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THE BIGGER PICTURE Non-invasive wearable biochemical monitoring systems are critically needed for the
effective management of chronic metabolic disorders such as hyperuricemia (HUA), hyperglycemia, and
hyperlipidemia. Uric acid (UA) quantification holds diagnostic value given that elevated serum levels are
strongly associated with HUA and are pathologically linked to gout, cardiorenal syndromes, and metabolic
dysregulation. Nevertheless, existing wearable platforms encounter persistent technical barriers, particularly
regarding sustained signal accuracy, which is compromised by electrode contamination and biochemical in-
terferents during prolonged operation. In this study, we present a UA monitoring system for tracking UA
levels in sweat, as affected by diet and metabolism, which can be used to analyze the individual risk of
HUA throughout the day. Based on its long-lasting and reusable properties, the system provides stable sig-
nals over a 15-day duration for users.
SUMMARY
We report a prolonged wearable biosensing system for monitoring hyperuricemia (HUA), a prevalent meta-
bolic disorder resulting from abnormal purine metabolism, from sweat, with reliable and stable behaviors
for up to 15 days. This reusable wearable system integrates an interference-resistant HUA biosensor, a
microfluidic module for autonomous sweat collection, a conformable device-skin adhesive interface
with adjustable adhesion strength, and a flexible circuit board for data acquisition and transmission. A
customized mobile application provides real-time HUA levels and associated risks, facilitating timely
self-regulation and long-term dietary and health management. The HUA sensing signal of sweat was
compared and calibrated with clinical standard by serum tests for 80 volunteers, where the results ex-
hibited great correlation and thus can be used as assessing criteria. On-body tracking validation further
highlighted the great potential of our wearable bioelectronics for the development of individualized diag-
nostic protocols.
INTRODUCTION

Wearable sensors usingsweat as the samplematrix haveapplica-

tions inpersonalizedhealth anddiseasediagnostics asanoninva-
All rights are reserved, including those
sive device outside of clinical settings.1–6 Various sweat-sensing

patches have been developed that provide outputs of bio-signals

for monitoring multiple metrics.7–13 However, these technologies

are typically limited to short-term use. The reason is that the
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state-of-the-art sweat sensors are based on biosensing elec-

trodes,whichhave inherent limitations for long-termuseandenvi-

ronmental interference resistance.14–17 Frequent replacement of

sweat-sensing patches is expensive and, moreover, they might

present differences in sensing performance from batch to batch

that would likely cause errors in the detection of trace-level sub-

stances in sweat.18,19

Researchers are focused on the monitoring of such chronic

metabolic diseases involving amino acids, small molecules,

and on-body drug metabolism monitoring. These wearable

sweat sensors were developed for personalized tracking of

dietary intakes, nutrition status, and metabolic syndrome

risks.16,19–21 One of the typical chronic diseases needed for

long-term monitoring is hyperuricemia (HUA), which is a meta-

bolic disease caused by abnormal purine metabolism.22–25 To

date, HUA affects over 1 billion people globally, with increasing

incidence rates among younger individuals (2023 data).26 Rele-

vant studies also indicate that patients with HUA face heightened

risks of developing hypertension, diabetes, cardiovascular dis-

eases, and cerebrovascular diseases as well as kidney disease

and uremia (Figure S1).27–30 Many patients remain unaware of

their HUA status until they experience sudden pain and swelling,

such as during a gout attack; in fact, most HUA patients are

asymptomatic, with only 20% developing gout within 5 years,

often leading to treatment delays.

Traditional blood tests for HUA are insufficient for long-term

monitoring because uric acid (UA) levels fluctuate due to lifestyle

and dietary habits throughout the day and night.31,32 Continuous

tracking of UA levels and their daily variations are critical. Serum

UA monitoring is the clinical standard method; however, the

invasive way increases the risk of infection and reduces patient

compliance.33 In situ sweat analysis of UA using wearable sen-

sors offers a non-invasive alternative to traditional serum

testing.34–37 However, current wearable sweat-sensing technol-

ogies face significant challenges, including the development of

long-term reusable and interference-resistant sensors, a durable

device-skin interface, and an efficient microfluidic sweat collec-

tion system.38,39

Here,wepresent awearable biosensingplatform for prolonged

UA monitoring, facilitating effective health management and

timely intervention. The platform features a long-term reusable

sensing patch that autonomously collects sweat samples and

accurately evaluates UA levels in real time through on-site signal

processing andwireless communication (Figure 1A). The sensors

are designed to prevent the accumulation of UA oxidation by-

productswhile providing a built-in reference signal for ratiometric

sensing, making them resilient to environmental disturbances

and yielding accurate, stable readings. To ensure long-term

wearability and strong adhesion without irritation, the device-

skin interface incorporates a hydrogel that combines biocom-

patibility and temperature-responsive adhesion. Additionally,

iontophoresis-based sweat induction technology, hydrophilic

microfluidic channels with multiple wrap-around inlets, and a

specialized circuit design are employed for efficient sample

collection and monitoring. Moreover, we investigated how age

and lifestyle factors affect UA levels and their variations. The

UA monitor was utilized to track sweat UA levels in healthy indi-

viduals and patients with HUA over a consecutive 15-day period.
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RESULTS AND DISCUSSION

Design of the UA monitor
The UA monitor is built on a flexible substrate with vertically

stacked subcomponents (Figures 1B and S2), minimizing skin

contact. Key components include a flexible printed circuit board

(FPCB) (Figure 1C) and a microfluidic sweat sensor patch (Fig-

ure 1D). All components are reusable, forming a lightweight de-

vice that weighs just 2.73 g and adheres closely to the skin, as

illustrated in Figures 1E and 1F. The device measures 4.4 cm

in length, 3.3 cm in width, and 4 mm in thickness.

The core component, the sweat-sensing patch, consists of an

adhesive layer, iontophoresisgels, ahydrophilicmicrofluidicchan-

nel, and a photolithographic electrode (Figure S3). The patch en-

ables long-term sweat collection and accurate UA monitoring.

TheUAmonitorusesa temperature-responsiveadhesivehydrogel

for soft, conformal contact that accommodatesmechanical defor-

mations and allows for easy application and removal without

discomfort. The iontophoresis gels and hydrophilic microfluidic

channels work synergistically to facilitate perspiration and sample

collection. The photolithographic electrode includes a UA sensing

module in an elliptical sweat storage region, an iontophoresis

module surroundedbymicrofluidic inlets, and anadmittanceanal-

ysis model at the outlet (Figure S4). UA data acquisition is per-

formed via the FPCB with Bluetooth communication. The sys-

tems-level block and circuit diagrams are presented in Figures

1G and S5. A custom mobile application was designed for the

analysis, display, and storage of dynamic UA data (Video S1).

Design and evaluation of sweat sensors for prolonged
UA analysis and calibration
We developed a UA sensor that measures up to 150 times

without cleaning or electrochemical procedures. It features a

metal/polymer-based functionalized electrode design and oper-

ates in a ratiometric sensing mode to resist interference (Figures

S6–S8; Note S1).40,41 Au nanoparticles (nano Au) enhance the

surface area and catalytic activity (Figure S9). A polythionine

(pTh) film is electropolymerized on the nano Au substrate, pre-

venting allantoin adsorption through charge repulsion, thus ex-

tending reusability (Figure 2A). pTh also generates stable electri-

cal signals, providing a built-in calibration for the ratiometric

mode. Sensor responses can be adjusted for factors like pH,

temperature, ion concentration, and electrode degradation (Fig-

ure S10). Distinct differential pulse voltammetry (DPV) peaks at

�0.05 and 0.25 V correspond to the oxidation reactions of pTh

and UA, respectively, with the UA concentration significantly

enhancing its oxidation peak while leaving the pTh peak stable.

After optimization based on cyclic voltammetry (CV) curves

andDPV amplitudes (Figures S11–S13; Note S2), we established

a standard curve for physiological sweat sample ranges (10–

60 mM),42,43 achieving a sensitivity of 1.93 mA mM�1 cm�2 and

a detection limit of 1.25 mM (Figures 2B, 2C, and S14).

The performance of the fabricated electrodes was evaluated

for resistance to by-product deposition and interference from

various disturbances. Unlike the gradual decline in response sig-

nals observed on the nano Au electrode with repeated tests of

the same UA sample (Figure 2D), the fabricated sensors main-

tained consistent performance (Figure 2E), attributed to the



Figure 1. Overview of the wearable bioelectronics for HUA monitoring and management

(A) Schematic of the wearable UA monitor for non-invasive, prolonged, and reusable UA tracking. Ci indicates real-time UA values, and DCi shows concentration

fluctuations (mM). Risk levels are represented by green (low), yellow (medium), and red (high) lines.

(B) Magnified view of the wearable UA monitor, showing vertically stacked components.

(C–E) Photographs of an FPCB (C), a UA sensor patch (D), and the complete UA monitor (E). Scale bar, 1 cm.

(F) On-body photo of the fully integrated UA monitor. Scale bar, 3 cm.

(G) Block diagram of the electronic system.

CE, counter electrode; In-Amp, instrumentation amplifier; RE, reference electrode; TIA, trans-impedance amplifier; WE, working electrode.
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adsorption resistance of pTh. Although the built-in reference sig-

nals (JpTh) and UA oxidation response signals (JUA) decreased

with increasing DPV test cycles due to diminished electrode per-

formance, this issue can be mitigated by employing a ratio eval-

uation mode (JUA/JpTh), which improved accuracy over multiple

cycles. The constructed electrode successfully sustained 150

consecutive tests, with JUA and JpTh remaining above 70% of

their original levels, while the ratio signal of JUA/JpTh consistently

exceeded 95%. Subsequently, the repeatability of the UA sen-

sors was evaluated by alternating tests at low (10 mM) and high

(40 mM) concentrations. As shown in Figure 2F, the output results

at low concentrations were unaffected by high concentration

measurements, confirming the reusability necessary for contin-

uous long-term monitoring.

We investigated the advantages of the ratiometric sensing

strategy in mitigating external interference. Figures 2G–2I and
S15 and Note S3 showed sensor outputs in response to changes

in pH, temperature, and ionic strength, demonstrating that our

UA sensors are stable against environmental factors. We also

investigated the impact of extreme conditions, such as electrode

breakage from prolonged sweat immersion or external forces, on

output stability (Figures 2J, 2K, and S16). The relative standard

deviation of the ratiometric means (IUA/IpTh) was reduced by at

least 50 times compared to that of UA signal alone (IUA), even

with varying degrees of electrode loss. We studied the accuracy

and reliability of the sensing electrodes for analyzing artificial

sweat samples via the standard addition method (Figure S17),

achieving a high correlation coefficient of 0.985. Long-term reli-

ability tests showed that in single-signal mode (JUA), accuracy

was maintained for only 20 days, with JUA decayed to 90% of

their initial signals after this period (Figures 2L and S18). In

contrast, JUA/JpTh responses remained stable for 60 days. The
Device 3, 100753, July 18, 2025 3



Figure 2. Schematics and characterization of UA sensors

(A) Fabrication process and sensing principle of our ratiometric sensor for UA detection using pTh to resist by-product deposition and external/internal inter-

ference.

(B) DPV responses of a UA ratiometric sensor for UA quantification.

(C) Calibration plot with linear fit.

(D) Repetitive DPV responses of an unmodified nano Au electrode to a 40-mM UA sample over three independent trials without cleaning.

(E) Continuous DPV responses from the ratiometric sensor to a 40-mM UA sample, with an inset showing calculated ratio signals vs. test number.

(F) Alternating DPV responses to low (10 mM) and high (40 mM) UA concentrations, where odd tests correspond to low concentration and even tests to high

concentration.

(G–I) Sensor response dependence on pH (G), temperature (H), and ionic strength (I).

(J and K) Dot plots of UA current signals (IUA) (J) and the ratio current signal of UA and pTh (IUA/IpTh) (K), with varying sensor working areas for different UA

concentrations.

(L) Long-term reliability of sensors after activation, showing current densities of UA and pTh and their ratio over storage time. All error bars indicate standard

deviation from three parallel tests.
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reproducibility, sensing stability against deformation tests, and

selectivity of our sensors were also evaluated, as shown in

Figures S19–S21 and Table S1.

Wearable system design for long-term and autonomous
sweat induction and sampling
To enable long-term perspiration sampling for monitoring UA

changes, the wearable patch was designed with multiple layers:

a temperature-responsive hydrogel (PCPG hydrogel) serving as

the patch-skin interface for on-demand adhesion and removal,

an iontophoresis module for adjustable sweat induction, a hy-

drophilic microfluidic module for efficient sweat transport to

the sensing area; a ratiometric sensing module for accurate UA

monitoring, and an electrode admittance analysis model at the

microfluidic outlet to quantify sweat (Figure 3A). As illustrated

in Figures 3B and S22A, when the high concentration UA sample

(40 mM) was pumped into our microfluidic system filled with low-

concentration sample (10 mM), the real-time current density of

the oxidation peak was continuously updated with a 30-s DPV

scan every minute, stabilizing within 4 min (Figure S22A). The

response signal gradually returned to its initial level when the

UA input switched from high to low concentration (Figure S22B),

demonstrating the system’s ability to update samples and for

high temporal resolution.

The iontophoresis module for sustainable sweat extraction

comprised an Au-based anode and cathode with hydrogels con-

taining carbachol and NaCl. Carbachol was chosen for its ability

to induce repeatable and long-lasting perspiration from sweat

glands. Optimization focused on carbachol concentration and

electrode current intensity, as these significantly impact the

perspiration rate of sedentary individuals (Figures S23A and

S23B). The optimal conditions identified were 1% carbachol

and a 500-mA current (Figures S23C and S24). To accommodate

variability in sweating rates among individuals, we recorded DPV

response curves of our sensing patch at physiological sweat

rates from 0.5 to 3 mL min�1. As illustrated in Figures 3C and

S25, the sensing patch delivered stable readings across different

flow rates.

To enhance the functionality of the polydimethylsiloxane

(PDMS)-based microfluidic channels for sweat guidance and

transportation, we applied a layer of mono-dispersed silica mi-

crospheres (SiO2) to improve hydrophilicity (Figure 3D). SiO2-

treated PDMS maintained the hydrophilicity even after 50

consecutive soaking and drying cycles (Figure S26),44 resolving

issues with sweat collection and preventing collapse of the liquid

storage area. Additionally, a layer of semi-scalloped SiO2 at the

channel outlet facilitated excess sweat infusion (Figure S27). We

designed an electrode admittance analysis model at the outlet,

with Au triggering electrodes that connect when sweat flows

through, creating a current path. The conduction mechanism is

illustrated by an equivalent circuit model (Figure 3F), with Cd,

Rct, and Rs representing double-layer capacitance, charge

transfer resistance, and solution resistance, respectively. Exper-

imental results revealed that sweat reaching the electrodes

caused the admittance pulse to transition from nS to mS, indi-

cating adequate sweat collection (Figure 3G). Analysis of dy-

namic and static samples (Figure 3H) confirmed that admittance

fluctuations reflect perspiration stability. As illustrated in Figures
3I and S28–S30 and Note S4, with the optimized design (10 in-

lets, 180� span, and aligned to outlet) and 1.0 mL min�1 as the

inlet sweat rate, the simulated refreshing time was around

150 s for a sample concentration change of 10–40 mM. During

on-body trials, sweat was locally induced and sampled with

high temporal resolution, expelling pre-injected red ink through

the microchannels outside the sensing area (Figure 3J).

To meet the long-term wearable demands of the sensor patch,

wedesigneda temperature-responsiveadhesivehydrogel (PCPG

hydrogel) synthesized from chitosan (CS), poly(vinyl alcohol)

(PVA), phytic acid (PA), andgelatin (FigureS31). ThePCPGhydro-

gel serves as the device-skin interface, providing reversible and

painless adhesion and detachment when triggered by tempera-

ture (Figures 3K and S32A; Video S2). At 10�C, the adhesion

strengthof thehydrogel diminishessignificantly,while it increases

at 37�Cafter several minutes (Figure 3L). Results fromFigures 3M

and S33–S35, Note S5, and Table S2 confirm that the PCPG hy-

drogel meets long-term wearability requirements.

Evaluation of the device for dynamic sweat UA
monitoring
Sweat-induction methods are categorized into active perspira-

tion during exercise and passive perspiration via iontophoresis

at rest (Figure 4A). For daily UAmonitoring, iontophoresis is pref-

erable for prolonged dynamic sampling. Significant water loss

from intense exercise can create inconsistencies in UA levels be-

tween sweat and serum, leading to distorted results. As illus-

trated in Figure 4B, sweat UA levels decreased during badminton

exercise, likely due to excessive sweating. In contrast, pro-

longed exercise caused a temporary rise in serum UA levels.

However, stable sweat UA data were obtained from two subjects

using an iontophoresis-integrated patch at rest, which aligned

with serum levels (Figure 4C). These results confirmed that pas-

sive perspiration via iontophoresis is more effective for sweat UA

detection than exercise-induced perspiration.

To evaluate the feasibility of the UA monitor in practical appli-

cations, a controlled purine-diet study was conducted with two

groups of healthy individuals: normal group (n = 3) and purine-

rich group (n = 3). UA concentrations in sweat and serum were

tracked over three consecutive fasting mornings. Both serum

and sweat UA levels increased in the purine-rich group, while

the normal group showed little fluctuation during the tests

without additional purine intake (Figures 4D and 4E), consistent

with previously reported results.16,43 Furthermore, the UA

monitor could screen out abnormal individuals (subjects with

HUA, n = 3, and gout patients, n = 2) among healthy individuals

(n = 5), where there is little difference in UA levels between gout

patients and subjects with HUA because there is no necessary

correlation between high UA levels and gout attacks38 (Fig-

ure 4F). Our pilot study demonstrated that the placement of

sensor patches on different body parts had a minimal effect on

readings (Figure S36). To demonstrate the feasibility of the wear-

able system for dynamic UAmonitoring, we recorded changes in

sweat and serum UA levels from 11 a.m. to 9 p.m. in four healthy

subjects (Figure S37), where trends in both body fluids were

consistent. We established a correlation between sweat and

serum UA levels based on data from 80 independent human

samples, yielding a correlation coefficient of 0.941 (Figure 4G).
Device 3, 100753, July 18, 2025 5



Figure 3. Design of the wearable system for long-term and autonomous sweat induction and sampling

(A) Illustration of a wearable sensor patch for long-term UA sensing.

(B) Current density vs. time (1–18 min) plots, with a flow rate of 1.5 mL min�1 and DPV scans every minute (range: 0.05–0.4 V).

(C) DPV voltammograms from the sensor for 40 mM UA at various flow rates (0.5–3 mL min�1).

(D) Optical photographs of the microfluidic patch post-hydrophilic modification. Scale bar, 1 cm.

(E) Schematic of the electrode admittance analysis model at the microfluidic outlet.

(F) Electrode admittance of PBS with different concentrations at an injection rate of 1 mL min�1. Inset shows equivalent circuit model.

(G) Calibration curve of electrode admittance vs. electrolyte concentrations.

(H) Investigation of electrode admittance with and without electrolyte flow at the microchannel outlet, indicating the flow-stationary transition point.

(I and J) Numerically simulated UA concentration distributions (I) and on-body testing of the flexible microfluidic reservoir for carbachol-based sweat induction at

rest (J), using 1% carbachol and 500 mA current, with red ink for visualization.

(K) Illustration of temperature-triggered adhesion and ice-induced painless detachment of the PCPG hydrogel.

(L) Adhesive strength of PCPG hydrogel to pigskin at 37�C and 10�C.
(M) Photographs of PCPG hydrogel on human skin and allergy test results. Scale bar, 2 cm.
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Personalized management of HUA using the UAmonitor
Continuous monitoring of UA levels enables early detection of

asymptomatic UA metabolic risk, facilitating personalized risk

alerts, dietary interventions, and UA-lowering therapy (Figures

5A and S38). Specifically, the UA monitor focuses on real-time

UA value (C1-0, C1-1, C1-n, ., C2-0, .) risk as well as the risk of
6 Device 3, 100753, July 18, 2025
UA changes (DC1-1, DC1-n, ., DC2-n, .) by recording UA levels

throughout the day. Based on the established correlation be-

tween UA values in serum and sweat, the risk levels for real-

time UA values are defined as follows: Ci <25 mM (equivalent to

serum UA <420 mM) is considered low risk; 25 mM % Ci

<35 mM (equivalent to 420 mM% serum UA <540 mM) is medium



Figure 4. Evaluation of the wearable system for dynamic sweat UA monitoring

(A) Schematic of sweat formation through exercise and iontophoresis.

(B and C) UA levels in sweat and serum during exercise (B) and iontophoresis (C) perspiration.

(D and E) Sweat and serum UA levels under regular (D) and purine-rich diets (E) over 3 days, with error bars representing standard deviation at 10 a.m. (n = 3 for

each diet group).

(F) Comparison of UA levels in sweat and serum among gout patients, HUA subjects, and healthy individuals, with dots representing UA values (n = 2 for gout, n =

3 for HUA, n = 5 for healthy patients).

(G) Correlation between serum and sweat UA concentrations from 80 biologically independent samples.
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risk,C(M); andCiR35 mM (equivalent to serum UAR540 mM) in-

dicates high risk, C(H). For evaluating fluctuations in UA values,

DCi <5 mM (equivalent to fluctuations of serum UA <60 mM) is low

risk; 5 mM %DCi <10 mM (equivalent to 60 mM % fluctuations of

serumUA<120 mM) ismedium risk,DC(M); andDCiR10 mMcor-

responds to fluctuations in serum UA R120 mM, classified as

high risk, DC(H). Elevated circulating UA levels and significant

fluctuations are concerning,45 as they directly contribute to

HUA and are strongly associated with diabetes, coronary heart

disease, cerebrovascular disease, hypertension, and chronic

kidney disease.

Collecting personal information from 50 randomized patients

with HUA revealed common traits, including a higher prevalence

of males, a predominance of middle-aged and younger adults,

and a high body mass index (BMI) (Figures 5B and 5C). This in-

dicates that individual UA levels are influenced by a variety of

factors, such as lifestyle, dietary habits, metabolism, and ge-

netics.We carried out a pilot study using simple control variables

to investigate the correlation between UA levels and age

throughout the day, involving three groups of subjects: youth

(25 % age <40), middle-aged (40 % age <60), and elderly (age

R60). Participants in the elderly group had lower UA levels and

slower fluctuations throughout the day compared to the mid-

dle-aged and younger groups, likely due to their dietary habits

and reduced food intake (Figures 5D and S39). Additionally,

UA levels tended to be slightly higher in males than females

within the same age group, consistent with previous reports.

We also examined the effects of long-term preferential intake

of meat, sugary beverages, and alcohol on circulating UA (Fig-

ure S40), which can lead to HUA and even gout attacks. In all

subjects, UA levels varied with daily routines and meal intake.
As shown in Figures 5E–5G, high consumption of meat and

beer led to a significant increase in UA levels over time, attribut-

able to high purine intake and impaired UA metabolism.46–48

To evaluate the potential applications of the UA monitor for

long-term monitoring of UA levels, risk warnings, and dietary

andmedication guidance, we initiated a 15-day studymeasuring

UA levels in sweat from four healthy individuals and two patients

with HUA (Figure 5F). Results from healthy subject 1 indicated

that a high-purine diet significantly affected circulating UA levels

over a short period. On the third day, the intake of high-purine hot

pot resulted in C(M) and DC(H), while the intake of both seafood

and beer on the ninth day caused both C(H) and DC(H). Notably,

excessive purine intake likely causes increased UA levels the

following day, and possibly the third day, due to the time required

for the body to metabolize and excrete the excess UA.49 Mean-

while, UA levels in healthy subjects 2, 3, and 4 (Figure S41) ex-

hibited consistent and flatter fluctuations over the 15-day period

when following normal or low-purine diets. Furthermore, the UA

monitor was employed to track sweat UA fluctuations over the

same period in two HUA patients, one on initial drug therapy

and the other on long-term medication (Figure S42). The above

results validated the potential of the UA monitor for personalized

dosage adjustments in UA-lowering therapy.

Conclusions
In conclusion, we have developed a wearable UA sensing sys-

tem capable of prolonged tracking of UA in sweat, featuring

resistance to interference. This technology can analyze individ-

ual risks of HUA. By correlating on-body sweat test results

from a large number of experimental samples with serum mea-

surements, we have established assessment criteria for the UA
Device 3, 100753, July 18, 2025 7



Figure 5. On-body evaluation of the wearable patch toward personalized and non-invasive HUA management

(A) Association between metabolic nucleotides, nucleoproteins, and HUA risk levels throughout the day.

(B and C) Scatterplots showing the relationship between age (B) and BMI (C), with serum UA concentrations from 50 random HUA patients, highlighting common

age and BMI ranges.

(D) Recorded UA fluctuations in healthy individuals of different ages and genders on a random day.

(E) Comparison of sweat UA fluctuations between a 30-year-old vegetarian male and a 29-year-old male meat lover with similar BMI.

(F) Sweat UA levels in a 27-year-old male sugary beverage enthusiast vs. a 31-year-old male non-sugary beverage enthusiast.

(G) Sweat UA levels in a 50-year-old male beer enthusiast vs. a 51-year-old male who did not drink beer.

(H) Sweat UA levels recorded over 15 days in 3 individuals: Healthy subject 1 (male, 27 years old) with high-purine intake on the third and ninth days; healthy

subject 2 (female, 25 years old) with no high-purine diet; and a 32-year-old male HUA patient taking febuxostat from the third day. DC(M) and DC(H) indicate

increases in UA concentration to medium and high risk levels, respectively.
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monitor, yielding high correlation coefficients in the pilot study.

The long-lasting and reusable properties of the UA monitor

have been validated, demonstrating reliable and stable signal

collection over a 15-day period with users. We anticipate that

this technology will provide new insights into the design of

non-invasive, long-term monitoring systems for various chronic

disease-related biomarkers, facilitating a wide range of person-

alized preventive, diagnostic, and therapeutic applications. We

envision that the UA monitor could serve as a reference for the

development of low-cost long-term biosensing devices, expa-

nding the application of wearable technology in chronic disease

healthcare monitoring. Looking ahead, we see exciting opportu-

nities to expand our technology beyond UA to monitor various

chronic disease biomarkers, creating comprehensive wearable

health systems for real-time insights. Additionally, we aim to inte-

grate the UA sensing systemwith existing mobile health applica-

tions, providing users immediate feedback to encourage proac-

tive health management and lifestyle changes.

METHODS

Materials and reagents
UA, thionine (Thi), CS, alanine, ascorbic acid, creatine, glucose,

lactate, serine, and Au acid chloride trihydrate (HAuCl4$3H2O)

were purchased from Alfa Aesar (Shanghai, China). Arginine, as-

partic acid, citruline, creatinine, glutamic acid, glycine, histidine,

inositol, nicotinic acid, pantothenic acid, riboflavin, thiamin, thre-

onine, tyrosine, and valine were purchased from Thermo Fisher

Scientific (Waltham, MA). Agarose, carbachol, gelatin, PA, and

PVA were supplied by Adamas Reagent Company (Shanghai,

China). Sodium dodecylbenzenesulfonate (SDBS), glycerol, pol-

ymethyl methacrylate (PMMA), mono-dispersed silica micro-

pheres (SiO2), K3[Fe(CN)6], K4[Fe(CN)6], FeCl3, CaCl2, KCl, and

NaCl were obtained from Sigma-Aldrich (St. Louis, MO). Photo-

resist (PR, AZ 4620) and AZ 400K solution were purchased from

the AZ Electronic Materials (Suzhou, China). PDMS (Sylgard 184

Kit) was obtained from Dow Corning (Midland, MI).

Fabrication and characterization of the UA sensors
The UA sensors were fabricated on a polyimide (PI) film (75 mm)

as a supporting substrate The PI filmwas cleaned with deionized

(DI) water, ethanol, and acetone. A layer of Cr/Au (10 nm/100 nm)

was coated using an e-Beam Evaporation System. To obtain the

custom pattern, a PR layer was spin-coated on the PI/Cr/Au

membrane at 500 rpm for 10 s, 3,000 rpm for 30 s, and baked

at 110�C for 5 min. Then, it was exposed to ultraviolet (UV)

light for 45 s with the help of custom mask and a URE-2000

mask aligner model to operate photolithography. After trea-

ting with UV light, it was developed for 1 min in AZ 400K solution

(Vdeveloper:Vwater was set as 1:3). Finally, Au and Cr were etched

accordingly, followed by acetone to remove the residual PR.

For the working electrode, nano Au and Thi were electrochemi-

cally prepared on the Au electrode (Figures S43 and S44). The

nano Au was electrodeposited in 0.5 M H2SO4 with 10 mM

HAuCl4 at 0.15 V for 30 s. Thi was polymerized via CV from

�0.4 to 0.4 V at 0.1 V s�1 for 30 cycles in a 5-mM solution at

pH 6.0. The reference electrode was prepared by screen printing

Ag/AgCl ink onto an Au film and drying overnight, while the
counter electrode remained unmodified. The morphology of

the modified electrodes was characterized by an environmental

scanning electron microscope (Quanta-250, FEI Corporation,

Hillsboro, OR).

All in vitro electrochemical characterizations for the UA sensor

were conducted on an electrochemical workstation (CHI 660,

Shanghai Chenhua, Shanghai, China). TheUA sensor’s response

was recorded usingDPV in 0.33PBS (pH6.0) and rawsweatwith

varyingUA levels. TheDPVparameters included scan range�0.5

to 0.5 V, incremental potential 0.004 V, pulse amplitude 0.05 V,

pulse width 0.05 s, pulse period 0.5 s, and sensitivity 1 3 10�5

A V�1. Selectivity was assessed in PBS containing physiological

analyte concentrations. The sensor response dependence on

pH, temperature, and electrolyte concentration was studied in

PBS with varying pH levels (4.5, 5.2, 6.0, 6.5), temperatures

(25�C, 30�C, 35�C, 40�C), and ionic concentrations (3, 1, 0.5,

0.3 mM). Electrochemical kinetics of the UA sensor and its prep-

aration process were characterized using CV in probe aqueous

solution containing 0.1 M KCl and 5 mM [Fe(CN)6]
3�/4�.

Fabrication of hydrogels with thermoresponsive
adhesive
PCPG hydrogel was prepared with a facile two-step strategy.

First, 1.08 g PVA, 0.12 g gelatin, and 0.15 g CS were mixed

well. Second, 3 g glycerol-water binary solvent (1:4) and 6 mL

PA aqueous solution were added sequentially while stirring.

The suspension was water bath heated at 80�C until it became

a clear liquid. The liquid was then poured into the adhesive layer

mold and transferred to �20�C for 20 h for internal hydrogen

bond formation after cooling to room temperature. As displayed

in Figure S2, the prepared PCPG hydrogel (bottom layer) served

as the double-sided adhesive layer in contact with the skin,

patterned with iontophoresis gel and inlets to allow current

flow from the top iontophoresis electrodes. Other thermores-

ponsive adhesive hydrogels were synthesized in a similar

manner, and their components and properties are summarized

in Table S2.

Mechanical performances of PCPG hydrogel
Adhesion tests of hydrogels

The adhesive strength of the fabricated hydrogels with different

contents ratio was measured by a simple adhesion-tensile test

with a tensile testing machine (Chuanbai, WDW-50D). Fresh

porcine skin was selected as the typical tissue. The hydrogel

was attached to the porcine skin over a bonding area of 25 3

25 mm and preloaded with 20 N for a few seconds. Then, it

was pulled with a 100-N loading with a crosshead speed of

2 mm min�1 at body temperature (37�C) until separation. The
adhesion strength was calculated by dividing the maximum

load by the bonding area. The temperature-triggered adhesion

behavior of the hydrogels was assessed by testing the adhesive

strength of the samples at 37�C and 10�C alternately.

Water retention

The hydrogels were stored under a constant temperature (37�C)
and humidity of 60%. Their weight was recorded daily at fixed in-

tervals. The weight ratio was calculated by dividing the recorded

weights of the hydrogels at different time points by their initial

weights.
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Fabrication and characterization of microfluidic
channels
The microfluidic channels were fabricated via photolithography

method andPDMS replicamolding. A siliconmaster was created

by spin-casting SU-8 2050 (MicroChem, Round Rock, TX) at

1,250 rpm for 30 s, followed by soft-baking at 65�C for 5 min

and 95�C for 15 min. The master was then UV exposed (230

mJ/cm2), post-baked at 65�C for 5 min and 95�C for 10 min,

and developed for 10 min, resulting in 100-mm deep channels.

An anti-adhesion layer of PMMA was added, cured at 180�C.
Next, PDMS mixed with a curing agent in a 10:1 ratio was

spin-coated at 200 rpm and cured at 70�C for 4 h, yielding a

400-mm thick inverse replica. The microfluidic layer included

ten 1-mm inlets, an elliptical reservoir (5 3 4 mm), and 200-

mm-wide microchannels, with a reservoir volume of approxi-

mately 1.6 mL. To enhance hydrophilicity, the PDMS was treated

with a 1% PVA solution containing 1% SiO2 and 0.5% SDBS.

Finally, the treated PDMS was then sealed to another flat

PDMS slab or a biochemical sensing substrate using oxygen

plasma treatment for 5 min and baked at 70�C for 15 min, fol-

lowed by sealing verification with DI water.

The liquid flow behavior in the microchannels was simulated

with COMSOL Multiphysics 6.0. Three-dimensional models of

various microfluidic designs were created in AutoCAD and im-

ported into COMSOL. Each model was simplified as an incom-

pressible laminar flow and the transport of diluted species mod-

ule. Mass transport was simulated by numerically solving the

Navier-Stokes equations coupled with convection-diffusion

equations. The prescribed total flow rate was 1 mL min�1, with

non-slip boundary conditions applied to all channel walls. An

initial UA concentration value of 10 mM was set, along with a

new UA concentration of 40 mM and a diffusion coefficient of

1 3 10�9 m2/s for all cases. Concentration changes over time

were tracked to show concentration profiles in Figures S29

and S30.

Fabrication of agonist agent hydrogels
Iontophoresis hydrogels were prepared as follows. For carba-

chol hydrogel, 0.3 g agarose was added into DI water and heated

to 250�C under continuous stirring until it became homoge-

neous. Once cooled to 55�C, 0.1 g carbachol was added. The

cooled mixture was poured into a pre-made anodic hydrogel

mold and solidified for 10 h at 4�C. The cathode hydrogel

(NaCl hydrogel) was fabricated similarly, except that 0.1 g

NaCl was used instead of carbachol.

Signal conditioning, processing, and wireless
transmission for the wearable sensor
Sweat induction

The programable constant current source and impedance mea-

surement module was applied to the sweat induction. The cur-

rent source was built with a current mirror using an operational

amplifier (AD8541, Analog Devices, Wilmington, MA) and an

N-typeMOSFET (BSS138BKVL, Nexperia, Nijmegen, the Nethe-

rlands). Due to the skin’s high impedance, high voltage from a

booster (TPS61391RTER, Texas Instruments, Dallas, TX) was

applied to the MOSFET. The constant current was controlled

via output channel A of a dual digital-to-analog converter
10 Device 3, 100753, July 18, 2025
(DAC) (DAC60502, Texas Instruments) with I2C communication.

The impedance measurement module utilized an analog front-

end chip (AD5933, Analog Devices) to monitor sweat collection.

When the electrical impedance reached a defined threshold,

indicating sufficient sweat collection, the impedance data were

sent to the microcontroller, which then shut down the constant

current source.

Sweat sensing

DPV measured UA concentration using a potentiostat interface

built with a dual operational amplifier (AD8606, Analog Devices)

and aDAC (DAC60502, Texas Instruments). The dual operational

amplifier facilitated the three-electrode system and acted as a

current-to-voltage converter, while the DAC provided dynamic

excitation signals to bias the reference and working electrodes.

Themicrocontroller’s integrated analog-to-digital converter cap-

tured the analog voltage signals, whichwere then processed and

transmitted to a user device via Bluetooth.

Human subject recruitment
All experiments involving human subjects were approved by the

research committee of City University of Hong Kong and con-

ducted in compliance with the guidelines. Participation in the

studies was fully voluntary, with all participants providing written

informed consent. Subjects aged over 18 years were recruited

from the City University of Hong Kong campus, neighboring

communities, and the People’s Hospital of Nanshan District in

Shenzhen, China. All subjects submitted written informed con-

sent before participation in the study.

On-body system validation
For the iontophoresis perspiration group, subjects’ arms were

cleaned with alcohol swabs before applying sensor patches. If

necessary, the device can be packaged for testing. The encap-

sulation involves mixing Ecoflex elastomer parts A and B in a

1:1 ratio, vacuuming to remove air bubbles, and pouring the

mixture over the unit while ensuring the outlet of the microchan-

nel remains clear for sweat discharge (Figure S45). During a

5-min iontophoresis session, the system sent an admittance

pulse between Au electrodes every second. If admittance ex-

ceeded a threshold, the first DPV scan for UA detection started

(Figure 3E). Data were wirelessly sent to the user interface via

Bluetooth and converted to concentration levels based on a cali-

bration curve (Figure 2C). The UA test intervals were customiz-

able. For the exercise perspiration group, sweat samples from

subjects’ foreheads and necks were collected in centrifuge

tubes and analyzed every 20 min until exercise ceased

(Figure 4A).

Serum UA levels were measured through venous or fingertip

blood sampling using a chemical analyzer or fingertip UA tester.

In a controlled purine-diet study, six healthy males were re-

cruited: three from a normal group and three from a purine-rich

group (Figures 4D and 4E). Fasted UA levels in sweat and serum

were recorded for all participants on the first day. The normal

group maintained a daily diet, while the purine-rich group had

a high-purine diet for 2 days.We also recruited two gout patients,

three HUA patients without a gout history, and five healthy sub-

jects (Figure 4F). All patients had not taken urate-lowering medi-

cation for at least 1 week before the study.



Please cite this article in press as: Hu et al., Prolonged monitoring and risk management of hyperuricemia using interference-resistant wearable bio-
electronics, Device (2025), https://doi.org/10.1016/j.device.2025.100753

Article
ll
Integrated system validation for prolonged risk alarms
and personalized management
To evaluate the performance of the UA monitor for prolonged

monitoring, subjects underwent an initial sweat UA test upon

waking. Test intervals were set at 2 h during the day and 4 h at

night, adjustable to individual routines. To examine the impact

of chronic meat intake, sugary beverage consumption, and

alcohol on circulating UA (Figures 5E–5G, S39, and S40), we re-

cruited volunteers of similar age and gender with varying dietary

habits. For a 15-day tracking of sweat UA levels (Figures 5H,

S41, and S42), internal iontophoresis hydrogels (carbachol and

NaCl) were replaced each morning to ensure reliable sweat

extraction. During the long-term monitoring, decisions on enca-

psulation were based on individual behavior. The device can

withstand less than 5 min of simulated light rain (Figure S46).

To achieve waterproof performance against bathing or pro-

longed exposure to water, encapsulation is required.
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39. Nyein, H.Y.Y., Bariya, M., Kivimäki, L., Uusitalo, S., Liaw, T.S., Jansson, E.,

Ahn, C.H., Hangasky, J.A., Zhao, J., Lin, Y., et al. (2019). Regional and

correlative sweat analysis using high-throughput microfluidic sensing

patches toward decoding sweat. Sci. Adv. 5, eaaw9906. https://doi.org/

10.1126/sciadv.aaw9906.

40. Dryhurst, G. (1971). Primary products of electrochemical oxidation of uric

acid in aqueous and methanolic solution. J. Electrochem. Soc. 118, 699.

https://doi.org/10.1149/1.2408147.

41. Alam, M.J., and Ahmad, S. (2015). FTIR, FT-Raman, UV-Visible spectra

and quantum chemical calculations of allantoin molecule and its hydrogen

bonded dimers. Spectrochim. Acta A. 136, 961–978. https://doi.org/10.

1016/j.saa.2014.09.119.

42. Singh, A., Sharma, A., and Arya, S. (2022). Deposition of Ni/RGO nano-

composite on conductive cotton fabric as non-enzymatic wearable elec-

trode for electrochemical sensing of uric acid in sweat. Diam. Relat. Mater.

130, 109518–109527. https://doi.org/10.1016/j.diamond.2022.109518.

43. Wang, C., Zhang, Y., Liu, Y., Zeng, X., Jin, C., Huo, D., Hou, J., and Hou, C.

(2024). A wearable flexible electrochemical biosensor with CuNi-MOF@

rGO modification for simultaneous detection of uric acid and dopamine in

sweat. Anal. Chim. Acta 1299, 342441. https://doi.org/10.1016/j.aca.

2024.342441.

44. Zhang, B., Li, J., Zhou, J., Chow, L., Zhao, G., Huang, Y., Ma, Z., Zhang,

Q., Yang, Y., Yiu, C.K., et al. (2024). A three-dimensional liquid diode for

soft, integrated permeable electronics. Nature 628, 84–92. https://doi.

org/10.1038/s41586-024-07161-1.

45. Koratala, A., Singhania, G., Alquadan, K.F., Shimada, M., Johnson, R.J.,

and Ejaz, A.A. (2016). Serum uric acid exhibits inverse relationship with

estimated glomerular filtration rate. Nephron 134, 231–237. https://doi.

org/10.1159/000448629.

46. Kan, Y., Zhang, Z., Yang, K., Ti, M., Ke, Y., Wu, L., Yang, J., and He, Y.

(2019). Influence of d-amino acids in beer on formation of uric acid.

https://doi.org/10.1038/s41587-019-0321-x
https://doi.org/10.1038/s41551-023-01059-5
https://doi.org/10.1038/s41551-023-01059-5
https://doi.org/10.1038/nature16521
https://doi.org/10.1038/s41551-022-00916-z
https://doi.org/10.1038/s41928-024-01236-7
https://doi.org/10.1038/s41928-024-01247-4
https://doi.org/10.1038/s41928-024-01247-4
https://doi.org/10.1021/acs.est.4c00792
https://doi.org/10.1021/acs.est.4c00792
https://doi.org/10.1038/s41392-021-00553-z
https://doi.org/10.1038/s41392-021-00553-z
https://doi.org/10.1136/annrheumdis-2015-207259.40
https://doi.org/10.1136/annrheumdis-2015-207259.40
https://doi.org/10.1001/jama.1993.03510030102044
https://doi.org/10.1007/s11154-023-09787-4
https://doi.org/10.1007/s11154-023-09787-4
https://doi.org/10.3390/nu11081911
https://doi.org/10.3390/nu11081911
https://doi.org/10.1038/s41584-021-00657-4
https://doi.org/10.1016/s0735-1097(19)30723-5
https://doi.org/10.1016/s0735-1097(19)30723-5
https://doi.org/10.1136/ard.2007.073601
https://doi.org/10.1136/ard.2007.073601
https://doi.org/10.1371/journal.pone.0051186
https://doi.org/10.1371/journal.pone.0051186
https://doi.org/10.2466/pms.1970.30.3.794
https://doi.org/10.2466/pms.1970.30.3.794
https://doi.org/10.1039/d2an00764a
https://doi.org/10.1039/d2an00764a
https://doi.org/10.1038/s41467-021-22109-z
https://doi.org/10.1038/s41467-021-22109-z
https://doi.org/10.1021/acs.accounts.8b00500
https://doi.org/10.1021/acs.accounts.8b00500
https://doi.org/10.1038/s41467-021-26245-4
https://doi.org/10.1038/s41467-021-26245-4
https://doi.org/10.1016/j.bios.2024.116100
https://doi.org/10.1016/j.bios.2024.116100
https://doi.org/10.1021/acs.chemrev.4c00271
https://doi.org/10.1021/acs.chemrev.4c00271
https://doi.org/10.1126/sciadv.aaw9906
https://doi.org/10.1126/sciadv.aaw9906
https://doi.org/10.1149/1.2408147
https://doi.org/10.1016/j.saa.2014.09.119
https://doi.org/10.1016/j.saa.2014.09.119
https://doi.org/10.1016/j.diamond.2022.109518
https://doi.org/10.1016/j.aca.2024.342441
https://doi.org/10.1016/j.aca.2024.342441
https://doi.org/10.1038/s41586-024-07161-1
https://doi.org/10.1038/s41586-024-07161-1
https://doi.org/10.1159/000448629
https://doi.org/10.1159/000448629


Please cite this article in press as: Hu et al., Prolonged monitoring and risk management of hyperuricemia using interference-resistant wearable bio-
electronics, Device (2025), https://doi.org/10.1016/j.device.2025.100753

Article
ll
Food Technol. Biotechnol. 57, 418–425. https://doi.org/10.17113/ftb.57.

03.19.6022.

47. Alharbi, M.H., Alharbi, N.H.J., Brnawi, I.A., and Atiq, E.H. (2023). Implica-

tion of red meat consuption habits in serum uric acid levels and mood dis-

orders among first-trimeter pregnant women. BMC Nutr. 9, 111–118.

https://doi.org/10.1186/s40795-023-00769-y.
48. Gibson, T., Rodgers, A.V., Simmonds, H.A., and Toseland, P. (1984). Beer

drinking and its effect on uric acid. Br. J. Rheumatol. 23, 203–209. https://

doi.org/10.1093/rheumatology/23.3.203.

49. Trinchieri, A., and Montanari, E. (2017). Prevalence of renal uric acid

stones in the adult. Urolithiasis 45, 553–562. https://doi.org/10.1007/

s00240-017-0962-5.
Device 3, 100753, July 18, 2025 13

https://doi.org/10.17113/ftb.57.03.19.6022
https://doi.org/10.17113/ftb.57.03.19.6022
https://doi.org/10.1186/s40795-023-00769-y
https://doi.org/10.1093/rheumatology/23.3.203
https://doi.org/10.1093/rheumatology/23.3.203
https://doi.org/10.1007/s00240-017-0962-5
https://doi.org/10.1007/s00240-017-0962-5

	DEVICE100753_proof.pdf
	Prolonged monitoring and risk management of hyperuricemia using interference-resistant wearable bioelectronics
	Introduction
	Results and discussion
	Design of the UA monitor
	Design and evaluation of sweat sensors for prolonged UA analysis and calibration
	Wearable system design for long-term and autonomous sweat induction and sampling
	Evaluation of the device for dynamic sweat UA monitoring
	Personalized management of HUA using the UA monitor
	Conclusions

	Methods
	Materials and reagents
	Fabrication and characterization of the UA sensors
	Fabrication of hydrogels with thermoresponsive adhesive
	Mechanical performances of PCPG hydrogel
	Adhesion tests of hydrogels
	Water retention

	Fabrication and characterization of microfluidic channels
	Fabrication of agonist agent hydrogels
	Signal conditioning, processing, and wireless transmission for the wearable sensor
	Sweat induction
	Sweat sensing

	Human subject recruitment
	On-body system validation
	Integrated system validation for prolonged risk alarms and personalized management

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References



