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A B S T R A C T

Wearable biosensing devices are essential for managing chronic diseases at home. However, their clinical 
translation has been hindered by the poor durability and stability of biosensors during long-term use in real- 
world scenarios. Here, we report a daily-durable wearable electrochemical biosensor array by encapsulating 
ZIF-90@enzymes within a conductive gel matrix to form a robust reticular biogel interface for continuous 
analysis of sweat glucose and lactate. The wearable biosensors exhibit exceptional environmental adaptability 
and durability, retaining >95 % sensitivity after summer outdoor exposure for 10 h and >85 % sensitivity after 
1000 bends. In addition, they also demonstrate excellent pH and temperature tolerance, and the room- 
temperature storage stability of 140 days. By integrating the biosensor array with a paper-based sweat collec
tor and a printed circuit board, the proposed wearable device enables on-body sweat analysis during both 
vigorous exercise (e.g., running) and daily activities, showing its application prospects in routine health 
monitoring.

1. Introduction

Wearable biosensors are highly integrated analytical devices that can 
be directly worn on the skin of different body parts or embedded into 
daily accessories (Lin et al., 2021; Rwei et al., 2020). They enable 
long-term, real-time, and continuous monitoring of biochemical pa
rameters through minimally invasive or non-invasive methods, thereby 
facilitating health monitoring at the molecular level and improving 
chronic disease management (Sempionatto et al., 2022; Madhvapathy 
et al., 2025). Various wearable biosensors have been developed for 
detecting the targets in different biological fluids, including urine, 
saliva, tears, sweat, and even interstitial fluid (Brasier et al., 2024). 
Among them, sweat biosensors are the most prominent, as sweat con
tains rich biomolecules relevant to physiological health and has been 
clinically validated for diagnostics, for instance, in cystic fibrosis diag
nosis (Ray et al., 2021). In addition, unlike tear, which must be collected 
near the eyes, sweat can be conveniently sampled from any region of the 
body due to the ubiquitous distribution of sweat glands (Yang et al., 
2023).

Wearable sweat biosensors have undergone rapid development in 
recent years. For example, through user-friendly all-in-one designs (Baik 
et al., 2021), sweat biosensors achieve at-home monitoring and remote 
diagnosis, advancing intelligent personalized healthcare management. 
Furthermore, by developing highly stretchable and biocompatible flex
ible sensing materials (Gong et al., 2024) with bioinspired nano
architectures and biomimetic skin-like structures, and incorporating 
self-powering systems such as solar cells (Min et al., 2023), biofuel 
cells (Bandodkar et al., 2020), and triboelectric generators (Dong et al., 
2020), these sensors have achieved significant improvements in dura
bility, wear comfort, and practical applicability. Currently, various 
wearable sweat sensing devices have been proposed for on-body moni
toring of biomolecules including glucose (Bai et al., 2024; Ding et al., 
2024), lactic acid (Arwani et al., 2024; Ding et al., 2024), uric acid (Yang 
et al., 2020), nutrients (Yang et al., 2020; Wang et al., 2022), cortisol 
(Parlak et al., 2018; Torrente-Rodriguez et al., 2020) and cytokines 
(Jagannath et al., 2021). These devices have successfully demonstrated 
proof-of-concept applications in multiple fields, including diabetes 
management (Gao et al., 2016; Arwani et al., 2024), athlete training 
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intensity and endurance evaluation (Gao et al., 2016; Xu et al., 2023), 
gout and kidney disease monitoring (Kim et al., 2020; Chen et al., 2023), 
immunoassay (Wang et al., 2022), and medication guidance for Par
kinson’s disease treatment. However, their clinical translation still faces 
numerous challenges (Davis et al., 2024). Particularly, for outdoor ap
plications, the biosensors must maintain high robustness, stability, and 
reliability under diverse environmental conditions encountered in daily 
life.

To enhance the environmental robustness of wearable biosensors 
and eliminate the motion artifacts caused by skin-device friction, 
numerous advanced materials featuring high biocompatibility, ultra- 
compliance, and excellent skin conformability have been developed 
(Yin et al., 2022, 2024; Wang et al., 2025). However, prolonged solar 
radiation compromises wearable electrochemical sensors through two 
primary pathways: localized heating that distorts measurements, and 
photo-degradation that undermines the integrity of polymers, media
tors, and sensing elements. Solar radiation compromises wearable bio
sensors by degrading their constituent materials (e.g., polymers) (Hardy 
et al., 2022; Semperger et al., 2022; Petroody et al., 2023), which im
pairs electrical conductivity and mechanical stability, thereby reducing 
device lifespan. However, mitigation strategies for this interference 
mechanism remain underdeveloped, hindering widespread outdoor 
deployment. Beyond solar radiation, the practical performance of 
wearable biosensors depends critically on storage stability and resilience 
to environmental stresses such as temperature fluctuations, and me
chanical strain. Addressing these challenges is essential for ensuring 
their long-term reliability and successful real-world deployment. 
Metal-organic frameworks (MOFs), a class of porous crystalline mate
rials, have shown exceptional promise for enzyme stabilization 
(Furukawa et al., 2013; Liang et al., 2015, 2019; Li et al., 2022) owing to 
their high surface area, tunable porosity, excellent thermal stability and 
inherent biocompatibility (Shieh et al., 2015; Mohan et al., 2024; Sun 
et al., 2025), which endow MOF@enzyme composites with substantial 
potential for developing robust wearable biosensors, even for outdoor 
applications. However, the development of MOF-based wearable elec
trochemical sensors is hindered by the inherent trade-off between 
enhancing conductivity, typically through the incorporation of second
ary materials (Yao et al., 2017; Yang et al., 2022; Su et al., 2023), and 
preserving critical properties such as high porosity and stable adhesion. 
Achieving a seamless integration of high conductivity, preserved 
porosity, and robust adhesion into a single, functional platform remains 
a major challenge.

In this work, we fabricated a daily-durable wearable electrochemical 
biosensor array by in situ forming robust reticular conductive biosensing 
gel interfaces on screen-printed carbon electrodes (SPCEs) with sensing 
membrane cocktails, which were prepared by dispersing enzyme- 
encapsulated zeolitic imidazolate frameworks (ZIF-90@enzymes) in 
gel pre-reaction solutions, and then mixing the dispersions with electron 
mediators, respectively. The gel pre-reaction solutions contained poly 
(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS) 
for achieving high conductivity of the gel interfaces, and acrylamide for 
forming a gel matrix with N, N′-methylenebisacrylamide (MBA). Using 
glucose oxidase (GOx) and lactate dehydrogenase (LDH) for the syn
thesis of ZIF-90@enzymes, the prepared wearable glucose and lactate 
sensors array exhibited exceptional environmental durability along with 
more than 95 %, 92 % and 85 % of initial detection sensitivity after 
outdoor exposure to solar radiation for 10 h, consecutive testing for 28 
cycles, and 1000 bending-recovery cycles, respectively. In addition, the 
biosensors showed good acid tolerance across a wide pH range of 4–8 
and long-term storage stability up to 140 days at room temperature. On- 
body test of the integrated wearable biosensing device also demon
strated its robustness for prolonged, continuous monitoring of sweat 
glucose and lactate during both outdoor running trials and indoor 
thermal stimulation experiments, indicating the practicality in daily 
personalized healthcare management.

2. Experimental section

2.1. Preparation of a SPCE-based biosensor array

The biosensor array was constructed on a flexible SPCE (Eaglenos 
Sciences, Inc., China), which consisted of a carbon counter electrode, a 
Ag/AgCl reference electrode, and two carbon WEs (WE1 and WE2) for 
the preparation of glucose and lactate sensors, respectively.

Synthesis of ZIF-90@enzymes: ZIF-90@GOx and ZIF-90@LDH were 
synthesized using a de novo approach (Shieh et al., 2015). Firstly, 
371.25 mg of imidazole-2-carboxaldehyde, 50 mg of poly
vinylpyrrolidone, and 25 mg of GOx (or LDH) were dissolved in 25 mL of 
deionized water. Then, 3 mL of 0.653 M Zn(NO3)2 solution was quickly 
added under stirring, and the mixture was allowed to react for 30 min at 
room temperature to obtain ZIF-90@GOx (or ZIF-90@LDH). After 
washing with deionized water for 6 times, the resulting ZIF-90@GOx 
and ZIF-90@LDH were dispersed in 8.75 mL of gel pre-reaction solu
tion 1 and 2, respectively. Here, gel pre-reaction solution 1 contained 
0.067 wt% of PEDOT: PSS, 0.5 M of acrylamide, and 0.2 M of MBA, 
while gel pre-reaction solution 2 contained 0.067 wt% of PEDOT:PSS, 
0.5 M of acrylamide, 0.02 M of AAPBA, and 0.2 M of MBA. The obtained 
dispersions of ZIF-90@enzymes were stored at 4 ◦C for further use.

Preparation of glucose sensor: Firstly, 35 μL of ZIF-90@GOx 
dispersion, 3 μL of 43.8 mg mL− 1 PBNPs (Yu et al., 2025), and 65 μL 
of gel pre-reaction solution 1 were mixed to prepare the glucose sensing 
membrane cocktail. Then, 4 μL of the cocktail and 1 μL of catalyst so
lution were sequentially dropped on WE1, followed by drying in a 
desiccator to obtain the glucose sensor. Here, the catalyst solution was 
prepared by mixing 0.02 M ammonium persulfate ((NH4)2S2O8) with N, 
N, N′, N′-tetramethylethylenediamine (TEMED, ≥99 %) in a volume 
ratio of 9:1.

Preparation of lactate sensor: After 40 mg of NAD+ was dissolved in 
1 mL of gel pre-reaction solution 2, 30 μL of the solution was mixed with 
70 μL of ZIF-90@LDH dispersion and 3 μL of 600 mg mL− 1 hematin to 
prepare the lactate sensing membrane cocktail. 4 μL of the cocktail and 
1 μL of catalyst solution were sequentially dropped on WE2 to dry in a 
desiccator for obtaining the lactate sensor.

2.2. Preparation of paper-based sweat collector

The paper-based sweat collector was fabricated by CO2 laser 
engraving (Optima-5070, Nanjing Chaohan Digital Machinery, China) 
on a Whatman qualitative filter paper (Yu et al., 2025). Its pattern was 
designed using Laser Work v.6 software to include a central square sweat 
collection zone (4 × 4 mm2), surrounded by 4 capillary input channels 
(9 mm × 0.6 mm each), each with 3 circular inlets (2 mm in diameter), 
and 1 outlet channel (18 mm × 1.6 mm) connecting to a waste zone 
(25.9 × 38.6 mm2).

2.3. Fabrication of a wearable biosensing device

The wearable biosensing device was fabricated by interfacing a PCB 
(Yu et al., 2025) with a wearable patch. The wearable patch was 
assembled sequentially by an inlet layer, a SPCE-based biosensor array, 
and the paper-based sweat collector containing a sweat collection zone 
and a waste zone separated by a sealing layer. Here, the inlet layer and 
sealing layer were made of commercial double-sided medical adhesive 
tape (thickness <50 μm). The inlet layer was fabricated via CO2 laser 
engraving to create inlet holes, which precisely aligned with the inlet 
pattern of the sweat collector. During the assembly, the collection zone 
and the inlets of the sweat collector were stacked onto the biosensor 
array and the corresponding inlet holes, respectively, followed by 
enclosing with the sealing layer. Finally, the waste zone of the 
paper-based sweat collector was folded over the sealing layer, forming 
the wearable patch.

The current design employed a rigid PCB to host the core electronics 
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(microcontroller and wireless module), yet its inherent rigidity 
compromised the comfort of the flexible sensing patch. Future iterations 
should transition to flexible printed circuits (FPC) or rigid-flex designs to 
resolve this mechanical mismatch.

2.4. Human experiment

Human subject recruitment: All human experiments were conducted 
under a protocol approved by the Medical Ethics Subcommittee of Sci
ence and Technology Ethics Committee of Nanjing University (No. 

OAP2023082001), in compliance with relevant laws and ethical regu
lations. 12 healthy volunteers (6 males and 6 females, aged 18–30 years) 
were recruited from the campus of Nanjing University through adver
tisements. Written informed consents were obtained from all partici
pants before they participated in the study.

On-body testing of wearable sweat biosensing device: One hour after 
eating, volunteers were asked to wear the wearable device and perform 
a 60-min stationary running exercise at a speed of 6 km h− 1 (SH-5199, 
SHUA Sports) in a ventilated indoor environment with a humidity of 
50–60 % at 25 ◦C. During the on-body trial, data were recorded by the 

Fig. 1. Design schematic of biosensors-integrated wearable device. (a) Schematic of wearable biosensors for on-skin monitoring of sweat glucose and lactate with 
data display on a mobile phone via Bluetooth. CE, counter electrode; RE, reference electrode; WE1, working electrode 1; WE2, working electrode 2; PET, polyethylene 
terephthalate; PCB, printed circuit board. (b) Schematic diagram of reticular conductive biogel interfaces on glucose and lactate sensors. PBNPs, Prussian blue 
nanoparticles. AAPBA, 3-acrylamidophenylboronic acid. (c) SEM image of reticular conductive biogel interface on lactate sensor. (d) Step profile of the sensing 
membranes on SPCEs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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PCB and wirelessly transmitted to a mobile phone via Bluetooth. The 
detection of glucose and lactate was performed at 10 min after starting 
exercise and repeated every 10 min until the exercise concluded. The 
concentrations of glucose and lactate were visualized on a custom 
smartphone application through calculation based on pre-established 
calibration curves. Meanwhile, sweat samples were periodically 
collected from the forearms of participants using centrifuge tubes and 
analyzed using a glucose colorimetric assay kit and lactate assay kit with 
WST-8 (Beyotime Biotechnology, China) to validate the detection 

accuracy of the proposed wearable sweat biosensing device. In addition, 
2 volunteers wearing the wearable device were asked to monitor sweat 
glucose and lactate levels for 12 cycles of 20-min thermal stimulation 
from heating pads to sweat and 40-min intervals accompanied by non- 
exercise daily activities such as food intake, standing, and sitting. It 
was also important to note that during high-intensity exercise movement 
of the rigid PCB and poor skin contact caused occasional signal 
instability.

Synchronous blood analysis: To synchronize with the sweat 

Fig. 2. Characterization of reticular conductive biogel interfaces. (a) XRD patterns of ZIF-90 and ZIF-90@enzymes. (b, c) SEM and confocal microscopic images of 
ZIF-90@GOx (b) and ZIF-90@LDH (c). (d–f) N2 adsorption-desorption isotherms (d), pore size distributions (e), and TGA curves (f) of ZIF-90 and ZIF-90@enzymes. 
(g, h) Enzyme kinetic curves of GOx, ZIF-90@GOx (g), LDH and ZIF-90@LDH (h). Data are presented as mean ± SD, n = 3. (i, j) CV curves (i) and EIS spectra (j) of 
different modified electrodes.
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measurements during running exercise, glucose and lactate levels in 
fingertip capillary blood were measured at 10-min intervals. Blood 
samples were collected using a fingerprick approach (Yu et al., 2025). 
Blood glucose concentrations were measured using a commercial gluc
ometer (Bayer), while lactate concentrations were determined using a 
lactate assay kit (Nanjing Jiancheng Bioengineering Institute, China).

3. Results and discussion

3.1. Overview of the wearable sweat biosensing device

The wearable sweat biosensing device featuring a dual-sensor array 
was constructed on a two-channel flexible SPCE. The array was inter
faced with a printed circuit board (PCB) and attached to any region of 
body, such as forearm, for real-time on-body detection of sweat glucose 
and lactate levels, with the data wirelessly transmitted and displayed on 
a mobile device via Bluetooth (Fig. 1a, and Video S1). The wearable 
biosensors were prepared by drop-coating the glucose and lactate 
sensing membrane cocktails and catalyst solution on screen-printed 
carbon working electrodes 1 and 2 (WE1 and WE2) to form reticular 
conductive biogel membranes, respectively (Fig. 1b and c). The cocktails 
contained ZIF-90@enzymes and Prussian blue nanoparticles (PBNPs) or 
nicotinamide adenine dinucleotide (NAD+) and hematin as the electron 
mediators for glucose or lactate biosensing. The membrane thickness 
was measured to be 3.3 μm (Fig. 1d).

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2025.118312

3.2. Characterization of ZIF-90@enzymes and biosensing gel interface

ZIF-90@enzymes were synthesized by a one-pot preparation method 
(Shieh et al., 2015). Both.

ZIF-90@GOx and ZIF-90@LDH displayed identical X-ray powder 
diffraction (XRD) patterns to pure ZIF-90 (Fig. 2a), indicating that ZIF- 
90@enzymes retained the crystalline reticular structure of ZIF-90. 
They also exhibited a rhombic dodecahedron structure with an 
approximate size of 1 μm (Fig. 2b and c). The loadings of GOx and LDH 
were measured to be 4.88 × 106 and 5.30 × 106 per particle, respec
tively (Fig. S1). The Brunauer-Emmett-Teller (BET) surface area and 
pore volume were 396.43 m2 g− 1 and 0.22 cm3 g− 1 for ZIF-90@GOx, 
and 733.08 m2 g− 1 and 0.37 cm3 g− 1 for ZIF-90@LDH, which were 
significantly lower than 930.05 m2 g− 1 and 0.51 cm3 g− 1 of ZIF-90 
(Fig. 2d, and S2), indicating successful enzyme encapsulation within 
ZIF-90 pores. The pore size distribution of ZIF-90@enzymes was similar 
to that of ZIF-90 (Fig. 2e), further confirming the retention of the 
reticular structure and uniform enzyme encapsulation within ZIF-90. 
Thermogravimetric (TGA) analysis revealed that both ZIF-90@GOx 
and ZIF-90@LDH exhibited similar mass loss profiles to ZIF-90 across 
the decomposition temperature range, suggesting that the enzyme 
encapsulation did not compromise the thermal stability of ZIF-90 
(Fig. 2f).

The specific enzyme activities (SAs) of ZIF-90@GOx and ZIF- 
90@LDH were measured using UV–visible absorption spectrometry to 
be 145 and 17 U mg− 1, respectively, which were lower than those of free 
GOx (216 U mg− 1) and LDH (38 U mg− 1) due to partial inaccessibility or 
structural perturbation of active sites upon encapsulation (Fig. S3–S4). 
However, their Michaelis constants (Km) were significantly reduced to 
9.9 and 0.73 mM from 15 to 24 mM of free GOx and LDH, respectively 
(Fig. 2g and h). The kcat/Km values for ZIF-90@GOx and ZIF-90@LDH 
were calculated as 62.6 and 11.7 mM− 1 s− 1, respectively, exceeding 
both 49.6 and 0.75 of free enzymes (Table S1). These results suggest that 
the encapsulation of enzymes within the ZIF-90 framework improved 
both the substrate affinity and the catalytic kinetics of enzymes. The 
incorporation of the conductive gel significantly enhanced the electron- 
transfer kinetics of both ZIF-90@GOx and ZIF-90@LDH-modified elec
trodes. The ZIF-90@GOx/conductive gel and ZIF-90@LDH/conductive 

gel electrodes exhibited peak current increases by 40.8 % and 51.3 %, 
respectively (Fig. 2i). Correspondingly, their charge-transfer resistance 
(Rct) decreased dramatically from 92.8 to 10.9 Ω and 114.5 to 12.4 Ω, 
respectively (Fig. 2j and Table S2). This kinetic enhancement was 
quantified by the electron transfer rate constant (k0), which increased to 
2.3 × 10− 3 and 2.2 × 10− 3 cm s− 1, respectively, representing 11.5-fold 
and 13.8-fold improvements over their counterparts without conductive 
gel (Table S2). Thus, the conductive gel was proven to be pivotal in 
facilitating interfacial electron transfer.

3.3. Characterization of glucose sensor

The glucose sensor employed ZIF-90@GOx to catalyze the oxidation 
of glucose by dissolved oxygen to produce H2O2, while PBNPs served as 
an electron mediator of H2O2 oxidation to generate the electrochemical 
signal (Fig. 3a). The electronegative environment introduced by 
imidazole-2-carboxaldehyde (ICA) ligands in the ZIF-90 framework 
facilitated electron migration from Fe2+ to.

OOH across the cyanide bridge (-C ≡ N-Fe-), which enhanced the Fe- 
O stretching of Fe-OH and Fe-OOH at 573 and 690 cm− 1 (Fig. S5), 
thereby promoting the electron transfer from electrode to Fe3+ (Fig. 3b). 
Consequently, the glucose sensor utilizing this mechanism achieved a 
high detection sensitivity of 93 ± 3 nA cm− 2 μM− 1 over a glucose con
centration range of 0–300 μM (Fig. 3c, and S6, and Table S3). Moreover, 
the cyclic detection performance was also excellent, which showed a 
sensitivity variation of 8 % over 28 consecutive cycles of standard curve 
testing (Fig. 3d, and S7). This glucose sensor showed good selectivity 
and fabrication reproducibility, with relative standard deviations (RSD) 
of 2.8 % for within-batch sensors and 5.1 % for between-batch sensors 
(Figs. S8–S9, and Table S4). Additionally, it demonstrated reversible 
performance (Fig. 3e). The excellent stability of the glucose sensor was 
demonstrated by both 91 % of its initial response over an 8-h continuous 
monitoring in a flow-sampling model (Fig. 3f) and almost constant 
detection sensitivity and current density after storage for 140 days at 
room temperature (Fig. 3g and S10), which exhibited better storage 
stability compared to recently reported wearable glucose sensors 
(Fig. 3h, and Table S3), highlighting its superior performance in prac
tical applications. Especially, the proposed sensor showed stable 
detection sensitivity across a pH range of 4.0–8.0 and a temperature 
range of 20–50 ◦C (Fig. 3i, j, and S11), benefiting from the protective 
effect of the ZIF-90 reticular structure on GOx. These results demon
strated good environmental robustness of the glucose sensor, which 
enabled its routine applications without the need for frequent pH and 
temperature calibration.

3.4. Characterization of lactate sensor

The lactate sensor was performed using ZIF-90@LDH to catalyze the 
oxidation of lactate in the presence of NAD+, and the resulting NADH 
was then electrochemically oxidized at − 0.0 V (vs. Ag/AgCl) with he
matin as an electron mediator to produce the amperometric response 
(Fig. 4a and S12). It showed a linear response to lactate ranging from 
0 to 30 mM, with a detection sensitivity of 874 ± 34 nA mM− 1 cm− 2 

(Fig. 4b). Similarly, the lactate sensor also exhibited good selectivity and 
fabrication reproducibility, with RSD of 4.0 % for within-batch sensors 
and 2.6 % for between-batch sensors (Figs. S13–S14, and Table S4). The 
sensitivity over multiple testing cycles showed only 7 % variation 
(Fig. 4c and S15), and the cyclic detection also showed good reversibility 
(Fig. 4d). The proposed sensor demonstrated reliable continuous 
monitoring performance, which maintained 93 % of its initial current 
response over lactate detection for 4 h under a flow-sampling model 
(Fig. 4e). Notably, the sensor retained approximately 93 % of its initial 
sensitivity and response signal even after storage for 170 days at room 
temperature (Fig. 4f and S16), demonstrating the much better storage 
stability than those of previously reported lactate sensors (Gao et al., 
2016; Istrate et al., 2021; Schuck et al., 2021; Thapa et al., 2021; 
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Komkova et al., 2022; Saha et al., 2022; Kumar et al., 2023; Xuan et al., 
2023; Li et al., 2024; Weng et al., 2024; Wu et al., 2024) (Fig. 4g). Owing 
to the protective effect of the ZIF-90 reticular structure, the lactate 
sensor showed stable detection sensitivity against pH change from 4.0 to 
8.0 (Fig. 4h and S17a), and its ability against temperature change was 
also enhanced (Fig. 4i and S17b). Unfortunately, the detection sensi
tivity slightly increased with the increasing temperature from 20 to 
45 ◦C, but could be automatically calibrated for routine applications due 
to the linear change.

3.5. Performance of wearable biosensing device

A systematic comparison of individual components confirmed the 
robustness of our reticular conductive biogel interface (Figs. S6 and S18- 
S19) and elucidated the "dual-stage stabilization mechanism". Firstly, 
incorporating the plain gel (without PEDOT:PSS) improved the response 
time and signal stability during the successive addition of 50 μM glucose 
or 5 mM lactate, compared to the enzyme-only electrode, although it did 
not enhance sensitivity. This is attributed to the gel’s hydrated micro
environment and interface stabilization. Furthermore, replacing the 

Fig. 3. Characterization of glucose sensor. (a) Diagram of glucose-sensing mechanism. (b) Reaction mechanism in the reticular gel during glucose sensing. (c) 
Amperometric responses of the glucose sensor at 0.0 V upon glucose additions. Inset: calibration curve. Data are presented as mean ± SD, n = 6. (d) Continuous 
testing upon 6 additions of 50 μM glucose for 28 cycles with a single glucose sensor. (e) Reversible response to varying glucose concentrations. (f) Continuous 
detection of 100 μM glucose under flow-injection conditions. (g) Detection sensitivities of glucose sensors during 140-day storage. Data are presented as mean ± SD, 
n = 4. (h) Storage stability comparison of wearable glucose sensors prepared with different materials. (i, j) Effects of pH (i) and temperature (j) on the sensitivity of 
glucose sensors prepared with GOx or ZIF-90@GOx. Data are presented as mean ± SD, n = 4.
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plain gel with the conductive gel resulted in a significant sensitivity 
enhancement, 2.3-fold and 3.8-fold for the GOx and LDH electrodes, 
respectively, due to the enhanced conductivity and accelerated electron 
transfer. Notably, the final ZIF-90-based biosensor exhibited a substan
tial increase in sensitivity, 10.8 and 1.5 times higher than those of the 
GOx/Conductive gel and LDH/Conductive gel electrodes, respectively 
(Fig. 3a and 4a, and S18-S19), along with improved acidic and thermal 
stability (Fig. 3i and j and 4h,i). These improvements stemmed primarily 
from the protective confinement and high enzyme loading capacity of 
the ZIF-90 framework. The systematic optimization validated the 
distinct and complementary roles of each component within the dual- 
stage stabilization mechanism.

The performance of dual-biosensors array for simultaneous detection 
of glucose and lactate was firstly examined. It exhibited negligible cross- 
talk between glucose and lactate sensors, and both the sensitivities of 
two sensors were the same as those obtained under individual detection 

conditions (Fig. 5a). Meanwhile, the dual-biosensors array demon
strated its good performance in a complex artificial sweat matrix 
detection with the relative sensitivity errors of less than 5 % (Fig. S20
and Table S5), confirming its functionality in conditions mimicking 
inter-user variability. Especially, the sensors for glucose and lactate 
retained 95 % and 98 % of their initial sensitivity after solar exposure for 
10 h, respectively (Fig. 5b–d), outperforming the unoptimized coun
terpart (Figs. S18b,d, S19b,e, and S21), demonstrating excellent outdoor 
stability. The wearability and excellent durability of the dual-biosensors 
array were verified by 1000 bending recovery cycles at bending angles 
ranging from 60◦ to 180◦, which retained over 85 % of the initial 
detection sensitivities of two sensors, and met the practical needs of 
wearable devices (Fig. 5e and f). The demonstrated robustness, outdoor 
stability, and mechanical durability made the device well-suited for real- 
time, multi-parameter physiological monitoring in demanding outdoor 
athletic settings such as marathons and trail cycling.

Fig. 4. Characterization of lactate sensor. (a) Diagram of lactate-sensing mechanism. (b) Amperometric responses of the lactate sensor at 0.0 V upon lactate ad
ditions. Inset: calibration curve. Data are presented as mean ± SD, n = 6. (c) Continuous testing upon 6 additions of 5 mM lactate for 28 cycles with a single lactate 
sensor. (d) Reversible detection at varying lactate concentrations. (e) Continuous response to 20 mM lactate under flow-injection conditions. (f) Detection sensi
tivities of lactate sensors during 170-day storage. Data are presented as mean ± SD, n = 4. (g) Storage stability comparison of wearable lactate sensors prepared with 
different materials. (h, i) Effects of pH (h) and temperature (i) on the sensitivity of lactate sensors prepared with LDH or ZIF-90@LDH. Data are presented as mean ±
SD, n = 3.
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After assembling the dual-biosensors array and paper-based sweat 
collector with lnlet and sealing layers (Fig. 5g), the resulting wearable 
patch could interface with a PCB to form a wearable biosensing device 
(Fig. 5h), which was designed to be worn on any region of body, such as 
forearm, for real-time monitoring of sweat glucose and lactate levels 
(Fig. 5i). Feedstock cost for fabricating a wearable biosensing device, 
including reticular conductive biogel membranes, SPCE, and paper- 
based sweat collector, was estimated to be as low as $0.37, demon
strating its potential for affordable daily disposal (Tables S6–S18). The 
paper-based sweat collector was designed to contain a collection zone of 
4 × 4 mm2 matched with the area of biosensors array, which connected 
to 4 capillary input channels for skin sweat sampling from 12 inlets and 
1 outlet channel for waste output (Fig. S22). The diameter and number 
of inlets and the length and number of input channels were optimized to 
2 mm, 3, 9 mm and 4 (Fig. S23–S26). The collection zone could be filled 
within 15 s (Fig. S27), a result that aligned with the theoretical estimate 
of ~13 s. This estimate was derived from the collector’s design 

parameters and a sweat rate of 3 μL cm− 2 min− 1 (Bariya et al., 2018; 
Fig. S28 and Supplementary Material 1.9). Furthermore, the collection 
zone could successively achieve periodic liquid replacement sampling 
(Fig. 5j).

3.6. On-body testing of the wearable biosensing device

The on-body sweat sensing performance of the wearable biosensing 
device was evaluated by continuous detections of sweat glucose and 
lactate in 12 volunteers during the running exercise. The wearable de
vice was worn on the forearm of participants, where the sweat samples 
were periodically collected using centrifuge tubes for synchronous de
tections of glucose and lactate with colorimetric assay kits (Fig. 6a). The 
sweat glucose and lactate levels obtained from the device were real-time 
displayed on a paired smartphone. The readings showed strong corre
lation with the colorimetric assays, with correlation coefficients of 0.94 
and 0.90, respectively (Fig. S29), demonstrating that the device could 

Fig. 5. Characterization of wearable biosensing device. (a) Individual and simultaneous amperometric responses of wearable biosensor to varying glucose or/and 
lactate concentrations. (b) Temperature of biosensor surface upon irradiation of sunlight from 10:00 to 20:00. (c, d) Calibration curves of glucose (c) and lactate (d) 
sensors after 10 h of sunlight exposure. Data are presented as mean ± SD, n = 3. (e, f) Optical images (e) and detection sensitivities (f) of wearable biosensor after 
1000 bending/recovery cycles at different bending angles. (g, h) Photographs (g) and schematic (h) for assembly of the wearable patch. (i) Schematic and photograph 
of the wearable patch interfacing a skin-mounted PCB. (j) Photographs of the collection zone filled with 0.9 M FeCl3 and then 0.1 M NaCl solutions at a rate of 3 μL 
cm− 2⋅min− 1 and filling time of 10 min for 6 cycles and normalized grayscales of the collection zone at different times.
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reliably quantify sweat metabolite levels.
To gain deeper insights into the dynamics of sweat glucose and 

lactate, parallel blood measurements were conducted during 50-min 
exercise. The sweat glucose concentration was stable at the beginning 
of exercise, declined after exercise for 20 min, and slightly rebounded 
after exercise for 32 min, which lagged the change of blood glucose 
(Fig. 6b). The latter slightly declined at the beginning of exercise, raised 
after 20 min, and then slightly declined again at 40 min. The sweat 
lactate displayed a decreasing trend and rebounded at 40 min, while the 
blood lactate slightly decreased and raised at 30 min, indicating the 
similar lag phenomenon of sweat lactate change (Fig. 6c). The overall 
levels of sweat glucose were 30–110 times lower than blood glucose, 
while sweat lactate levels were 1.4–2 folds higher than blood lactate, 
which was consistent with previous report (Yu et al., 2025). The low 
correlation coefficients among individuals suggested the relatively weak 
correlations of metabolites due to the complex transport mechanisms 
(Fig. 6d and e).

The real-life applicability of the wearable device was further evalu
ated under non-exercise conditions with 3 volunteers. Each volunteer 
underwent 12 cycles of thermal stimulation using heating pads to sweat 

(20 min heating followed by a 40-min interval) while carrying out daily 
activities including food intake, standing and sitting (Fig. 6f). No skin 
irritation was observed during or after the 12-h monitoring period, 
indicating a low risk during short-term use (Fig. S30). Both the sweat 
glucose concentrations showed the similar changes after food intake. In 
contrast, the sweat lactate concentration remained relatively stable 
under resting conditions, except the concentration raise during outdoors 
walking. These preliminary observations were entirely consistent with 
those reported previously (Ding et al., 2024), highlighting the applica
bility of wearable biosensing device for daily sweat monitoring.

4. Conclusion

We developed a durable, environmentally adaptive wearable 
biosensor array for continuous sweat glucose and lactate monitoring. Its 
core is an in-situ formed reticular conductive biogel interface with ZIF- 
90@enzyme, endowing it with high sensitivity, reproducibility, and 
stability against pH, temperature, mechanical stress, and solar exposure. 
After integrating this biosensing array with a paper-based sweat col
lector, and a wireless PCB, the resulting wearable sweat biosensing 

Fig. 6. Continuous on-body monitoring of sweat glucose and lactate with wearable biosensing device compared with corresponding fingertip blood test. (a) 
Illustration of sweat glucose and lactate monitoring during running exercise using a forearm-mounted wearable device. (b, c) Simultaneous detection of sweat and 
blood glucose (b) and lactate (c) in 12 subjects (6 male and 6 female) during 50-min running. Thick solid lines and shaded bands indicate the mean ± SD. (d, e) 
Sweat-to-blood concentration correlations for glucose (d) and lactate (e) across all subjects. (f) Continuous sweat glucose and lactate monitoring during 12-h daily 
activities under thermally induced perspiration.
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device successfully tracked biomarkers during a variety of daily activ
ities. Future work will focus on optimizing the wearability via rigid-flex 
electronics and validating the system in larger clinical cohorts, paving 
the way for robust and practical personalized health monitoring.
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