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SUMMARY
Wearable sweat-sensing devices hold great promise for personalized healthcare but are facing substantial
challenges in industrialization due to the lack of simple and efficient on-skin sweat-sampling modules.
Here, we design amass-producible paper microfluidic array with 96 inlets for tandem sweat collection, effec-
tive sampling (12 mL min�1), and quick refilling (2 min). This microfluidic array can be conveniently worn on
different parts of the body and integrated with a flexible electrochemical sensor array, which has been
demonstrated with the newly developed array of Na+, K+, H+, glucose, and lactate sensors, and a printed cir-
cuit board for Bluetooth-controlled signal processing. Continuous analysis of sweat metabolites and electro-
lytes can be achieved to directly visualize the results on a custom-smartphone app. On-body tests demon-
strate the feasibility of this skin-mounted, wearable device for continuous perspiration collection and
multicomponent monitoring, demonstrating its practical application prospects.
INTRODUCTION

Personalized healthcare is highly anticipated, as it can effectively

enhance therapeutic efficacy and reduce medical risks and re-

sources. Its implementation requires long-term and frequent

monitoring and assessment of physiological parameters related

to human health. Blood analysis is not the best selection to

achieve this objective because it is invasive and episodic and

often requires labor-intensive sample processing and delicate

instrumentation.1,2 Sweat contains abundant physiological and

metabolic biomolecules that can be accessed non-invasively,

continuously, and long term; thus, is has been considered as

another attractive biofluid for health monitoring3 and clinical

diagnosis of cystic fibrosis, sweat gland dysfunction, and elec-

trolyte balance.4–6 However, the current sweat detection sys-

tems commonly employ off-body laboratory analysis and there-

fore do not have the advantages of simplicity, real time

information, and ease of implementation.

Wearable sensors are a recently developed technology for

remote, wireless, and real-time monitoring of an individual’s

health state by integrating analytical tools into a body-worn

platform.7 It has been achieved for the measurement of vital

signs such as heart rate,8 blood pressure,9 and pulse.10

Compared to physical sensing, wearable chemical sensing is

more attractive for providing health information about the
Cell Reports Physical Science 6, 102389, Janu
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wearer at the molecular level.11 Some wearable electrochemi-

cal sensing devices have been proposed for the on-body

detection of metabolites (such as glucose, lactate, uric acid,

alcohol, and caffeine),12–16 electrolytes (such as Na+, K+, H+,

and Cl�),17,18 hormones (such as cortisol),19 nutrients (such

as amino acids and vitamins),20 and neuroimmune21,22 and in-

flammatory biomarkers (such as cholesterol and C-reactive

protein)23 in sweat. However, wearable sweat sensors are fac-

ing substantial challenges regarding widespread implementa-

tion and industrialization due to the lack of simple and efficient

on-skin sweat sampling modules, though these sensing de-

vices possess the inherent advantages and ability to continu-

ously, in situ, and non-invasively measure a series of physiolog-

ical molecules over a long period.24,25

Continuous on-skin sweat extraction is usually performed with

iontophoresis26 or sophisticated microfluidic technology.27 The

paper-based microfluidic (PMF) array is the most promising

candidate for the construction of wearable sweat sensors owing

to the intrinsic hydrophilicity,28 breathability, flexibility, foldabil-

ity, diversity, operational simplicity, and biodegradability of the

paper.29 Some functionalization strategies have also been

used to endow the paper channels with the capabilities of oil

adsorption,30 osmotic extraction,31 flow guidance,32 and inte-

gration testing.33–36 However, the common single-inlet sampling

design greatly limits the efficiency of skin sweat extraction and,
ary 15, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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thus, the practical application of these developed wearable

sensing devices.

Here, we rationally design a PMF array with 96 inlets distrib-

uted across 8 interconnected input channels around the

collection zone for efficient on-skin sweat sampling. This

PMF array can be conveniently worn on different parts of

the body and integrated with a flexible electrochemical sensor

array to form a wearable patch for comfortable skin-mounted

sweat collection and on-line multicomponent detection. By

integration with a newly developed flexible electrochemical

sensing array (FESA) for Na+, K+, H+, glucose, and lactate,

the obtained PMF array-based wearable device has following

features: (1) low-cost mass fabrication of both the PMF array

and FESA as well as their integration adaptable to industriali-

zation; (2) long-term wearing robustness and comfort due to

the separation of channels, collection zone, and FESA from

the skin; (3) effective sampling and quick refilling of sweat

for continuous multicomponent monitoring; and (4) good reli-

ability of the Bluetooth-controlled signal processing along

with real-time pH correction for enhancing the accuracy of

sweat analysis. Therefore, this work solves the bottleneck of

wearable sweat-sensing devices and their application in

personalized healthcare.

RESULTS

Overview of the wearable device
The fully integrated wearable device consisted of three parts: a

disposable multisensing patch, a reusable printed circuit board

(PCB), and a user-friendly app. The patch containing the PMF

array and FESA was attached to the skin for autonomous sweat

collection and continuous detection, the PCB was interfaced

with the patch for in situ signal processing and wireless commu-

nication with user’s mobile device through Bluetooth, and the

app was used to display and store the test results (Figure 1A).

The PMF array was produced by laser engraving of normal filter

paper (Figure S1) and consisted of two functional zones; namely,

the harvesting zone, containing 24 circular and 72 semicircular

inlets to efficiently extract sweat from a large area of skin, and

the rectangular collection zone as a reservoir for FESA detection.

The two zones were connected by 8 input channels (Figure 1B).

The FESA was fabricated on a flexible thin-film electrode array,

which contained five gold working electrodes (WEs) for the prep-

aration of glucose, lactate, H+, Na+ and K+ sensors; a silver elec-

trode for preparing the shared Ag/AgCl reference electrode (RE);

and a wave-shaped Au counter electrode (CE) for amperometric

detection of glucose and lactate (Figures 1C, S2, and S3). The

preparation of five sensors was performed by drop-coating a

dispersion of glucose oxidase (GOx), Prussian blue nanopar-

ticles (PBNPs), and multiwall carbon nanotubes (MCNTs) in

0.2% chitosan solution, a mixture of lactate dehydrogenase

(LDH) and MCNTs in 0.15% chitosan, and selective membrane

cocktails of H+, Na+, and K+ on the WEs (Figure 1D). The patch

was assembled by sequentially stacking the FESA (II), PMF array

(III), outlet layer (IV), and waste layer (V) on the inlet layer (I)

(Figures 1E and 1F). Here, both layers I and IV were double-sided

medical adhesive tapes engraved with an array of inlet holes and

a rectangular outlet, respectively. The FESA faced the collection
2 Cell Reports Physical Science 6, 102389, January 15, 2025
zone of the PMF array, and all inlets of the PMF array were

aligned one-to-one with the inlet holes of layer I.

After the patch was easily mounted on skin through adhesive

layer I (Figure 1G), the inlets of the PMF array could directly con-

tact the skin through the inlet holes of layer I for immediate

extraction of sweat from the sweat glands. The PMF array

showed a strong self-driving ability for extraction, transport,

and collection of sweat due to the hygroscopicity and capillarity

of the paper substrate (Figure 1H). The sweat in the collection

zone could be discharged spontaneously in the presence of wa-

ter-absorbent nonwoven cotton (waste layer), thus achieving

continuous monitoring of sweat metabolites and electrolytes.

Design and optimization of the PMF array
The sweat extraction efficiency of the harvesting zone in the PMF

array is a key factor to realize on-body analysis of sweat mole-

cules. Sweat glands are spread throughout the bodywith varying

densities of 90–550 glands cm�2, and sweating occurs on all skin

of the body, which leads to a large amount of whole-body perspi-

ration (�1.6–100 mL min�1) in spite of the relatively low sweat

secretion rate (<20 nL gland�1 min�1).37,38 Thus, this work de-

signed a harvesting zone with multicircular and semicircular in-

lets for efficient tandem sweat collection from as many sweat

glands as possible. The diameter of inlets, the number and length

of input channels, the density of inlets, and the harvesting zone

area were optimized for quick filling of the collection zone with

sweat.

The diameter of inlets was optimized by probability analysis to

match the skin sweat gland density and enable the highest sweat

gland coverage efficiency (Figures 2A and S4A). At an average

gland density of 150 gland cm�2 (forearm), the inlet area should

be greater than 4 mm2 (i.e., diameter > 2 mm) to ensure a 100%

probability of covering one gland (p R 1) with random posi-

tioning. The probability of covering multiple sweat glands in-

creases with increasing the inlet area. For example, an inlet

area of 14 mm2 (i.e., diameter = 4.2 mm) can maximize the prob-

ability of covering 10 sweat glands (p R 10) (Figure 2B). How-

ever, the threshold area of inlets for covering multiple sweat

glands with 100% probability can be decreased by using the

multi-inlet sampling model. For example, the threshold area of

inlets for 100% p R 10 decreased to 7 mm2 (i.e., diameter =

3 mm), when the inlet number is more than 8 (number of circular

inlets [Nc] R 8) (Figure 2C). Furthermore, the relativity of p R 10

to the inlet area in a series ofmulti-inlet samplingmodels (Nc from

1 to 116) at different gland densities indicates that an inlet area of

7mm2 (i.e., diameter = 3mm) can guarantee 100% pR 10 under

all gland densities for the sampling model of Nc = 60 (Figures 2D

and S4B–S4D). Thus, an inlet diameter of 3 mmwas selected for

the PMF array.

Numerical simulation was used to optimize the number of

input channels around the collection zone of 18 3 9 mm2. The

corners of the rectangular collection zone may form dead areas

at too few entrances, leading to uneven dispersion and untimely

refilling of sweat in the collection zone. With increasing entrance

numbers, the dead area sharply decreases to a minimum value

at more than 6 entrances (Figure 2E), which was demonstrated

by filling green CuCl2 solution in the collection zone (Figures S5

and S6). As expected, the filling time decreased significantly



Figure 1. Schematics and images of the wearable device for sweat monitoring

(A) Schematic of the wearable device for on-skin sweat monitoring and mobile app for data display.

(B) Schematic of the PMF array.

(C) Schematic and image of a flexible thin-film electrode array. WE, working electrode; RE, reference electrode; CE, counter electrode. Scale bars, 1 cm.

(D) Schematic of an FESA containing glucose, lactate, Na+, K+, and H+ sensors.

(E and F) Schematic (E) and images (F) of assembled layers in the wearable patch, which provides sealing conditions for sweat sampling and analysis without

evaporation and contamination.

(G) Image of the wearable patch interfaced with a PCB mounted on the skin. Scale bars, 1 cm.

(H) Schematic of skin sweat sampling through the patch in cross-sectional view.
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by increasing the number of input channels due to the increase of

inlets (Figure 2F). Considering the spatial layout around the

collection zone, 8 input channels were selected for the PMF

array.

The effect of channel length on filling time indicated an optimal

channel length of 12 mm and filling time of 10 min, and a longer

channel led to a quick increase in filling time (Figures 2G and S7).

The layout density of inlets around the collection zone was opti-

mized at 8 input channels with 4-mm length and a harvesting

area of �4 cm2. The filling time decreased sharply with the

increasing inlet number (i.e., the density of inlets) and reached

a minimum time of �1 min at the saturated density of 4.4 Nc

cm�2 (Figures 2H and S8). In order to achieve the highest sweat

collection efficiency, the effect of harvesting area on filling time

was examined. At the harvesting zone area of 11 cm2 (i.e.,

48 3 27 mm2), where the inlet number was 60 (Figure S9), the
filling time reached the minimum value of 25 s (Figure 2I). A larger

harvesting area and number of inlets were insufficient to

compensate for the time consumption due to the longer chan-

nels (Figure 2G). In addition, the channel width of 0.6mmshowed

a shorter filling time than that of 1.0 mm (Figure 2J). At the

optimal parameters, the PMF array structure with 0.6-mm chan-

nel width (Figure 2K) produced a sweat sampling rate of 12 mL

min�1, comparable to that of iontophoresis,26 along with the uni-

form filling of sweat in the collection zone (Figures 2L and S10),

indicating high sweat sampling efficiency.

The optimized PMF array exhibited good temporal resolution

during filling or refilling of the collection zone, and the time-lapse

images matched well with the simulation results (Figures 2M–2P;

Table S1). The filling time of 25 s taken to reach 95% of the

collection zone (Figures 2M and 2N; Video S1) was a significant

improvement compared to the reported wearable sampling
Cell Reports Physical Science 6, 102389, January 15, 2025 3



Figure 2. Characterization of the PMF array

(A) Schematic of the coverage of sweat glands in a single inlet.

(B) Probability of covering the number of sweat glands by an inlet as the function of inlet area in single-inlet sampling model (Nc = 1) at 150 gland cm�2. pR 1 to

p R 10 represent the probability of covering at least 1–10 sweat glands. Nc represents the number of circular inlets.

(C) Probability of covering at least 10 sweat glands by an inlet in the multi-inlets sampling model at 150 glands cm�2.

(D) Effect of sweat gland density on the probability of covering at least 10 sweat glands at an Nc of 60.

(E) Numerically simulated proportion of the dead area at different numbers of entrances.

(F–J) Times requested to fill the collection zone with different numbers (F) and lengths (G) of input channels and different inlet densities (H), harvesting zone areas

(I), and channel widths (J). Data are represented as mean ± SD of the measured data.

(K) Vector structure diagram of the PMF array.

(L) Simulation of the flow direction on the PMF array.

(M–P) Simulation of filling (M) and refilling (O) of NaCl solution in the collection zone and time-lapse images of filling of CuCl2 solution on a dry (N) and refilling of

CuCl2 solution on a water-wetted (P) PMF array.
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modules.18,39 After a filled PMF array was placed below the dry

waste layer for 1min, the resulting half-filled PMF array showed a

refilling time of 120 s (Figures 2O and 2P; Video S2). In order to

demonstrate the feasibility of the PMF array for continuousmoni-

toring, time-lapse analysis of the collection zone on a patch (Fig-
4 Cell Reports Physical Science 6, 102389, January 15, 2025
ure S11) under periodical fluid replacement sampling over a 1-h

period was performed, which showed long-term usability and

good stability of the PMF array (Figure S12). To simulate the

real situation, an in vitro model of skin40 was designed to test

the filling time of the collection zone with low or medium sweat
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rates and the capability of the periodic liquid replacement sam-

pling of the PMF array (Figures S13–S16). The filling times for the

collection area at low and medium sweat rates were 2 min and

45 s, respectively (Figures S14 and S15). Meanwhile, the peri-

odic liquid replacement sampling experiment ensured contin-

uous refilling of the collection zone under a low sweat rate (Fig-

ure S16), confirming the results shown in Figure S11. The

prompt response and periodic change of signal corresponding

to the fluid replacement indicated that the collection zone in

the PMF array could be refreshed quickly and continuously, indi-

cating an efficient on-skin sweat sampling module.

Fabrication and performance of the FESA
To ensure good detection reliability of the proposed wearable

device, the FESA was designed to contain 5 sensors for simulta-

neous detection of Na+, K+, H+, glucose, and lactate in sweat.

The open-circuit potentials of ion sensors were recorded for

Na+, K+, and H+ detection, respectively. They exhibited sensitive

Nernstian responses with the sensitivity of 76.9 mV decade�1 in

10–160mM, 65.0mV decade�1 in 1–32mM, and�50.8mV pH�1

at pH 4–7.8, respectively (Figures 3A–3C). All of these ion sen-

sors showed good selectivity without cross-interference, long-

term storage stability (Figure S17), and reversible testing perfor-

mance (Figure S18). Five Na+, K+, and H+ sensors prepared in

different batches showed sensitivity variations of 1.9%, 4.5%,

and 3.8%, respectively, indicating excellent reproducibility.

Compared to the Na+ and K+ sensors fabricated by electrodepo-

siting or coating PEDOT:PSS (poly(3,4-ethylenedioxythio-

phene)-poly(styrenesulfonate)) on an Au WE and then coating

the Na+- or K+- selective membrane,12,15,18 the Na+ and K+ sen-

sors fabricated with one drop-coating step did not show the po-

tential drift and sensitivity decrease (Figures S19A–S19D) due to

the presence of the Au nanofilm (Figure S19E). The electron

transfer impedance of Na+ sensors fabricated with three proced-

ures is shown in Figure S19F.

The glucose sensor prepared with a 3.4-mm film of 4-nm

PBNP-adsorbed MCNTs (Figures 3D, 3E, and S20–S22) showed

a linear response to glucose concentration ranging from 50 to

300 mM and a sensitivity of 1.3 nA mM�1 at 0 V (Figures 3F and

S21), which was much better than those of the control sensors

(Figure S23). For the preparation of the glucose sensor, the

PBNPs were stabilized with PDDA (poly(diallyldimethylammo-

nium chloride)) and CS (chitosan) (Figure S22) and then

dispersed in 0.3 wt % chitosan for obtaining PBNP-adsorbed

MCNTs. With the optimal composition (Figure S24), the glucose

sensor could retain over 86% of its initial signal after 30-week

storage and showed intra- and inter-batch sensitivity variations

of 0.4% and 3.4%, respectively (Figure S25), indicating better

stability than those in published works12,41,42 and fabrication

reproducibility.

The lactate sensor prepared with a 3.1-mmfilm ofMCNTs/LDH

showed a well-defined linear response over the tested concen-

tration range of 0–30 mM with a sensitivity of 1.6 nA mM�1

(Figures 3G, 3H, and S26) and could be stored over 10 weeks

without obvious signal loss, much longer than those fabricated

with lactate oxidase.12,31 The sensitivity variation of four lactate

sensors demonstrated good fabrication reproducibility (Fig-

ure S27). Both the glucose and lactate sensors exhibited good
selectivity, as no apparent signal was observed for non-target

sweat metabolites at physiological levels (Figures 3F and 3H).

To verify the wearable detection performance of the FESA for

sweat, artificial sweat samples with varying concentrations of

each analyte were prepared (Table S2). All of these 5 sensors

in the artificial sweat-filled collection zone showed detection

sensitivities close to those obtained in buffer solution, with rela-

tive sensitivity errors less than 8% (Figures S28, 3A–3C, 3F, and

3H). As control, the FESA was examined under a sample-soaked

paper and in flow injection sampling mode; it exhibited similar

detection sensitivities to corresponding analytes over the same

concentration ranges (Figure S29), indicating that the sampling

mode did not obviously affect the performance of the FESA. In

addition, K+, Na+, glucose, and lactate sensors on the FESA

maintained negligible cross-interference for sweat analysis (Fig-

ures 3I, S30, and S31). The patch assembled with the FESA and

PMF array could be stably stored for 1 month (Figure S32).

Therefore, the FESA could be used for continuous monitoring

of Na+, K+, H+, glucose, and lactate during sweat collection

and refilling.

pH correction of the FESA
The pH of human sweat varies from 4.5 to 7.5 among individuals

and on different parts of the body. Therefore, both the stability of

each sensor on the FESA at different pH levels and pH correction

are important for ensuring the detection accuracy of the wear-

able sweat device. K+, Na+, and glucose sensors showed rela-

tively steady responses to corresponding analytes upon varying

pH (Figure 3J), indicating that they were pH insensitive, and it

was unnecessary to correct the results. Contrarily, the lactate

sensor showed significant differences in the current responses

and the slopes of calibration curves at different pH levels

(Figures 3J and S33), which was attributed to the production of

H+ during the lactate oxidation by LDH.43 Integration of H+ and

lactate sensors on the FESA could conveniently achieve real-

time correction of the lactate sensor (Figure 3K). For example,

accurate and consistent lactate concentrations at different pH

levels could be displayed after correcting the significantly over-

estimated readouts based on the calibration curve obtained at

pH 7.0 (Figure 3L). The influence of temperature on the perfor-

mance of ion sensors was minimal, but the enzyme sensors

showed significant influence (Figure S34). Considering the rela-

tively stable temperature of human skin around 37�C, the con-

centration readouts of glucose and lactate sensors for on-body

experiments were performed, with the calibration curves ob-

tained at 37�C.

On-body validation of the wearable device
The on-body sweat sensing performance of the fully integrated

wearable device was evaluated by continuous detection of

sweat Na+, K+, H+, glucose, and lactate in human subjects during

the constant-load cycling and running exercise. This patch-

based wearable device could be comfortably worn on different

parts of the body, such as the forearm, neck, back, and fore-

head, for sweat detection (Figure 4A), and the data could be

transmitted to amobile set via Bluetooth using an app. Figure 4B

shows regional studies of sweat Na+, K+, H+, glucose, and

lactate on a female subject during a 1-h cycling exercise. The
Cell Reports Physical Science 6, 102389, January 15, 2025 5



Figure 3. Characterization of the sensors on the FESA

(A–C) Open-circuit potentials, calibration curve, selectivity, and reproducibility of Na+ (A), K+ (B), and H+ (C) sensors. Non-target interference concentration:

10 mM K+, 50 mM Na+, 5 mM NH4
+, 0.5 mM Ca2+, 0.5 mM Mg2+. Data are represented as mean ± SD of the measured data.

(D) Scanning electron microscopy (SEM) images of PBNPs and PBNPs/MCNTs.

(E and G) SEM image and step profile of the glucose (E) and lactate (G) sensor and the sensing membrane on the Au electrode.

(F and H) Amperometric responses, calibration curve, selectivity, and stability of glucose (F) and lactate (H) sensors. Non-target interference concentration: 50 mM

UA (uric acid), 50 mM AA (ascorbic acid), 5 mM lactate, 150 mM glucose. Data are represented as mean ± SD of the measured data.

(I) Simultaneous responses of K+, Na+, glucose, and lactate sensors on the FESA upon varying analyte concentrations.

(J) Influence of pH on the responses of corresponding sensors at 4 mMK+, 80mMNa+, 30 mMglucose, and 20mM lactate. Data are represented asmean ± SD of

the measured data.

(K) Illustration of lactate oxidation catalyzed by the immobilized LDH and integration of lactate and H+ sensors for pH correction.

(L) Concentration readout of 10 mM lactate based on the calibration curve obtained at pH 7.0 before and after pH correction.
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levels as well as dynamic trends of all 5 sweat analytes in four re-

gions exhibited good consistency, just with a slight advance or

lag of the changes across different regions,2 indicating that the

regional differences in sweat detection could be ignored. Sweat

glucose decreased for the forehead but decreased and then

increased for other places. This was probably due to individual

differences.

The accuracy of the wearable devices for analyzing real sweat

samples was verified by recovery tests (Figures 4C–4F). The

orthogonal regression analyses showed that all Na+, K+, glucose,

and lactate sensors exhibited both good correlation coefficients
6 Cell Reports Physical Science 6, 102389, January 15, 2025
(>0.99) and slopes close to 1, indicating good accuracy and reli-

ability of patch-based sweat detection.

The wearable devices were further tested on 17 healthy sub-

jects by wearing on the forearm during a running exercise (Fig-

ure 5A). The monitoring was triggered after 20 min of exercise

and performed every 10 min to ensure sufficient sweat sampling

for stable and reliable detection (Figure 5B). In order to reliably

reveal the dynamic changes of Na+, K+, glucose, and lactate in

sweat, their concentrations in the blood and the heart rate of

the subjects were detected synchronously during the exercise.

Meanwhile, group analysis of the 12 male and 5 female



Figure 4. Validation of the wearable device

(A) Schematic of wearable devices worn on different parts of the body for sweat monitoring.

(B) Regional monitoring of Na+, K+, H+, glucose, and lactate in sweat during a 1-h cycling exercise.

(C–F) Recovery tests of Na+ (C), K+ (D), glucose (E), and lactate (F) sensors by detecting Na+, K+, glucose, and lactate spiked in sweat samples.
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participants was conducted to evaluate the effect of gender on

dynamic changes of these sweat analytes (Figure 5C). The re-

sults indicated that the sweat pH of these 17 subjects fluctuated

between 5.0 and 7.0. The dynamic changes of sweat Na+ were

heterogeneous in each individual, while an overall trend of first

increasing and then slowly decreasing was observed for both

males and females, and the fluctuation for females was earlier

and more obvious than that for males. Compared to the sweat

Na+, blood Na+ remained at a constant value at a high level

throughout the entire exercise. Sweat K+ showed a similar trend

of first increasing and then decreasing as sweat Na+, but male

subjects exhibited a more pronounced fluctuation than females.

Blood K+ was also stable during exercise. Sweat glucose dis-

played an overall trend of first decreasing and then stabilizing

on all subjects, but female subjects exhibited a greater decrease

of sweat glucose than males during the entire exercise, which

might be due to the higher density of sweat glands in females

than inmales.44 Unlike the obvious fluctuations in sweat glucose,

blood glucose remained stable during exercise. Sweat lactate

gradually increased in the early stage of exercise and then re-

turned to the initial state as the exercise progressed, while blood

lactate did not show any significant change at the beginning of

exercise but increased slowly and finally remained constant dur-

ing exercise, regardless of gender.
The overall sweat-to-blood correlations of Na+, K+, glucose,

and lactate across all subjects are illustrated in Figures 5D–5G.

The sweat Na+ was 2–7 times lower than blood Na+, sweat K+

was 1–2 times higher than blood K+, sweat glucose was 30–

100 times lower than blood glucose, and sweat lactate was

1–3 times higher than blood lactate. The poor Pearson correla-

tion coefficients of 0.4, �0.2, 0.2, and 0.2 indicated that the

sweat-to-blood correlations of Na+, K+, glucose, and lactate

were mild.

DISCUSSION

Tomeet the demand of simple and efficient on-skin sweat sam-

pling for wearable sweat sensing, this work designs a mass-

producible paper microfluidic array. This PMF array is opti-

mized to contain 24 circular and 72 semicircular inlets with a

diameter of 3 mm, which are distributed across 8 intercon-

nected input channels with 12-mm length and 0.6-mm width

around a rectangular collection zone of 18 3 9 mm2 and can

be conveniently and comfortably worn on different parts of

the body with a skin area of 424 mm2. Different from previously

reported sweat sampling structures, which usually included a

single (or a few) mini-inlet(s) and could only collect limited

sweat from very small skin areas,39 the PMF array adopts 96
Cell Reports Physical Science 6, 102389, January 15, 2025 7



Figure 5. On-body sweat monitoring during

continuous exercise for validation of the

wearable device

(A) Illustration of sweat monitoring during the

running exercise with thewearable deviceworn on

the forearm.

(B) Simultaneous detection results of pH, Na+, K+,

glucose, and lactate (mM) at different times.

(C) Simultaneous monitoring of Na+, K+, glucose,

and lactate in sweat (and pH) and blood (and heat

rate) during the 1-h running exercise with 12 male

and 5 female participants. Thick solid lines and

shaded bands indicate the mean ± SD of the 12

male and 5 female participants’ measured data

(red for male concentration values [and pH, heart

rate], blue for female concentration values [and

pH, heat rate]).

(D–G) Sweat-to-blood correlations of Na+ (D), K+

(E), glucose (F), and lactate (G) across all subjects.

Article
ll

OPEN ACCESS
inlets for achieving highly efficient on-skin sweat sampling

(12 mL min�1) and refilling (2 min), taking into account the gland

density of 150 gland cm�2 and the sweat secretion rate of 20 nL

gland�1 min�1.37,38 The time-lapse analysis of the collection

zone on a patch has demonstrated its long-term usability and

good stability for continuous quick filling and refilling of sweat

(Figures 2M–2P and S12–S15; Videos S1 and S2).

The designed on-skin sweat sampling module can be seam-

lessly installed with a FESA in the collection zone to form a wear-

able patch. After integrating the patch with a PCB and an app, a

wearable device can be obtained for remote and wireless

detection of sweatmetabolites (glucose and lactate) and electro-

lytes (Na+, K+, and H+) continuously. Compared to previous

multistep technologies or the time-consuming electrodeposition

method12,26 for the preparation of a sensing array, the proposed

one-step drop-coating method has demonstrated excellent

reproducibility and mass production capacity of the sensing

array. Moreover, LDH has been used for the preparation of the

lactate sensor, which decreases the fabrication cost and leads

to better stability over 2.5 months. The ion sensors on the

FESA exhibit a stable Nernstian response without potential drift.

All of the ion and amperometric sensors possess good selectivity

without cross-interference.

The excellent performance of the FESA has been verified with

the artificial sweat samples, which shows detection sensitivities
8 Cell Reports Physical Science 6, 102389, January 15, 2025
similar to those observed for individual

sensors in buffer solutions. Furthermore,

the sampling mode does not obviously

affect the performance, ensuring prac-

tical application of the FESA for contin-

uous monitoring of these analytes during

sweat collection and refilling. More im-

portantly, K+, Na+, and glucose sensors

are pH insensitive, and the combination

of a lactate sensor with H+ sensors on

the FESA can be used for real-time pH

correction of lactate detection (Figures

3K and 3L).
On-body and recovery tests have also demonstrated the feasi-

bility and reliability of the proposed wearable device for contin-

uous sweat sampling and dynamic Na+, K+, glucose, and lactate

analysis during exercise. Interestingly, the continuous sweat

detection on different parts of the body, such as the forearm,

neck, back, and forehead, show good consistency of the 5 ana-

lyte levels as well as their dynamic trends. The levels of sweat

Na+, K+, glucose, and lactate at the same part of the body

show heterogeneous changes during the running exercise,

which are different from those in the blood and depend on the

gender, the individual, and exercise progress. Unfortunately,

only mild sweat-to-blood correlations were observed due to a

small number of human subjects. Therefore, a larger amount of

human sweat data are still required to obtain clinical reference in-

dicators for achieving application of sweat detection in personal-

ized health assessment.

METHODS

Study design
The objective of this study was to develop a low-cost and

scale-production paper microfluidic array for efficient on-skin

sweat sampling and a wearable patch along with a flexible elec-

trochemical sensor array for online multicomponent monitoring.

The designed microfluidic array can be seamlessly integrated
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with the newly developed FESA, a PCB, and an app to form a

wearable device for wireless detection of sweat metabolites

(glucose and lactate) and electrolytes (Na+, K+, and H+). The

healthy volunteers were recruited from the campus of Nanjing

University through advertisement of on-body testing. On-body

and recovery tests were performed to demonstrated the feasi-

bility and reliability of the proposed wearable device for contin-

uous, dynamic Na+, K+, H+, glucose, and lactate analysis during

exercise. Regional sweat studies on four parts of the body during

a 1-h cycling exercise and group analysis of the 12 male and 5

female participants at the same part of the body during the 1-h

running exercise were performed to verify the feasibility of using

the on-skin biosensor in a clinical environment.

Preparation of the FESA
The sensing array was constructed on a flexible electrode array

containing 5 Au WEs, an Ag electrode, and an Au CE (Figure 1C)

and was fabricated on 100 mm PET (polyethylene terephthalate)

by electronic beam evaporation (Ninghaijieyi Biotech, Ningbo,

China).

Preparation of the glucose sensor: First, PBNPs were synthe-

sized by dropwise addition of 4 mL of 0.025 M K3[Fe(CN)6] to

16 mL of a mixture containing 6.25 mM FeCl2$4H2O, 0.4 wt %

PDDA, and 0.15 wt % chitosan under stirring for 1 h45 and

dispersion in 1 mL 0.3 wt % chitosan after centrifugation

washing with 1% acetic acid. 250 mL of the dispersion was

then mixed with 1.75 mL of 2 mg mL�1 MCNTs in 0.3 wt % chi-

tosan and stirred overnight to obtain PBNP-adsorbed MCNTs

(PBNP/MCNT), which were mixed thoroughly with 10 mg mL�1

GOx at a volume ratio of 2:1 to prepare the PBNP/MCNT/GOx

dispersion. The glucose sensor was finally fabricated by coating

5 mL of PBNP/MCNT/GOx on the Au WE and drying at room

temperature.

Preparation of the lactate sensor: After 3 mg mL�1 MCNTs (in

0.3 wt % chitosan) was mixed thoroughly with 10 mg mL�1 LDH

at equal volume to obtain an MCNT/LDH dispersion, 5 mL of the

dispersion was coated on the Au WE to prepare the lactate

sensor.

Preparation of the H+, Na+, and K+ sensors: Cyclohexanone

was used as solvent to dissolve various components in an

H+-, Na+-, and K+-selective membrane cocktail. The H+-sel-

ective membrane cocktail was prepared by dissolving 1 mg

tridodecylamine, 0.55 mg Na-TFPB (sodium tetrakis[3,5-bis

(trifluoromethyl)phenyl] borate), 33 mg PVC (high-molecular-

weight polyvinyl chloride), and 65.45 mg DOS in 660 mL cyclo-

hexanone.46 The Na+-selective membrane cocktail contained

1 mg Na ionophore X, 0.55 mg Na-TFPB, 33 mg PVC, and

65.45 mg DOS (bis(2-ethylhexyl) sebacate) in 660 mL of cyclo-

hexanone,47 while the K+-selective membrane cocktail was

prepared by dissolving 2 mg valinomycin, 0.5 mg NaTPB

(sodium tetraphenylborate), 32.7 mg PVC, and 64.7 mg DOS

in 350 mL cyclohexanone.12 The ion sensors were then fabri-

cated by casting 4 mL of the cocktails on the Au WEs.

Preparation of RE: Firstly, Ag/AgCl electrode was prepared by

immersing the Ag electrode in 0.1 M FeCl3 solution for 40 s. After

rinsing with water and drying by N2, the Ag/AgCl electrode was

coated with 4 mL of methanol solution containing 0.315 mg

PVB, 8.0 mg F127, 0.8 mgMCNTs and 0.20mgNaCl to obtain RE.
Electrochemical measurements of the sensing array
The glucose and lactate sensorswere used for amperometric (i-t)

detection at 0 V, and the H+, Na+, and K+ sensors were detected

via open circuit potential measurement on a CHI 1040C electro-

chemical workstation (CH Instruments, USA).

Under wet paper: A rectangular filter paper (18 3 9 mm) was

put on the surface of a sensing array. The electrochemical mea-

surements were performed after dropping 20 mL of testing solu-

tion on the filter paper and waiting for 60 s (Figure S29A).

In a flow system: The PDMS flow device consisted of a 162-mL

rectangular reservoir (183 93 1 mm3) with an inlet and an outlet

at the opposite ends. The reservoir was fully enclosed upon the

active sensing area. The testing solutions contained different

concentrations of glucose, lactate, Na+, and K+ in McIlvaine’s

buffer (pH 4.0–8.0) and were sequentially injected from a 750-

mL sample loop into the flow device at a rate of 150 mL min�1

(Figure S29G).

Fabrication of the paper microfluidic array
The PMF array was fabricated by laser engraving (Optima-5070,

Nanjing Chaohan Digital Machinery, China) on a filter paper. Its

pattern was made using Laser Work v.6 software to form a rect-

angular collection zone (18 3 9 mm), 24 circular and 72 semicir-

cular inlets (3 mm in diameter), and multiple capillary channels

(0.6 mm in width) (Figures 1B and S1).

Assembly of the patch
Layers I and IV were made of commercial double-sided medical

adhesive tape (<50 mm thickness). Layer I was an inlet layer

engraved with an array of inlet holes corresponding to the inlet

pattern of the harvesting network. Layer IV was an outlet layer

engraved with a rectangular outlet corresponding to the collec-

tion pattern of the harvesting network. Layer Vwas a piece of wa-

ter-absorbent nonwoven cotton. The inlet layer (I), FESA (II), PMF

array (III), outlet layer (IV), and waste layer (V) were assembled in

order (Figures 1E and 1F).

Fabrication of the PCB
The PCBmodule was designed using Altium Designer (Altium). It

contained a miniaturized potentiostat using a digital-to-analog

converter (AD5667, Analog Devices) and operational amplifiers

(TLV9064, Texas Instruments) for amperometric and potential

measurements, a microcontroller (nRF52840, Nordic Semicon-

ductor) with an integrated Bluetooth module for data processing

and wireless connection to a smartphone, and a lithium battery

(3.7 V, 1,000 mAh, 12 h) for power supply.

Human subject recruitment
The on-body sweat testing on human subjects was carried out

in compliance with the relevant laws and ethics regulations un-

der a protocol that was approved by the Medical Ethics Sub-

committee of Science and Technology Ethics Committee of

Nanjing University (OAP20230821001). 17 healthy individuals

(12 males and 5 females, age range 18–30) were recruited

from the campus of Nanjing University through advertisement.

All subjects gave written informed consent before participation

in the study.
Cell Reports Physical Science 6, 102389, January 15, 2025 9
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On-body testing of wearable device
For on-body sweat analysis, the subjects wearing the wearable

device were asked to perform a 60-min stationary cycling or

running exercise at 22�C in a ventilated setting. Thewearable de-

vice was used to simultaneously detect glucose, lactate, Na+,

K+, and H+ after 20 min of exercise. The measurement was

repeated every 10 min until the subject stopped the exercise.

During the on-body trial, the data were recorded by PCB and

sent wirelessly to a mobile phone via Bluetooth. The concentra-

tions of glucose, lactate, Na+, K+, and H+ obtained with the

calibration curves were shown directly on a custom smartphone

app. Meanwhile, sweat samples were collected periodically

from the forearm of subjects using centrifuge tubes for further

validation of the detection accuracy by recovery tests

(Figures 4C–4F).
Synchronous blood analysis
For the human trials, blood glucose, lactate, Na+, and K+ were

tested before exercise and then tested periodically every

10 min. The blood samples were obtained through a finger-

prick approach after cleaning the fingertip with an alcohol

wipe and allowing it to air dry. Blood glucose levels were re-

corded immediately with a commercial glucometer (Bayer).

Meanwhile, fresh capillary blood samples were collected

from the fingertips into Li-EDTA and gel tubes after wiping

off the first drop of blood with a cotton swab. After centri-

fuging blood samples for 10 min, plasma samples were ob-

tained for further analysis of blood lactate with a lactic acid

assay kit (Nanjing Jiancheng Bioengineering Institute, China)

and blood Na+ and K+ levels with the FESA by standard addi-

tion method.
Statistical analysis
Data are presented with average values and SD unless noted

otherwise in the figure legends. The highest sweat gland

coverage efficiency was obtained using probability analysis. All

statistical analyses and linear regression analysis were per-

formed using Origin software.
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