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ABSTRACT 

As a promising frontier in next-generation healthcare monitoring, smart textiles that are capable of dynamic 
physiological sensing through sweat analysis represent an emerging paradigm in wearable electronics. 
However, the inherent inaccessibility of sweat in sedentary individuals and scenarios has restricted our 
ability to capitalize on this non-invasive and insightful source of molecule-level information. Here, we first 
present a comfortable, autonomous and integrated iontophoretic biosensing textile system that features an 
on-demand stimulation skin-interfaced sweat-induction unit. The textile system uses skin-interface 
stabilized iontophoretic hydrogel electrodes that enhance interface conformability and optimize interface 
impedance, eliminating the need for high-current stimulation in conventional iontophoresis. By combining 
biosensing fibers with a stabilized transduction layer design, we show that the resultant biosensing textile 
system continuously collects multibiomarker data, including glucose, lactate, uric acid and pH levels, for up 
to 6 hours. This system holds promise for advancing wearable electronics in personalized healthcare, clinical 
monitoring and remote diagnostics with superior user-friendliness and versatility. 
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itoring [12 –14 ]. Recent advances in biosensing 
fabrics have been successfully applied to real-time 
biosignal monitoring in sweat, including detecting 
electrolytes, metabolites, nutrients and so on [15 –
18 ]. Efficient sweat sampling marks the initial step 
toward reliable biomarker analysis for sweat-based 
sensors. Nonetheless, the inherent inaccessibility of 
sweat in sedentary individuals and scenarios has re- 
stricted our ability to capitalize on this non-invasive 
and insightful source of molecule-level information. 
Although various strategies involving porous hy- 
drogels and hydrophi lic fil lers have been explored 
[19 –21 ], obtaining sufficient and reliable biofluid 
for sensor analysis remains challenging due to low 

secretion rates and sample dilution. The confined 
applicability to specific user groups and scenarios, 
combined with low secretion rates and sample dilu- 
tion, limits the potential for widespread adoption. 
Alternatively, iontophoresis achieves active sweat 
induction through epidermal electrical stimulation 
to overcome the limitations regarding specific sce- 
narios and target populations, but raises concerns 

©The Author(s) 2025. Published
Commons Attribution License (h
work is properly cited. 
NTRODUCTION 

ecent breakthroughs in wearable electronics are
evolutionizing the face of personalized healthcare
nd telemedicine, moving beyond traditional ap-
roaches that require invasive routine check-ups
r symptom-triggered interventions [1 –4 ]. As a
romising contender for next-generation wearable
lectronics, smart textiles have attracted significant
esearch attention due to their softness, permeabil-
t y, durabilit y and comfort [5 –7 ]. Prolific research
fforts have been dedicated to wearable fabric elec-
ronics, branching out from tracking biophysical
ignals during physical activity to monitoring bio-
hemical signals in biofluids [8 –11 ]. This evolution
rovides more insightful physiological information
t the molecular level, progressively blurring the
oundary between users and wearable healthcare
evices. 
Sweat is an attractive biofluid that is valued

or its wide accessibility, abundant biochemical
olecular information and, more importantly, for

eing non-invasive and enabling continuous mon- 
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Figure 1. Schematics of the autonomous stimulation integrated fabric electrochemical biosensor. (a) Illustration of the fabric biosensing system and 
main functionalities: low-current iontophoresis sweat induction and sampling, in situ physiological signal analysis and wireless data transmission and 
interaction. (b) Schematic illustration of localized sweat sampling based on iontophoresis of the secretory agonist (carbachol) at the electrode–skin 
interface. (c) Schematic illustration of the electrochemical biosensing fabric system integrated with an iontophoresis unit and a biosensing fiber array. 
(d) Comparison of adhesion strength between control and SSIH ( n = 3, mean ± SD). (e) Operational current of this work in comparison with previously 
reported iontophoresis-based transdermal healthcare systems. Data are compiled from literature and can be found in Table S1. PAN, polyacrylonitrile; 
PVA, polyvinyl alcohol. 
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bout pain, burn and sweat component distortion
aused by applying a high level of current stimulation
22 –24 ]. Besides, current biosensing fabrics suffer
rom limited stability, which hinders their ability to
ontinuously monitor health through sweat [25 ,26 ].
s a result, developing an efficient, comfortable
nd long-term health-monitoring system by using
abric-based electrochemical biosensors is crucial
ut challenging. 
Page 2 of 10
Herein, we first design a comfortable ion- 
tophoretic electrochemical fabric biosensor that 
achieves autonomous stimulation of sweat induc- 
tion and enables continuous long-term sweat mon- 
itoring. The electrochemical biosensing fabric was 
fabricated by combining an iontophoresis unit with a 
multisensing electrochemical fabric (Fig. 1 a–c). En- 
abled by skin-interface stabilized iontophoretic 
hydrogel (SSIH) with superior mechanical 
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ompliance and low-impedance interface (Fig. 1 a
nd d), the iontophoresis unit achieves conformal
kin contact and transdermal activation of sweat
lands under an external low operating current of
5 μA (corresponding to a current density of 32.12
A/cm2) (Fig. 1 e and Table S1) [22 ,27 –43 ]. Upon
ontacting the sweat, the electrochemical fabric
omposed of multiple biosensing fibers detected
orresponding biomarkers (glucose, lactate, uric
cid and pH) during long-term operation for up to
 hours, attributed to the employment of an inert
rotective layer to counteract the degradation of
he transducer layer. As a proof of concept, we inte-
rated the autonomous electrochemical biosensing
abric into daily wear, coupled with an in situ signal-
rocessing unit and a wireless bidirectional commu-
ication module interacting with a mobile interface. 

ESULTS AND DISCUSSION 

esign of the fabric system for sweat 
ampling and analysis 
he wearable electrochemical fabric sensing system
ntegrates a skin-interfaced iontophoresis unit and a
iosensing fiber array into a textile form, enabling
utonomous sweat sampling and real-time analy-
is (Fig. 1 c). The iontophoresis unit consists of a
air of SSIH electrodes, with an anode containing
he secretory agonist (carbachol) and a complemen-
ary cathode. Assisted by an externally applied pro-
rammable current source, the agonist molecules can
e delivered beneath the local skin gently and im-
erceptibly to stimulate local sweat glands for effi-
ient sweat induction (Fig. 1 b). The system features
 cross-shaped biosensing fiber array consisting of
our biosensing fibers detecting glucose, lactate, uric
cid and pH, respectively. Each biosensing fiber is
ormed by coaxially twisting a functionalized carbon
anotube fiber (CNT)-based working electrode and
n A g/A gCl electrode around a stretchable silicone
ber, ensuring adaptability to mechanical deforma-
ion ( Fig. S1). Specifically, the enzyme-based work-
ng electrode was initially fabricated by electrode-
ositing Prussian blue (PB), followed by the elec-
rodeposition of nickel hexacyanoferrate (NiHCF).
he corresponding enzyme was immobilized within
 CNT/chitosan composite matrix, forming the ac-
ive layer for selective detection. Similarly, the pH-
ensing electrode was obtained by electrodeposit-
ng polyaniline onto the CNT fiber, leveraging its
urface protonation changes for potential variation
cross different pH values ( Figs S2 and S3). Mean-
hile, the reference/counter electrode was prepared
y dip-coating the CNT fiber with commercial
 g/A gCl ink ( Fig. S4). Moreover, each biosens-
Page 3 of 10
ing fiber features an outer shell of superhydrophilic 
polyacrylonitrile/SiO2 composite nanofibers that 
serve as a sweat-absorbing layer. The superhy- 
drophilic channels of the sweat-absorbing layer drive 
rapid sweat absorption and accumulation for down- 
stream biosensing ( Figs S5 and S6). Finally, the com- 
pact semi-punched design enables the integration of 
the sweat-induction unit and the biosensing fiber ar- 
ray, ensuring consistency in subsequent applications. 

Sweat-induction unit enabled by SSIH 

Conventional iontophoretic sweat induction em- 
ploys a relatively high electrical current or voltage for
the transdermal delivery of cholinergic agents, acti- 
vating internal and proximal sweat glands [36 ,44 ]. 
To mitigate potential risks from intense external 
stimulation, such as pain, the skin electrode is 
required to maintain low interfacial impedance cou- 
pled with efficient drug-delivery capabilities [41 ]. 
To this end, we developed SSIH electrodes with 
an adhesion-enhanced interface design, featuring a 
double-network architecture with superior mechan- 
ical compliance ( Fig. S7). The iontophoretic elec- 
trodes were prepared by interpenetrating polyvinyl 
alcohol crystalline domains with poly(acrylic acid) 
networks. The muscarinic agent carbachol was si- 
multaneously and uniformly loaded into the matrix, 
allowing autonomous delivery to the dermal space 
and inducing sweating. Final ly, a pair of CNT films
were covered on the surface to obtain the SSIH 

electrodes. 
The properties of SSIH were systematically in- 

vestigated, including interfacial adhesion, mechan- 
ical properties and drug-delivery capability. Ad- 
hesion strength was examined by using lap-shear 
tests on porcine skin to simulate human skin. As 
shown in Fig. 2 a, the adhesion strength increased 
with higher poly(acrylic acid) content, primarily at- 
tributed to numerous hydrogen bonds between the 
hydroxyl and carboxyl groups on the SSIH surface 
and the amino or other functional groups on the 
skin ( Figs S8 and S9) [45 ,46 ]. Considering the cru-
cial role of mechanical properties in the combination 
within wearable flexible electronics, a series of ten- 
sile tests were conducted. The results revealed a de- 
pendence of the mechanical properties of the hydro- 
gel on the network composition, where an increase 
in the poly(acrylic acid) secondary network content 
initially enhanced both the stress tolerance and the 
toughness through effective load distribution. At a 
10% poly(acrylic acid) concentration, the material 
exhibited the most favorable mechanical properties, 
with a toughness of 93.82 kJ/m3 and an elongation 
at break of 1150% (Fig. 2 b and c). However, when
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Figure 2. Optimization and characterization of the sweat-induction unit enabled by SSIH. (a) Adhesion strength of SSIH with different poly(acrylic acid) 
contents under lap-shear testing on porcine skin ( n = 3, mean ± SD). (b) Tensile stress–strain curves of SSIH with different poly(acrylic acid) contents. 
(c) Toughness and strain of SSIH with different poly(acrylic acid) contents ( n = 3, mean ± SD). (d) Cross-sectional fluorescent images of porcine skin via 
SSIH with 0% and 10% poly(acrylic acid) contents after a 10-minute iontophoresis process. Rhodamine B was used as a model drug for visualization; 
scale bar, 500 μm. (e) Cross-sectional microscopy images of the control sample and SSIH mounted on porcine skin. Scale bar, 200 μm. (f) Electrochemical 
impedance spectroscopy analysis of control sample and SSIH interfaced with porcine skin (inset, equivalent circuit model). (g) Comparison of sweat 
induction by iontophoresis based on control and SSIH electrodes under varying operational currents from 50 to 300 μA. Scale bars, 2.5 mm. 
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he content was increased to 15%, the excessively
ense network reduced the free volume, restricting
he molecular chain movement and rendering the
aterial brittle [47 ]. To evaluate the effect of the
SIH composition on the transdermal drug-delivery
apabilit y, R hodamine B (a small molecule with po-
arity similar to carbachol) was incorporated into the
ydrogel matrix to visualize the penetration process
nder a confocal microscopy [48 ]. The SSIH with
0% poly(acrylic acid) content exhibited the high-
Page 4 of 10
est fluorescence intensity and the deepest diffusion 
depth in the dermal layer among all the compositions 
(Fig. 2 d and Fig. S10). Further scanning electron 
microscopy revealed that the hydrogel matrix mi- 
crostructure exhibited a variable trend, transitioning 
from compact networks to highly porous architec- 
tures and back to condensed structures with increas- 
ing poly(acrylic acid) content ( Fig. S11). The supe- 
rior transdermal delivery efficiency of the SSIH with 
10% poly(acrylic acid) content can be attributed 
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o the enhanced adhesion and ideal porous struc-
ure for drug loading and transport. Therefore, the
oly(acrylic acid) weight ratio was fixed at 10% in the
SIH for the subsequent investigation. 
The SSIH exhibited enhanced adhesion, effec-

ively reducing the microscale non-conformal con-
act during skin-surface interactions compared with
he control sample (without poly(acrylic acid) in-
orporation), as verified by the cross-sectional mi-
roscopy images (Fig. 2 e). Encouragingly, after more
han 20 repeated lap-shear cycles and during the
-hour test under representative wearable condi-
ions (25°C and 60% relative humidity) [49 ,50 ],
he adhesion strength showed slight attenuation
ut remained at > 10 kPa, while the retention rate
as maintained at 90% ( Fig. S12). Meanwhile, the
SIH demonstrated reliable adhesion under fluctu-
ting environmental conditions ( Fig. S13). The ef-
ect on interface impedance was further investigated
hrough detailed impedance testing, in which the
lectrode–skin interface impedance was fitted by us-
ng an equivalent circuit model consisting of a hy-
rogel electrode, an epidermal layer and a subcuta-
eous layer. In this model, the SSIH electrode resis-
ance and capacitance are denoted as Rgel and Cgel , re-
pectively. Re and Ce represent the resistance and ca-
acitance of the epidermal layer, while the resistance
f the subcutaneous layer is denoted as Rs [33 ,51 ].
he SSIH–skin interface exhibits lower interfacial
mpedance across all frequency ranges than the con-
rol sample, owing to its enhanced conformal contact
nd superior skin compliance (Fig. 2 f). 
Before evaluating the feasibility of sweat induc-

ion in vivo , we conducted cytocompatibility test-
ng on hepatocytes, confirming the satisfactory bio-
ompatibility of the SSIH and its potential for skin-
nterfacing applications ( Fig. S14). No skin irrita-
ion or allergic reactions were observed throughout
he 8-hour in vivo wear test, comprehensively validat-
ng the safety of the SSIH for long-term human use
 Fig. S15). In this case, we performed iontophoresis
n the human forearm by using a programmable con-
tant current output. The SSIH induced noticeable
weat at a lower current of 75 μA, whereas the con-
rol sample only began to produce sweat at 300 μA
Fig. 2 g). To visualize the sweat droplets, we applied
 water-sensitive black dye that turned blue upon
ontact with moisture ( Fig. S16). Furthermore, we
alidated the system on a larger cohort of subjects
o enhance the generalizability of the SSIH ( Fig. S17
nd Table S2). As the applied current increased, the
weat output of the SSIH-based iontophoresis unit
id not increase further, which can be attributed to
he limited local sweat gland density and the resis-
ance caused by accumulated sweat on the epider-
is. Moreover, the SSIH exhibited slight resistance
Page 5 of 10
changes over a 7-hour period, further demonstrat- 
ing its stable skin–electrode interface and reliable 
long-term operation ( Fig. S18). As a result, our skin- 
interfaced iontophoresis unit demonstrates competi- 
tive performance and extremely low current require- 
ments (dev ice driv ing current of 75 μA, current den-
sity of 32.12 μA/cm2 ) compared w ith prev iously re-
ported transdermal healthcare systems based on ion- 
tophoresis, including sweat induction, drug deliv- 
ery and wound management (Fig. 1 e and Table S1). 
The lower current highlights its advantages regarding 
transdermal delivery efficiency and safety for devel- 
oping painless and burden-free electronics. 

Electrochemical sweat-sensing 

performance of the fabric system 

Sweat metabolites (including glucose, lactate and 
uric acid) serve as vital biomarkers for various physi- 
ological conditions such as diabetes, metabolic state 
changes, inebriation and renal dysfunction [52 ]. In 
our designed electrochemical fabric biosensing sys- 
tem, the sweat-induction unit enabled by the SSIH 

permits effective sweat sampling, ensuring optimal 
conditions for the downstream operation of biosens- 
ing fibers (Fig. 3 a). Typically, the specific enzyme, 
acting as a bioreceptor, is deposited on the surface of
the PB/CNT electrode to construct the enzymatic 
metabolite biosensing fibers. The mechanism of the 
enzymatic biosensor is that electrolytes in sweat un- 
dergo selective oxidation, resulting in corresponding 
oxidized products and hydrogen peroxide (H2 O2 ) 
[53 ]. However, the process can induce electrode 
polarization effects that compromise measurement 
signal stability [54 ]. As an ion-to-electron trans- 
ducer layer, the PB layer facilitates redox reactions 
with H2 O2 at near-zero potential and ensures stable 
signal transfer [55 ]. Nonetheless, a significant limita- 
tion of PB lies in its incomplete stability in biofluids,
in which hydroxide ions (OH−) in neutral and alka- 
line solutions break the Fe–(CN)–Fe bonds within 
the PB lattice and exacerbate its dissolution. The 
stability evaluation of PB/CNT electrodes through 
repeated cyclic voltammetry scans under various pH 

conditions revealed a pronounced decline in PB peak 
intensity, demonstrating its progressive degradation 
in aqueous media ( Fig. S19). In response, we intro- 
duced the PB-analog NiHCF on the surface of the 
PB transducer layer by using a sequential deposition 
process, as i l lustrated in Fig. 3 b. The NiHCF exhib-
ited superior chemical inertness, which can form a 
protective layer over the PB redox center. Moreover, 
the insertion of Ni2 + is expected to reduce the 
lattice constant of ferrocyanide Fe4 [Fe(CN)6 ]3 , 
thereby reinforcing the lattice and mitigating 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data


Natl Sci Rev, 2025, Vol. 12, nwaf155

N

N

N

N

H

H n

H+

N

N

N

N

H

HH
+
A
_

A
_

H
+

P
ot

en
tia

l (
V

)

53.74 mV/pH

-2.0
[Lac] mM

Uric acid-sensing fiber

Glucose-sensing fiber
Lactate-sensing fiber

pH-sensing fiber

CNT e-

H+

H+

h

a

C
ur

re
nt

 (µ
A

)

[Lac] mM

Time (h)

15

10

5-0.35

-1.05

-0.70

-1.40
0 1 2 3 4 5

0.00

6

e

ji

Time (h)

C
ur

re
nt

 (µ
A

)

0.02

[Glu] µM

0

100
50-0.02

-0.04

0 1 2 3 4 5 6

b

0.00

0.12

50

[UA] µMC
ur

re
nt

 (µ
A

)

Time (h)

-0.12

0.00

-0.24

0

0

f

-0.36

k

P
ot

en
tia

l (
V

)

[pH]

[Lac] mM

10

5

15

20

25

Time (s)

C
ur

re
nt

 (µ
A

)

-1.05

-0.35

-1.40

-1.75

-1.0
-0.5

-1.5

0 15 30

-0.70

C
ur

re
nt

 (µ
A

)

Time (s)

100

100

Time (s)

(
C

ur
re

nt
µA

)

[UA] µM

25

75
50

0
-0.12

0.12

-0.36

-0.09
0.00

-0.27
0 50

-0.24

0.00 -0.18

C
ur

re
nt

 (µ
A

)

P
ot

en
tia

l (
V

)
0.15

0.25

0.05

0.10

0.20

0 20 40 60 80 100 500 10 20 30 40 0 15 30 45 60

0.24

0.08
4

0.16

5 6 7 5

7

6

4

[pH]

0.12-0.4 0.25

C
ur

re
nt

 (µ
A

) 0.00

-0.12

-0.24

25 75 100500
[UA] µM

C
ur

re
nt

 (µ
A

) -0.8

-1.2

-2.0
105 15 20 25
[Lac] mM

P
ot

en
tia

l (
V

)

0.15

0.10

0.05
7 6 5

[pH]
4

-0.02

0.00

-0.04

-0.06

0 50 100 150 200
[Glu] µM

C
ur

re
nt

 (µ
A

)

-0.08

-1.6

0.20

m nl o

C
ur

re
nt

 (µ
A

)

[Glu] µM

50

0

100
150

200

-0.04

0.00

-0.06

-0.08

Time (s)

100

-0.04

0.00

-0.08

C
ur

re
nt

 (µ
A

)

0 200
-0.02

0 30 60 90 120 150

[Glu] µM [UA] µM [pH]

Time (h)

7

6

0.24

0.08

0.16

0.00

5

1 2 3 4 5 6 50 1 2 3 4 6

c

d

g

Sweat

50

0

10

5

100

50
0

6

5

54.40 mV/pH3.21 nA/µM

68.4

3.10 nA/µM67.31 -0.36

PB

NiHCF

CNT

Cross-linked enzymes

0.02

H+

n

nA/mM

8 nA/mM

Figure 3. Optimization and evaluation of the electrochemical fabric for multiplexed sweat biosensing. (a) Schematic of the fabric biosensing system for 
sustained sweat sampling and analysis. (b and c) Configurations and mechanisms of enzymatic biosensing fibers and pH-sensing fibers. (d–g) Operational 
long-term stability of (d) glucose, (e) lactate, (f) uric acid and (g) pH biosensing fibers. (h–k) Current responses of (h) glucose, (i) lactate and (j) uric acid 
biosensing fibers and (k) open-circuit potential responses of pH biosensing fibers to the corresponding analytes in phosphate-buffered saline. Insets 
in (h–k) present the corresponding sensor calibration relationships; the correlation coefficients are 0.999, 0.997, 0.998 and 0.999, respectively. (l–o) 
Reproducibility of the (l) glucose, (m) lactate, (n) uric acid and (o) pH biosensing fibers ( n = 6), with relative standard deviations of 7.43%, 5.63%, 7.47% 

and 5.61%, respectively. 

p  

o  

[  

t  
otential lattice distortion caused by repeated ion
r water insertion when applied in sweat analysis
56 ,57 ]. After the deposition cycles were optimized,
he irreversible degradation of the PB transducer
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layer was effectively suppressed ( Figs S20–S22). 
Following this, the enzyme was solidified via en- 
trapment within a chitosan network, which acts 
as a protective matrix, enhancing stability and 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
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reventing the efflux of the catalytic component
58 ]. Notably, while the inertness of nickel may be
nfavorable for hydrogen peroxide transduction, the
ower electronegativity of Ni2 + compared with Fe3 + 

nduces an inductive effect that lowers the bond-
orce constant of the Fe–C ≡N bond [59 ]. This
eduction leads to the electrochemical activation of
-coordinated Fe ions, enhancing electrochemical
ctivity as compensation [60 ]. Therefore, as the
nzymatic metabolite (glucose, lactate and uric
cid) biosensing fibers have a similar device archi-
ecture except for their specific enzymes, optimizing
he mass loading of the composite transducer layer
o obtain an optimal NiHCF/PB bilayer config-
ration achieves both sensitivity and long-term
tability ( Figs S23–S25). In addition, given the
mportant role of pH in assessing local physiological
tates and monitoring metabolic abnormalities, we
onstructed a pH-sensing fiber by coating the CNT
urface with a layer of polyaniline as the sensitive ele-
ent, exploiting its stable redox transitions between
meraldine salt and base states at different pH values
Fig. 3 c). Eventually, the resulting biosensing fibers
ll demonstrated comprehensive improvements in
ong-term stability under gradient concentrations
or over 6 hours, which also validated the versatility
f the optimization strategy (Fig. 3 d–g). The sat-
sfactory consistent and stable performance of the
lectrodes further confirms the repeatability and
eliability of our optimizing strategy ( Fig. S26). 
The performances of the as-fabricated biosens-

ng fibers were further systematically characterized
n vitro . Figure 3 h–k shows the current responses
f fiber-shaped amperometric enzymatic sensors un-
er physiologically relevant target analyte concentra-
ions. The currents were highly linearly proportional
o each biomarker, with sensitivities of 0.31 nA/μM
or glucose sensors, 65.26 nA/mM for lactate sensors
nd 3.01 nA/μM for uric acid sensors. In addition,
he sensitivity of the pH sensor exhibited a linear rise
n open-circuit potential, with concentrations rang-
ng from 7.0 to 4.0, with a sensitivity of 53.52 mV/pH.
t the same time, each sensor demonstrated satis-
actory selectivity, with negligible responses to other
nalytes at physiologically relevant concentrations in
weat ( Fig. S27). As such, our fiber functionaliza-
ion strategy incorporates inert analogous compos-
te materials as a protective layer, effectively preserv-
ng critical sensing performances while demonstrat-
ng considerable reproducibility and enhanced long-
erm stability (Fig. 3 l–o). Notably, these biosensing
bers also exhibited acceptable washability, main-
aining stable electrochemical responses over 20
epeated washing cycles, further demonstrating the
obustness of the functionalized layer on the fiber
urface ( Fig. S28). 
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On-body sweat monitoring by the fabric 

system 

To validate the feasibility of portable health mon- 
itoring and interaction, we integrated the SSIH- 
based iontophoresis unit and biosensing fibers into 
various close-fitting areas of conventional garments 
(Fig. 4 a and b, and Fig. S29). T he system enables
continuous physiological signal monitoring during 
sedentary activities, such as reading or desk work, 
with slight interference to the users’ normal rou- 
tines. A custom-developed flexible printed circuit 
board serves as the core component of the wearable 
biosensing system, enabling comprehensive system- 
level functionalities, including programmable ion- 
tophoretic actuation, in situ electrochemical signal 
processing and wireless interaction with the user in- 
terfaces via Bluetooth (Fig. 4 c). As a proof of con-
cept, long-term cross-activity monitoring of multi- 
plexed biomarkers under sedentary scenarios was 
achieved by using our integrated wearable system 

(Fig. 4 d). During three sedentary activities span- 
ning office work, lunch breaks and gaming sessions, 
the glucose-concentration profile revealed character- 
istic metabolic responses, showing a marked eleva- 
tion from baseline during the lunch period, followed 
by a gradual return to basal levels during the sub-
sequent relaxation phase [61 ,62 ]. Lactate levels re- 
mained stable, indicating low physical exertion dur- 
ing these predominantly sedentary daily routines 
[63 ,64 ]. Uric acid levels are transiently elevated dur-
ing the lunch break, aligning with the known im- 
pact of dietary protein intake on purine metabolism 

[65 ]. Additionally, we further validated the applica- 
bility for dynamic conditions and active users in a 
running scenario, observing no significant fluctua- 
tions in data transmission ( Fig. S30). Moreover, the 
accuracy of our multiplexed sweat-sensing measure- 
ments was further validated through parallel analysis 
by using liquid chromatography-tandem mass spec- 
trometry (LC-MS/MS) ( Fig. S31). In general, our 
wearable electrochemical fabric biosensing system 

demonstrated remarkable reliability and potential in 
personalized health monitoring and metabolic disor- 
der management. 

CONCLUSION 

Here, we have developed a comfortable ion- 
tophoretic electrochemical fabric biosensing system 

with a long-term continuous stability of over 6 hours. 
The iontophoresis based on the SSIH unit enables 
effective sweat induction through ultra-low-current 
stimulation by optimizing the interface impedance. 
Additionally, incorporating a stabilized transduction 
layer design on the biosensing fibers mitigates the 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
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https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf155#supplementary-data
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Figure 4. On-body demonstration and evaluation of the integrated electrochemical fabric biosensing system for continuous 
cross-activity sweat analysis. (a) Photograph of a subject wearing the electrochemical fabric on the back while performing 
office work (FPCB, flexible printed circuit board). Scale bar, 3 cm. (b) Photograph of a subject wearing the electrochemical fabric 
on the forearm while reading. Scale bar, 2 cm. (c) System-level block diagram and custom mobile application for autonomous 
iontophoresis and real-time data display (DAC, digital-to-analog converter; ADC, analog-to-digital converter; UART, universal 
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sweat monitoring in three healthy subjects under office work, lunch, relaxing and running conditions, with iontophoresis 
sweating performed at three intervals. 

d  

c  

m  

a  
egradation under prolonged operation, signifi-
antly enhancing long-term stability for reliable
onitoring over a 6-hour period. The strategy
llows autonomous perspiration sampling, dynamic
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sensing analysis and wireless data communication, 
enabling reliable health monitoring. However, 
challenges still exist, including adaptability to skin 
variations, sweat refreshment and sample fouling, 
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nd linking in situ data to health conditions. Future
ptimizations could involve integrating high-
recision skin impedance sensors for in situ testing
ombined with the programmable iontophoresis
odules to enhance user acceptance. Moreover,
uch long-term monitoring also presents opportuni-
ies in cloud storage and AI for diving into sweat and
dvancing personalized healthcare. 

ETHODS 

he detailed materials and methods are available in
he online Supplementary data. 
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