodine/iodide solution continuously flowed at 0.5 pl/
min for 16 hours. The iodine concentration in PDMS exhibited a
gradient from 0.4 wt % at the microchannel surface to 0 wt % at a
radius of 1.6 mm (Fig. 2F). Visual inspection of the PDMS micro-
fluidic device after the timer experiment showed yellow, trace io-
dine residues (fig. S5A). Ultraviolet-visible (UV-vis) spectroscopic
measurements support this mechanism through decreasing char-
acteristic absorbance of maltodextrin-iodine (fig. S5B) or iodine
solution (fig. S5C) within microfluidic chambers with time and
subsequent recovery upon the addition of iodine solution (fig. S5B).

Benchtop validation based on optical imaging (Fig. 2G) and re-
flectance UV-vis spectroscopy (fig. S5D) was conducted with a de-
vice that consisted of 11 sequential chambers designed for assessing
accuracy and precision. The device was connected to a pumping sys-
tem with an artificial sweat input of 0.5 pl/min, resulting in a time
interval for filling neighboring reservoirs of 8 min. As expected, we
saw a continuous gradation of color from the first to the last reser-
voirs over 120 min (Fig. 2G and fig. S5E). We evaluated the Com-
mision Internationale de 1'Eclairage L*a*b* (CIELAB) color space
perceptual lightness (L*) of the colorimetric timer as a readout of
the assay. A calibration curve of the in vitro assay was constructed to
relate L* with collection time with a prediction accuracy of +4.42 min
(fig. S5F). The colorimetric timer supported testing scenarios where
the participant stops the exercise and later resumes (fig. S5G). To
test the performance of the colorimetric timer in vivo, we per-
formed a 10-min iontophoresis, stimulation of sweat by delivering
pilocarpine drug into the skin at 0.5 mA/cm? on a healthy human
volunteer and then applied an 11-channel timer device to the
stimulated area of skin. The device demonstrated a characteristic
color gradient profile across the microfluidic reservoirs upon com-
plete filling after 60 min (Fig. 2H). In this study, a liquid crystal
thermochromic sensor inside the device calibrated for temperature
variations (fig. S5, H and I). The device determined corresponding
on-body sweat collection times with an accuracy of +5 min (Fig. 2,
Tand]).

Sweat chemical composition can affect the behavior of the assay,
so we tested for interaction between iodine and several common
molecules found in sweat (fig. S6, A and B). In particular, uric acid
in sweat can react with the iodine molecules of the timing assay,
discoloring the assay by dissociating the maltodextrin-iodine com-
plex (fig. S6C). The absorbance of maltodextrin-iodine (fig. S6D)
and iodine (fig. S6E) decreased dose dependently with the addi-
tion of uric acid (fig. S6F). Accordingly, the addition of sacrificial
contaminant-removing pads (CRPs) consisting of a shorter-chain

Choetal., Sci. Transl. Med. 16, eado5366 (2024) 4 September 2024

maltodextrin and iodine complexes removed these interfering spe-
cies, thereby decreasing these sources of variability (Fig. 2K and
fig. S6, G and H). Shallow microfluidic chamber depth also reduces
chemical interference by minimizing the amount of uric acid within
the microfluidic chamber volume. As an additional control, sodium
phosphate buffer at 0.1 M concentration stabilized the pH of the
assay chamber (fig. S6I).

The plasmonic lactate sensor detects sweat lactate with
multiwavelength changes

Quantitative determination of lactate concentrations in sweat re-
lied on an enzymatic bioassay leveraging plasmonic AgNPLs as a
colorimetric reporter, with immobilized lactate oxidase (LOX) as
the biorecognition element (Fig. 3A and fig. S7A). The overall
operating mechanism consisted of a molecular cascade wherein
the oxidation of lactate from sweat by LOX produced H,O,, which
reacted directly with uric acid under alkaline conditions. This re-
action liberated free cyanuric acid that induced the etching of Ag-
NPLs (Fig. 3, A and B) (26-29). H,0, is largely inactive toward
AgNPL etching in a highly alkaline environment with a redox po-
tential of +0.867 V compared with +0.799 V for Ag+ (29). Because
the lactate sensor was constructed under high alkalinity within an
agarose and polyethylene oxide (PEO) matrix to enhance AgNPL
stability against salt, the cascade reaction was engineered to over-
come this low activity by incorporating a high concentration of
uric acid to enhance the responsiveness to H,O, (Fig. 3B) (29). By
adjusting the concentration of uric acid (fig. S7B), the wavelength
(high aspect ratio; fig. S7C), and volume (fig. S7D), the response to
H,0; of the AgNPLs could be modulated to control the sensitivity.
The reaction between AgNPLs and cyanuric acid preferentially
etched the corners of the structures to yield truncated triangles
(top right), then hexagons (bottom right), and eventually circular
geometries (bottom left) (Fig. 3C). This morphological change led
to a blue wavelength shift that depended on the concentration of

The sensor construction included a negatively charged poly-
meric LOX host layer to align the assay dynamic range with com-
mon lactate concentrations in human sweat by shielding the positively
charged active site of LOX. This host layer consisted of PEO, bovine
serum albumin (BSA), and chitosan (fig. S7A). An additional layer
of cellulose acetate acted as a diffusion-limiting barrier to the
sudden flux of lactate. The resulting sensor exhibited a standard
calibration curve determined using artificial sweat with lactate
concentrations between 0 and 20 mM (Fig. 3E). The linear range
extended from 1 to 20 mM, with a limit of detection of 0.34 mM
(Fig. 3E). The color change of the lactate sensor 30 min after the
beginning of the reaction was 97.2 + 1.6% with respect to the max-
imum color change (fig. S7E). This lactate sensor exhibited stability
(Fig. 3F and fig. S7, F to H) and specificity (fig. S7, I to K) with
minimal interference from other chemical species in sweat. A Cou-
lombic steric barrier within the relevant stabilizing architecture
(30-33) prevented etching and aggregation induced by NaCl, up
to 100 mM.

The performance of the lactate assay depended on the pH of
sweat, a parameter that can change during exercise. Three design
features of the sensors minimized this effect. First, the cellulose ac-
etate and PEO reduced proton diffusion in the vicinity of the en-
zyme (11, 34). Second, the construction involved strong alkaline
conditions, with a pH > 10.5, thereby minimizing changes in pH
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Fig. 3. Plasmonic colorimetric sensor detects lactate concentration. (A) Schematic illustration of the mechanism of the lactate sensor, highlighting the multilayer
structure of lactate oxidase, AGNPLs hydrogel, and cellulose acetate. (B) Change in lightness (AL*) from an initial value with and without uric acid as a function of H,0..
n = 3. (C) TEM image of AgNPLs, demonstrating the change in morphology from triangles into truncated nanotriangles, nanohexagons, and then to spheres because of
etching by H,0,. Scale bars, 20 or 50 nm. (D) UV-vis spectra of AGNPL hydrogel after exposure to H,O, from 0 to 1.25 mM. n = 1. (E) Standard calibration curve for the L*
of the sensor and corresponding optical images of the assay after exposure to lactate at concentrations between 0 and 20 mM. n = 3. (F) UV-vis spectral response for the
effect of each of the major chemical components in sweat, after 24 hours of incubation. These major chemical components included 1, water; 2, 10 mM NaCl; 3, 25 mM
NaCl; 4, 50 mM NaCl; 5, 75 mM NaCl; 6, 100 mM NaCl; 7, 100 mM glucose; 8, 100 mM lactate; 9, 10 mM uric; 10, 10 mM urea; 11, synthetic sweat; and 12, artificial sweat.
n=1.a.u, arbitrary units. (G) Comparison of sensor with artificial sweat and real sweat with different concentrations of added lactate. Pearson’s correlation, r = 0.99, n = 3.
(H) L* as a function of lactate concentration in artificial sweat at physiologically relevant range of pH. n = 3. One-way ANOVA with Tukey'’s post hoc test. (I) L* as a function
of lactate concentration in artificial sweat at a physiologically relevant range of temperatures. n = 3. One-way ANOVA with Tukey’s post hoc test. Data are presented as the
mean =+ SD. Schematics and illustrations created with Adobe Illustrator and Autodesk 3ds Max.

associated with incoming sweat (typically 4.5 to 8.9 in pH) (fig. S8A).
Third, the use of cyanuric acid to etch AgNPLs, instead of H,0,,
removed the pH-dependent effects inherent with H,O, (29).
Evaluation of the sensor in practical applications used sweat
from three adult participants spiked with additional lactate. Real
human sweat produced similar colorimetric changes to artificial
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sweat in benchtop testing (r = 0.99) (Fig. 3G), and on-body colori-
metric lactate sensor results correlated well with nuclear magnetic
resonance (NMR)-based lactate measurements, with a Pearson’s
correlation factor of 0.82 (fig. S8B). We evaluated the lactate sensor
under relevant ranges of pH and temperature. Measurements using
artificial sweat with pH values of 4.5, 7.3, and 8.9 at 32°C exhibited
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no significant pH dependence at 10 mM (P = 0.71) (Fig. 3H and
fig. S8C). Similar studies also revealed no significant dependence
on temperature across a range from 29° to 35°C at 10 mM lactate
(P =0.35) (Fig. 31 and fig. S8D).

Dye-conjugated SiO, nanoparticles in a hydrogel matrix
produce a nonbleeding pH sensor

To evaluate sweat pH, we developed a reliable, nonbleeding colori-
metric sensor of mesoporous SiO; particles loaded with BTB dye
and embedded in an agarose hydrogel (Fig. 4A and fig. S9A).
The porous particles had a uniform average size of approximately

A

Bromothymol blue

Mesoporous SiO, Bromothymol blue

376 + 31.7 nm (Fig. 4B). The large surface area supported covalent
bonding of BTB dye (Fig. 4C and fig. S9, B and C), as the basis for a
nonbleeding pH assay, ensuring reliable performance by eliminating
dye leakage to the surrounding fluid. The SiO; hydrogel sensor ex-
hibited a response over a wide range of pH values, with a color shift
from deep yellow at pH 4 to deep green at pH 8, with a coefficient of
variation of 1.32% (Fig. 4D). The initial response reached 95% of the
final color change within the first minute (fig. S9D). Spectral mea-
surements revealed an increasing peak in absorbance at A = 627 nm
when exposed to standard buffers from pH 3 to pH 10 (Fig. 4E). The
sensor displayed reversibility to alternating pH solutions between 5
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Fig. 4. Bromothymol blue-conjugated SiO, nanoparticles act as a reversible colorimetric pH sensor. (A) Schematic illustration of the sensor, highlighting mesopo-
rous SiO, nanoparticles (np) chemically conjugated to bromothymol blue (BTB) dye. (B) SEM image of the mesoporous SiO, nanoparticles. Scale bars, 200 nm and 50 nm
(inset). (C) SEM image with the elemental mapping profile of the BTB dye bonded with SiO,. Si, silica; C, carbon; O, oxygen; N, nitrogen; Br, bromine; and S, sulfur. Scale bar,
200 nm. (D) Color (b*) variation of the SiO, pH sensor in response to standard buffered solutions with pH values from 4 to 8 with optical images of the sensor. Pearson’s
correlation, r = 0.99, n = 3. (E) Absorbance of the sensor in response to different standard buffered solutions with pH values from 3 to 10. n = 1. (F) Performance of the
sensor under cycling pH conditions between 5 and 8. n = 3. (G and H) UV-vis spectra of supernatant solution of (G) the SiO, pH sensor and (H) commercial pH paper as a
function of incubation time with a standard buffer solution of pH 4. n = 1. (I) Comparison of pH as a function of time measured with the SiO, pH sensor and a nonbleeding
commercial pH sensor within a microfluidic environment. n = 3. One-way ANOVA with Tukey’s post hoc test. Schematic illustrations created with Autodesk 3ds Max

and ChemDraw.
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and 8 within a microfluidic well system (Fig. 4F), with the ability for
reuse up to nine times (fig. S9E).

Further insight into the nonbleeding performance followed from
measurements of the spectra of the pH 4 and 8 buffer solutions in
contact with various types of pH sensors over 1 hour (Fig. 4, G and
H, and fig. S9, F and G). The SiO, sensor, with covalently bonded
BTB, showed no change after incubation with pH 4 (Fig. 4G) and
pH 8 bufter (fig. S9H). When bulk BTB dye was simply mixed with
agarose hydrogel without including SiO; nanoparticles, leakage oc-
curred, as evidenced by an increase in absorbance (fig. S91). The pH
assay on a commercial bleeding pH paper exhibited an increase in
absorbance because of dye leakage (Fig. 4H). In addition, the indica-
tors can have a direct influence on the pH signal drift over time
when the sweat volume to pH sensor surface area ratio is small. The
SiO, sensor demonstrated significantly less drift in pH reading over
50 min compared with a commercially marketed nonbleeding pH
paper (P = 3.16 X 10™°) (Fig. 41).

Sweat pH provides information on exercise intensity, local
muscle activation, and fitness

Next, a series of exercise studies using the skin-interfaced microflu-
idic band explored various sweat physiological parameters (Fig. 5A).
Simultaneous measurements of blood lactate and the iontophoreti-
cally generated sweat pH provided insights into the interaction of
sweat pH with surrounding blood and subsequently muscle tis-
sues (fig. S10, A and B) (35, 36). Ten-minute iontophoresis before
each exercise session modulated sweat pH to be more neutral com-
pared with exercise sweat, thereby enhancing changes related to ex-
ercise stimulus (Fig. 5B) (37) and allowed for the sampling of sweat
at a consistent rate across different exercise intensities and at rest
(fig. S10C) (38). The participants were asked to exercise by cycling at
different targeted heart rates [90, 120, and 150 beats per minute
(bpm)] for 20 min. Sweat was captured by the microfluidic band
from locations where muscles were actively working (leg) or not
working (arm). Collected data included heart rate, oxygen satura-
tion (spO), and blood lactate, along with sweat rate, sweat pH, sweat
lactate, and device temperature.

The pH of sweat collected from regions of working and non-
working muscles for six participants showed significantly different
responses to exercise (120 bpm: P = 0.001, 150 bpm: P = 0.013)
(Fig. 5, C to E). In nonworking muscles, sweat pH did not change
with exercise intensity up to 120 bpm from sweat pH at rest (Fig. 5C),
and the correlation between sweat pH and heart rate (fig. S10D) and
blood lactate (Fig. 5D) was poor with Pearson’s coefficients of 0.47
and 0.42, respectively. In contrast, iontophoretically derived sweat
pH decreased gradually across different intensities of exercise from
7.3 (resting) to 5.5 (150 bpm) for working muscles, with a strong
correlation to blood lactate concentration (Pearson’s coefficient of
—0.83, for 13 participants, 57 sessions) (Fig. 5E) and heart rate
(Pearson’s coefhicient of —0.86, for 13 participants, 57 sessions)
(fig. S10D). Sweat rate did not correlate with sweat pH for either
working (r = 0.15) or nonworking muscles (r = 0.20) (fig. SI0E). We
next analyzed the interaction plots of variations in sweat pH for
working and nonworking muscles correlated for different partici-
pants at four different heart rates (fig. S11). Before exercise and at a
heart rate of 90 bpm, muscle activation did not have an effect on
sweat pH (P = 0.095 and P = 0.069, respectively) (fig. S11, A and B).
Muscle activation (nonworking versus working) significantly af-
fected sweat pH when exercise was conducted at heart rates of 120
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and 150 bpm (P = 0.001 and P = 0.013, respectively) (fig. S11, C and
D). These results suggest that sweat pH relates to exercise intensity
and to local muscle acidity.

Further studies associated with working muscles at varying cy-
cling speeds indicated connections to personal fitness. These inves-
tigations involved 12 participants (eight males, four females) to test
the effect of fitness on changes in sweat pH with exercise intensity
(fig. S12A). We divided the participants into two fitness groups on
the basis of their self-reported weekly exercise duration and blood
lactate response to 14- to 19-mph cycling. Individuals were assigned
to the “fit” group if they reported regular weekly exercise of >2 hours
per week or the “unfit” group if they reported <2 hours per week.
The male fit group had blood lactate concentrations less than 5 mM
compared with the male unfit group with more than 7.5 mM when
cycling at 19-mph speed (39). Likewise, the female fit group had
blood lactate concentrations of less than 5 mM compared with the
female unfit group with more than 6 mM when cycling at 14-mph
speed (table S2). We evaluated the pH of sweat iontophoretically
collected from working muscles during cycling at different speeds
(9, 14, and 19 mph), along with heart rate, sweat rate, and blood
lactate measurements (fig. S12, B and C). Two-way analysis of vari-
ance (ANOVA) of sweat pH for gender and fitness status showed
that fitness status had significant effects on sweat pH for 9-, 14-, and
19-mph cycling speeds (P = 1.1 x 107%,2.0 X 10~%, and 1.9 x 107%,
respectively). There was no effect of gender on sweat pH at 0, 9, and
14 mph (P = 0.79, 0.39, and 0.15, respectively); however, at 19 mph,
gender had a significant effect on sweat pH (P = 1.6 x 107'%)
(Fig. 5F). Sweat pH remained unchanged for the fit male partici-
pants for speeds up to 19 mph. By contrast, the pH decreased for the
unfit male and female participants (Fig. 5F). Fit female participants
with a muscle mass of 24.9 + 0.5 kg maintained steady sweat pH and
blood lactate concentrations up to 14-mph cycling speed compared
with unfit nonexercising male participants with a muscle mass of
31.4 + 2.7 kg (Fig. 5, F and G).

Examination of the correlation between blood lactate and sweat
pH followed different trends for fit and unfit participants (Fig. 5H).
Sweat pH showed smaller changes with increasing blood lactate
concentrations for fit participants than for unfit participants, consis-
tent with previously reported findings for muscle pH (40) (fig. S12D).
Examination of the correlation between heart rate and sweat pH also
showed smaller changes in sweat pH with increasing heart rates for
fit participants than for unfit participants (fig. S12E). Sweat pH did
not correlate with the sweat rate for both fit (r = 0.13) and unfit
participants (r = 0.41) (fig. S12F). Unlike sweat pH, there was no
correlation between sweat lactate measured by NMR or the Ag-
NPL sensor and blood lactate with Pearson’s coefficients of —0.15
and —0.24, respectively (Fig. 5, I and J).

Investigation of sweat lactate responses for working and non-
working muscles showed no clear relationships before, during, or
after cycling (fig. S13A). On the basis of NMR measurements
(fig. S13B), sweat lactate did not change with exercise for either
nonworking (r = 0.11) (fig. S13, C and D) and working muscles
(r = —0.15) (Fig. 5I and fig. S13E) unlike blood lactate, which in-
creased with cycling (fig. S13, C and E). Other biophysical parame-
ters including heart rate (fig. S13F), sweat rate (fig. S13G), and sweat
pH (fig. S13H) showed no clear relationship with sweat lactate.
Time dynamic measurements showed decreasing sweat lactate con-
centrations after onset of sweating and no clear response to exercise
or recovery (fig. S13, I to K).
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Fig. 5. Evaluation of sweat pH and sweat lactate for monitoring personal fitness on the basis of exercise intensity, sampling location, and fitness. (A) Experimen-
tal protocol with different cycle speeds for studies to correlate concentrations of lactate in blood, heart rate, and iontophoretically generated sweat pH and lactate in fit-
ness evaluations. (B) Sweat pH analyzed by the sensor in samples collected by iontophoresis at rest (n = 33) or during exercise without iontophoresis (n = 31). (C) Sweat
pH for various exercise intensities (no exercise, 90, 120, and 150 bpm) collected from regions of working (leg) and nonworking (arm) muscle. (n = 12, six participants and
one device per condition, each box contains seven to nine data points.) Two-way ANOVA with Tukey’s post hoc test. (D and E) Correlation between blood lactate and
nonworking muscle (D) (n = 6, Pearson’s correlation analysis, r = —0.42) and working muscle (E) sweat pH. (n = 13, exercise condition = 57 sessions, Pearson’s correlation
analysis, r = —0.83). (F and G) Sweat pH (leg) (F) and blood lactate (G) with cycle speeds (0, 9, 14, and 19 mph) for fit and unfit participants (n = 12, six fit, six unfit). Two-way
ANOVA with Tukey'’s post hoc test. (H) Correlation of pH of sweat collected from regions of working muscle and blood lactate for the fit and unfit participants (n = 12, six
fit, six unfit). (1 and J) Correlation between blood lactate and sweat lactate measured by NMR (I) and a wearable nanoplasmonic sensor (J) for the working muscle (n =6
participants). Data in (C), (F), and (G) are presented as box and whisker plots with the position of minimum, lower quartile, median, upper quartile, and maximum.
Dots represent individual sweat pH and lactate measurements from each microfluidic chamber. Data were analyzed with Origin Pro. Data in (D), (H), (1), and (J) are pre-
sented as scatterplots and were analyzed with linear regression to produce Pearson’s correlation. Error bars are defined as the SD of measurements per single-intensity
exercise session.
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Studies with fully integrated devices reveal time-dynamic
exercise sweat physiology

Next, we leveraged the integrated microfluidic device with the colo-
rimetric timer, lactate sensor, and pH sensor to collect and evaluate
the chemical composition of sweat distributed across multiple differ-
ent time points. Here, two male participants with self-reported exer-
cise of less than 2 hours per week (unfit) (Fig. 6, A and B) and two
male participants who routinely exercised greater than 2 hours per
week (fit) (Fig. 6, C and D) were evaluated as they followed experi-
mental protocols of a period of rest, cycling, and recovery while
wearing the microfluidic band (Fig. 6, A to D). Cardiovascular fit-
ness evaluations indicated that at 19-mph cycling speed, heart rate
and blood lactate were 114 to 127 bpm and 3 to 4.2 mM or 143 to
162 bpm and 7.8 to 8.3 mM for the fit and unfit participants, respec-
tively (table S2).

Sweat pH in the two unfit participants was 7.1 and 7.5 at rest.
With exercise, sweat pH decreased to 5.5 and 6.25, respectively. Af-
ter exercise, sweat pH recovered to between 6.9 and 7.5 (Fig. 6, A
and B). Blood lactate concentration in unfit participants increased
from 1.5 to 13 mM, and heart rate rose from 65 to 75 to 155 bpm
and then returned to the baseline for both participants (Fig. 6, A
and B). In contrast, the sweat pH of both fit participants remained
between 7.3 and 7.6 before, during, and after exercise (Fig. 6, C and
D). Blood lactate increased from 0.9 to 3 mM at rest to 2.9 to 4.8 mM
during cycling as the heart rate increased from 85 to 88 bpm to 127
to 150 bpm (Fig. 6, C and D).

A final set of experiments that examine variations in sweat pH
during squatting indicated that sweat pH can also change with an-
aerobic exercise. Tests involved analysis of iontophoresis-generated
sweat from the working muscle of three participants after 100 squats
over 10 min (Fig. 6E). Sweat lactate decreased slightly during this
period (Fig. 6F). As with cycling, sweat pH was neutral at the resting
state and decreased with exercise (Fig. 6F) as blood lactate (Fig. 6G)
and heart rate (Fig. 6H) increased with squatting.

DISCUSSION

The contributions reported here are physiological insights related to
correlations between sweat and blood chemistry for purposes of real-
time monitoring of muscle activity and personal fitness. The elastic
microfluidic band with colorimetric sensors and timers presents a
noninvasive tool for monitoring the time dependence of sweat pH
and its connection, through blood lactate, to personal fitness during
various exercises. This band naturally interfaces with straps used with
smartwatches in a reusable format and adds capabilities in simultane-
ous measurements of heart rate, spO,, sweat collection times, lactate
concentrations, and pH. These colorimetric assays offer distinct ad-
vantages over other existing wearable sweat analytical systems. The
colorimetric timer enables time-dynamic measurements of sweat
chemistry for colorimetric sensing systems through the analysis of a
single digital image. The nanoplasmonic lactate sensor uses localized
surface plasmon resonances to induce a shift in the extinction coef-
ficient that produces multicolor changes with sweat lactate concen-
trations. The resistance of the sensor to interfering effects such as
those associated with pH, light, salt, temperature, and sweat chemical
species allows for an accurate readout of sweat chemistry under dy-
namically changing physical and chemical environments. This assay
is also more cost-effective than previous designs because of its ability
to operate at low concentrations of LOX (tables S3 and S4).
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Physiological studies with this platform demonstrate the utility
of sweat as a potential noninvasive alternative to blood lactate test-
ing during exercise monitoring. Comprehensive multiparametric
exercise trials revealed relationships between muscle activity and
sweat chemistry. Correlation between blood lactate and sweat pH
highlights the potential of sweat analytics for personal fitness moni-
toring (r = —0.83, n = 13, data points = 57). Gradual decreases in
sweat pH with increasing exercise intensity suggested that sweat pH
may serve as an indicator of muscle acidity, which is related to mus-
cle fatigue.

Although blood lactate measurements are effective for monitor-
ing overall muscle fatigue, they do not provide specific information
on the local production of lactate at a given muscle region because
blood circulates rapidly throughout the body and tends to eliminate
local differences in concentration (41, 42). On the other hand, sweat
is sourced directly from the area of the muscle of interest and can
thus offer relevant information on local muscle fatigue and acidity.
Our investigation on working and nonworking muscles revealed
that sweat dynamics can offer physiological insights into local mus-
cle activity (n = 12, data points = 48). Sweat pH on working muscle
correlated with blood lactate and changed with exercise. By contrast,
sweat sourced from nonworking muscles did not correlate well with
blood lactate and generally did not change with exercise. This ability
to monitor local muscle activity may provide athletes with targeted
training advice for a specific muscle of interest.

In our study, sweat pH was different between regularly exercis-
ing fit individuals and less active unfit individuals, supporting the
potential of sweat pH as a proxy for blood lactate testing (n = 12,
data points = 54). Fit individuals exhibited less variation in sweat
pH with increasing cycling speed compared with unfit individuals.
This observation agrees with conventional blood lactate testing
where blood lactate exhibits less variation with exercise intensity
for fit participants (40, 43). Further, different trends for the re-
sponse of sweat pH with blood lactate for the fit and unfit partici-
pants suggest that fit participants may be better able to maintain pH
homeostasis at elevated blood lactate concentrations. Previous
work suggests that physical fitness influences the ability to maintain
pH homeostasis during elevated blood lactate concentrations with
enhanced mitochondrial respiratory capacity (44), skeletal muscle
buffering capacity (43), and H*/Na™ cotransport (45). Therefore,
changes in sweat pH during exercise may inform users of their
physical fitness status.

Our study is not without limitations. Iontophoretically generated
sweat has a different pH compared with sweat from natural exercise,
which limits the usefulness of natural sweat for personal fitness eval-
uations. Future research on alternative sweat generation methods
and the relationship between their sweat chemistry with exercise
will improve the practicality of the device. The microfluidic design
constrains the operation time to several hours, but design modifica-
tions may provide routes to bypass this limitation. The comparisons
made here were limited by the number of participants, and further
validation with larger and more diverse populations including ath-
letes will establish the broader reliability and generalizability of the
findings. Long-term studies are essential to understand how sweat
pH correlates with fitness progression and whether it can reliably
predict overtraining or injury risk. Investigating daily variations in
sweat pH because of factors such as diet, hydration, and sleep may
contribute to an understanding of its dynamic nature. Developing
intervention strategies based on sweat pH monitoring to optimize
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Fig. 6. Time-dynamic sweat exercise physiology using multifunctional sweat microfluidic devices with colorimetric timers. (A to D) Real-time monitoring of sweat
pH (blue line) and sweat lactate (black line) collected from a region of working muscle and blood lactate (black line) and heart rate (red box) before, during, and after a
session of cycling at 19 mph for the unfit participant 1 (A), the unfit participant 2 (B), and the fit participants 1 (C) and 2 (D). IP, 10-min iontophoresis session. (E) Exercise
protocol for studying the effect of squatting on sweat pH. (F to H) Real-time monitoring of sweat pH and sweat lactate (F), blood lactate (G), and heart rate (H) before and

during a squatting session. n = 3 participants.
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fitness, training, and rehabilitation programs is also an important
step for practical implementation.

The emergence of sweat acidity for muscle fatigue monitoring,
using an adhesive-free wearable band, provides a new perspective
for dynamic noninvasive sweat biochemical analysis during exer-
cise. Other colorimetric assays or electrochemical sensors can be
easily integrated into the platform reported here, to support ex-
panded monitoring capabilities and enhanced tracking of exercise
physiology. Engineering research and physiological studies in these
directions offer great promise for continued work in this area.

MATERIALS AND METHODS

Study design

The objective of this study was to develop data to examine correla-
tions of sweat pH and lactate concentration with blood lactate
concentrations, muscle activity, and fitness using a sweat microflu-
idic band with a colorimetric timer, pH sensor, and lactate sensor
for analyzing the physiological parameters related to the fitness of
the participants. Testing was nonblinded and involved 14 healthy
participants (aged 18 to 40) as volunteers. A priori power analysis
for a two-tailed bivariate normal model correlation indicated that
the minimum sample size to yield a statistical power of at least
0.8 with an alpha of 0.05 and a Pearson’s correlation coefficient of
0.65 was 16. Human trials were approved by the Institutional Re-
view Board (STU00214004-MODO0018) at Northwestern Univer-
sity, and all participants gave complete, informed, signed consent
before participating in on-body experiments. No participants or
outliers were excluded from the analysis. The exact participant
numbers and data points used are indicated in the respective
figure legends.

Fabrication of the microfluidic band

The band (157-mm by 16.5-mm rectangular strip) consisted of five
layers: (i) a partially cured film of PDMS (thickness, 200 pm) to
form the bottom part of the device, with a patterned area as a
water-tight interface to the skin and a region through which sweat
can enter the microfluidics (46); (ii) a PDMS microfluidic struc-
ture (thickness, 800 pm), formed by casting against molds formed
by 3D printing, with a series of microfluidic channels, valves, and
reservoirs in a linear array for sequential filling; (iii) colorimetric
chemical reagents for assessing pH, lactate concentration, sweat
temperature, and the colorimetric timer; (iv) a thin layer of PDMS
to form a sealed top side; and (v) a film of PET with printed color
reference markers selected to match the colorimetric reagents
(Fig. 1A).

A 3D printer (Formlabs) was used to create clear resin-based molds
(Resin Clear V4, Formlabs). Molds were cleaned by sonication in
isopropyl alcohol twice for 2 min. A UV light cure for 15 min at
room temperature completed the fabrication process. PDMS (Sylgard
184; mixing ratio of 20:1, Dow corning) was baked with white silicon
dye (5 wt %, Reynolds Advanced Material) in the mold in a 75°C
oven for 3 hours. Colorimetric assays were placed in the microflu-
idic reservoirs and capped with a thin PDMS. The 200-pm-thick
capping layer was fabricated by spin-casting PDMS at 200 and 20 rpm
on a poly(methyl methacrylate)—coated silicon wafer (silicon, 100-mm
diameter, 500-pm thickness, UniversityWafer) and then baking at
95°C in an oven for 1 hour. Exposure to an oxygen plasma created
hydrophilic surfaces that allowed for efficient bonding of the cap to
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the base. Blade coating of PDMS with a low cross-linking density
(0.15 g, 30:1 ratio of base to curing agent, 30-mm length, 16.5-mm
width) around the inlet of the band with PET tape masking at a
predefined sweat collection area (8 mm by 12 mm) facilitated an
adhesive-free, water-tight interface to the skin.

Preparation of the colorimetric timer

The colorimetric timer assay solution consisted of 2 wt % maltodex-
trin (dextrose equivalent 4.0 to 7.0, Sigma-Aldrich), 24 mM potas-
sium iodide (KI), 3.1 mM I, (Sigma-Aldrich), and 0.1 M pH 5.5
sodium phosphate buffer. The substrate consisted of a cellulose pa-
per (Whatman no. 602H, 125-mm diameter, 160-pm thickness,
Cytiva) bonded to a double-sided diagnostic tape (9965, Acrylate,
86.4-pm thickness, 3MTM). A CO, laser [VersaLASER (VLS), Uni-
versal Laser Systems] cut the pressure sensitive adhesive (PSA)-
cellulose paper into circular shapes (8-mm diameter) for loading
12 pl of the colorimetric assay solution and to engrave 2-mm by
2-mm cutting alignment marks. A razor blade (Personna Inc., 009RD
razor blades) was used to cut the cellulose paper into a rectangular
shape (2 mm by 2 mm). Nafion (0.75 pl, 1100 W, 5 wt %, Sigma-
Aldrich) was added to the paper to form a perfluorinated coating
around the cellulose fiber, followed by annealing at 75°C in an oven
(Fisherbrand Isotemp, Thermo Fisher Scientific) for 30 min. A
medical adhesive (9965 3MTM) bonded this assay to the PDMS at
the locations of the reservoirs (2.5-mm square, 350-pm depth). The
sacrificial CRP with a short-chain maltodextrin (dextrose equiva-
lent 14.0 to 17.0, Sigma-Aldrich) and iodine was created by the
same fabrication process. The decay factor was related to tempera-
ture (T) by @ = 1.79 X 107* T* t0 7.51 X 107> T + 8.62 x 10~ a,
1/min; T, degrees Celsius; ¢, minutes; and c5(f), maltodextrin-iodine
concentration at time ¢, millimolar.

Preparation of the lactate sensor

The AgNPLs were prepared as previously described (47), with slight
modifications (Supplementary Materials). We prepared a stabilized
solution of AgNPL by centrifugation of 10 ml of the AgNPL solu-
tion at 14,500 rpm for 40 min in a 15-ml tube and redispersion in
300 pl of 4% PEO (20 kDa, Sigma-Aldrich). The solid agarose Ag-
NPL hydrogel was prepared by the addition of 75 pl of 0.3 M NaOH
(Sigma-Aldrich) to 300 pl of agarose solution (320 mg/40 ml,
Sigma-Aldrich) at 65°C in an Eppendorf tube. Subsequently, 300 pl
of the AgNPL solution and 1000 pl of uric acid (10 mM dissolved in
75 mM NaOH, Sigma-Aldrich) were added to the agarose solution,
completing the preparation of the AgNPL cocktail for molding. A
total of 7.5 pl of this cocktail was poured into the PDMS mold
(3-mm diameter, 1-mm depth) followed by drying at room tem-
perature for 24 hours, which completed the solid agarose AgNPL
hydrogel assay formation.

The microfluidic lactate sensor fabrication began with the prepa-
ration of a robust enzymatic solution by mixing 20 pl of a stock solu-
tion of 1000-U LOX (Toyobo Chemicals) with 980 pl of an enzymatic
ink solution that consisted of 0.5% PEO, 0.05% BSA (Sigma-Aldrich),
and 0.05% chitosan (Sigma-Aldrich). The LOX base layer was pre-
pared by drop-casting of 5 pl of this mixture into each sensing reser-
voir (3-mm circle, 400-pm depth) and drying at 30°C for 1 hour. On
top of the LOX base layer, we drop-casted 4 pl of 0.4% cellulose ace-
tate (Sigma-Aldrich) in acetone followed by the AgNPL hydrogel
(3-mm circular shape) placement in the chamber before the acetone
dried out. After drying for 20 min, we completed the fabrication
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process by drop-casting and drying another 4 pl of cellulose acetate
(0.6% in acetone).

Preparation of the SiO, pH sensor

Mesoporous SiO, nanoparticles were synthesized by dissolving a
solution containing 600 pl of tetraethyl orthosilicate and 1275 pl of
3-triethoxysilylpropylamine in 68.2 ml of a 1:1 ethanolic-to-water
mixture and stirring at 600 rpm in a closed 100-ml vial. Subsequently,
6.75 ml of 0.2 M NaOH was added to the mixture and stirred for 1 hour
at room temperature, and the SiO; nanostructures were collected by
centrifugation at 10,000 rpm for 15 min and then redispersed in a
1:1 acetone-to-water mixture (63 ml). The sulfate group of BTB was
converted to a sulfonyl chloride before attaching to the SiO,. Initially,
4.16 g of BTB, 1.23 g of cyanuric chloride, and 0.67 g of triethylamine
were dissolved in 90 ml of acetone, refluxed in a three-necked flask
with stirring at 800 rpm for 3 hours at 65°C, and then cooled to ambi-
ent temperature to obtain activated BTB (a-BTB). Next, 5 ml of a-BTB
was added to 31.5 ml of the SiO, suspension. The pH was adjusted to
9.5 using 2 M NaOH, and the reaction continued overnight at room
temperature. The mixture was then centrifuged for 15 min at 10,000 rpm
with two washes using an ethanolic solution to remove unbound
BTB. Last, the SiO, loaded with BTB was dissolved in 7.4 ml of etha-
nol for further use. To create the SiO, pH sensor, 1 ml of the SiO,
loaded with BTB suspension was centrifuged at 10,000 rpm for 15 min,
redispersed in 1 ml of distilled water, and vigorously vortexed for
10 min. Subsequently, 300 pl of this suspension was mixed with 150 pl
of a 4% PEO solution and 150 pl of an agarose solution (320 mg/ml) at
60°C. Next, 7.5 pl of the resulting mixture was drop-casted into a
mold and allowed to dry overnight for pH sensing application.

Image processing and analysis

A Python-based analysis program (Epicore Biosystems) quantita-
tively analyzed images captured by a digital camera (EOS 6D, Canon)
along with a color checker (24 color, Classic nano type, 24 mm by
40 mm, Calibrate). The calibration program extracted the CIELAB
color coordinates from the red, green, blue (RGB) gray values of the
digital images. Specifically, the user analyzed 24 different refer-
ence colors of known color coordinates and ran the transforma-
tion matrix to correct for the color differences induced by lighting
conditions and the digital camera RGB sensor performances. Alter-
natively, a high-resolution color laser printer (Color ImageClass
model, Canon) defined color reference markers at 1200-dots per
inch (dpi) resolution on a 25-mm-thick PET film (FLX000464,
FLEXcon), which can be compared against the microfluidic assays
to semiquantitatively analyze the assays. An optical image of this
device after exercise is shown in fig. S13L.

lontophoresis

Ten milliliters deionized (DI) water and 400 mg of agarose [4% by
weight fraction of the DI water added, type I, low electroendosmosis
(EEO), Sigma-Aldrich] were mixed inside a 20-ml glass vial placed
on a hot plate at 160°C with constant stirring (480 rpm). After cool-
ing to 120°C, the addition of pilocarpine (Pilocarpine nitrate salt,
Sigma-Aldrich) completed the preparation of the 0.5% weight frac-
tion pilogel cocktail. Drop-casting the cocktail into cubic molds in
PDMS (14 mm by 10 mm by 3 mm), followed by solidification at
room temperature, completed the pilogel fabrication process. An in-
house iontophoresis device, as previously described (48), was used
to stimulate sweat for 10 min.
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Studies of sweat pH on working muscle (thigh) versus
nonworking muscle (forearm)

Six healthy volunteers participated in sweat pH testing for working
and nonworking muscles. The on-body testing consisted of four
separate exercise sessions with separate 10-min iontophoresis stimu-
lation (0.5 mA, 0.5% pilogel) before each session: at rest, light exer-
cise (90 bpm, 20 min), moderate exercise (120 bpm, 20 min), and
intense exercise (150 bpm, 20 min). An alcohol swab was used to
sanitize the skin before the devices were attached. Upon placement
of the devices, participants were fitted with a commercial pulse ox-
imeter (EMO-80, Emay) for continuous heart rate monitoring and
started cycling (Gear 4, 250XL Upright Bike, XPLUS OUTDOOR).
After 20 min, a commercial blood lactate reader (Lactate Pro 2 LT-
1730, Akray) was used to measure blood lactate. After each session,
operators captured images of the device on the skin with a digital
camera. For sweat lactate correlation, microfluidic devices with a se-
ries of empty chambers sampled 3- to 4-pl volume of sweat for each
time point. An NMR instrument (Bruker Neo 600 MHz system with
a quadruple resonance cryoprobe (QCI-F cryoprobe) allowed highly
sensitive temporal detection of sweat lactate concentrations.

Sweat physiology for fit and unfit participants

Six fit and six unfit volunteers participated in bicycle exercises, and
information on the participant’s exercise routines, body fat, weight,
muscle mass, body mass index, and cardiovascular fitness was col-
lected for each enrolled participant. Unfit participants were defined
as individuals who exercised for 2 hours or less per week, whereas fit
participants exercised more than 2 hours per week. The fit partici-
pants were able to maintain blood lactate concentrations of less than
5 mM while cycling at 19-mph speed (male participants) or 14-mph
speed (female participants). Exercise protocols were the same as
those for the working versus nonworking muscle tests, except that the
cycle speed, instead of heart rate, modulated the exercise intensity; at
rest, 9 to 10 mph, 14 to 15 mph, and 19 to 20 mph.

Integrated device for time-dynamic exercise physiology

For time-dynamic exercise physiology studies, the devices consisted
of colorimetric timers, nanoplasmonic lactate sensors, colorimetric
pH sensors, and colorimetric temperature sensors. Two fit and two
unfit participants participated in each session and wore the sensor
on the thigh. For two participants (one fit and one unfit), the proto-
col involved iontophoretically stimulating sweat (i) before cycling,
(ii) during cycling at 19 mph for 20 min, and (iii) after recovery
from cycling (Fig. 6, A and C). For the other two participants, the
protocol involved iontophoresis sessions (i) before and during cy-
cling at 19 mph for 20 min and (ii) after recovery from cycling
(Fig. 6, B and D). For all participants, the operator captured images
of the device using the digital camera 30 min after filling the re-
quired chambers (three to four sets of the timer, lactate sensor, and
pH sensor). Three healthy participants participated in squat exercise
tests to observe the effect of strength exercise on sweat pH. As with
cycling, iontophoresis on the working muscle enabled sweat collec-
tion before and during squatting sessions (100 squats per person for
10 min). Blood lactate was sampled every 5 min, and heart rate was
measured for the duration of the exercise sessions.

Statistical analysis
Statistical analyses used commercial software packages R (R Foun-
dation for Statistical Computing) and Origin (Pro) (version 2022,
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OriginLab Corporation). All measurements involved at least three
repeats unless noted in the figure caption. Data are presented with
mean values + SD unless noted in the figure caption. Pearson cor-
relation analyses were performed to evaluate relationships between
the variables. A one-way ANOVA with Tukey’s post hoc test was
used to determine statistical significance. Two-way ANOVA with
Tukey’s post hoc test was used to determine the statistical signifi-
cance for working and nonworking muscles. P < 0.05 was consid-
ered statistically significant. Data were not tested for normality. All
tabular data are available in data file S1.
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