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In brief

Textile-based biosensors have been

functionalized with rational-engineered

nanostructured b-Bi2O3 nanoflakes.

Sodium ion (Na+) sensors are critical in

monitoring various physiological

parameters, as sodium levels in bodily

fluids can indicate hydration status,

kidney function, and electrolyte balance.

In this work, Na+ sensors were developed

to address the challenges of wearable

applications that require both high

sensitivity and durability. The b-Bi2O3

nanoflakes electrochemically decorated

onto the ion-selective layers provide

hydrophobicity and moisture stability

without introducing large impedance due

to their fast ion conductivity. The Na+

sensors deliver a sensitivity of 58.70 mV/

dec and a retention of over 90% after 20

washing cycles.
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THEBIGGERPICTURE The integration of electronics into textiles is useful for monitoring health in casual and
non-clinical settings. Despite recent advancements in textile-based electronics, there remains the challenge
of maintaining their functionality and durability through the wear and tear of prolonged usage, particularly in
the washing process. Previous research efforts to realize washable devices mainly rely on bulky encapsula-
tion, e.g., using rigid sealing or impermeable layers of polymers like silicone or epoxy25–27. Although these
methods serve well for sensor devices and systems based on relatively robust materials such as metals or
carbon, they sacrifice permeability and wearing comfort. Here, we present a textile-based biosensor for
epidermal sweat sensing created using b-Bi2O3 nanoflakes that is sensitive, breathable, and resilient against
washing cycles.
SUMMARY
Textile-based electronics possess comfortable epidermal contact and the potential for wearable healthcare
applications such as non-invasive sweat biosensing. However, achievingwashable biosensors without sacri-
ficing sensitivity and wearing comfort remains a challenge. Herein, we develop b-Bi2O3 nanoflakes, which
enable washable textile-based biosensors. The b-Bi2O3 nanoflakes with fast ion conductivity possess high
moisture stability without introducing large impedance. The incorporation of b-Bi2O3 nanoflakes improved
the sensitivity and washability of textile ionic sensors for sodium, potassium, and proton sensing, with a per-
formance retention of over 90% after 20 washing cycles. As a demonstration, we created a washable and
reusable integrated electronic textile wristband for wireless sweat biomarker analysis. This work showcases
the use of nanostructured oxides as a washing-resistive layer and a fast ion conductor to confer washability
on textile-based sensing devices.
INTRODUCTION

Textile-based electronics provide the advantages of wearing

comfort, flexibility, and light weight for a variety of wearable ap-

plications, such as fitnessmonitoring and healthcare.1–13 Among

the various flexible electronics, textile-based electronics with

good moisture permeability have the advantage of easy integra-

tion with garments.14–19 For instance, biosensing arrays have

been integrated onto textile platforms for wireless epidermal
Device 2, 100503, Novem
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sweat biomarkers analysis.20–24 However, one of the challenges

lies in achievingwashable and reusable electronic textiles (e-tex-

tiles), which poses high requirements on the active materials sta-

bility and device robustness under the mechanical interferences

during the washing process. Previous research efforts to realize

washable devices mainly have mainly relied on bulky encapsula-

tion, e.g., using rigid sealing or impermeable layers of polymers

like silicone or epoxy.25–27 Although thesemethods servewell for

sensor devices and systems based on relatively robust materials
ber 15, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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such as metals or carbon, they sacrifice permeability and wear-

ing comfort. These methods also lack compatibility with biosen-

sors that require direct contact between sensors and bio-

markers, such as for applications in epidermal sweat sensing,

especially for highly selective biosensors with multiple layers

including bioreceptors, which could easily lose their functional-

ities with variations in humidity, pH, and temperature.28–30 There-

fore, alternative strategies to achieve biosensors with wash-

ability by incorporating protective materials onto the sensing

electrodes to enhance their intrinsic stability are needed.

Functional materials with moisture resistance have the poten-

tial to construct protective layers on biosensors based on highly

sensitive and selective bioreceptors. Among them, Bi2O3 has

been adopted as the filling material for dental applications

because of its chemical and mechanical stability in a liquid envi-

ronment, high radiopacity, and biocompatibility, ensuring non-

toxicity and safety for human tissues.31–35 However, forming

such a dense film would introduce a large impedance, which

would hinder ion contact and transfer and could result in

decreased sensitivity. Realizing the sensing sensitivity and

washability requires structural design and materials engineering

of suchmoisture-resistant oxides with fast ion-conducting capa-

bility. Fast ion conductors have been utilized for electrochemical

devices that require rapid ion movement, such as in recharge-

able batteries and fuel cells.36–38 b-Bi2O3 possesses a distinctive

crystal structure and exhibits typical fast ion-conducting proper-

ties.39–42 The crystal structure of b-Bi2O3 exhibits irregular bond

lengths, leading to the formation of BiO4 tetrahedra with non-uni-

form shapes and resulting in the creation of extensive straight

tunnels throughout the lattice. Such intrinsic ionic conduction

capability and moisture resistance make it a promising candi-

date for functionalizing biosensors with washability without

sacrificing sensing performance.

Herein, we present a washable ion-selective biosensing de-

vice that uses nanostructured b-Bi2O3 with moisture resistance

and fast ionic conductance. Following a systematic study on

the oxide structural and phase engineering, we found that

b-Bi2O3 nanoflakes added to the ion-selective layers via the

electrochemical deposition method provide optimized washing

stability without introducing large impedance. The controllable

method also provides compatibility for preparing a variety of

washable biosensors, such as sodium (Na+), potassium (K+),

and pH sensors for sweat analysis (Table S1).43–48 The as-fabri-

cated Na+ sensors deliver a sensitivity of 58.70 mV/dec with a

performance retention of over 90% after 20 washing cycles.

Moreover, a wireless epidermal sweat-sensing wristband that

is washable and reusable was demonstrated by integrating the

ion-selective sensors onto a textile platform. The as-developed

strategy for washable biosensor fabrication and the in-depth

study of the underlying mechanisms would open up opportu-

nities for the advancement of practical e-textiles.

RESULTS AND DISCUSSION

Design and fabrication of textile-based washable ion-
selective sensors
The textile-based washable biosensors are fabricated on a piece

of commercial polyester (PET) cloth in a facile and scalable pro-
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cess. As illustrated in Figure 1A, the PET cloth wasmetalized into

a conductive copper (Cu) cloth via rapid polymer-assisted metal

deposition treatment and patterned into two electrodes via in-

textile photolithography.49–52 The biosensors in such a two-elec-

trode configuration comprise an ion-selective electrode (ISE)

and an Ag/AgCl solid reference electrode. The ISEs generate

the corresponding potential difference to the reference electrode

in different ion concentrations due to the varying ionic strengths.

Afterward, by optimizing the electrolyte formulation and applied

voltage parameters, b-Bi2O3 nanoflakes are added to the ion-se-

lective membrane (ISM). Figures 1B and 1C show a photograph

of the as-fabricated textile-based washable ion-selective

sensors.

The optimization of the structures and active material mass

loading of each functional layer in the working electrodes plays

a critical role in the sensitivity and washability of the sensors.

As displayed in Figure 1D, the Cu electrode patterns on textiles

were texturized with nanodendritic gold (Au) with enhanced con-

ductivity and large surface areas (morphology shown in

Figures S1A–S1C).53,54 Due to the special 3D architecture of tex-

tiles, which results in increased contact resistance and limited

active potential, the yielding of biosensors with high sensitivity

is relatively low. Compared to biosensors with thin-film layers,

the Au nanostructured layers deliver an enhanced signal value

with a sensitivity of 59 mV/dec and the lowest limit of detection

of 0.3125 mM (Figures S2A, S2B, and S1D). Poly(3,4-ethylene-

dioxythiophene) polystyrene sulfonate (PEDOT:PSS) as the

transducer layer was dip coated with optimized loading to

ensure full coverage on the nanostrutured Au layers so as to

avoid metal polarization that could result in signal drift. The re-

sulting sensor has a drift of around 2.37 mV/h at a concentration

of 40 mM (Figures S1E and S2C). The ISM on the top layer of the

sensors (Figure S1F) is then uniformly incorporated with b-Bi2O3

nanoflakes, as shown in the scanning electron microscope

(SEM) images of Figure 1E. The b-Bi2O3 nanoflakes distributed

through the ISM also serve as the anchors to enhance the adhe-

sion between the membrane and PEDOT:PSS layer. The robust

interfaceminimizes the risk of membrane delamination under the

mechanical interference during the washing process. Moreover,

the b-Bi2O3 nanoflakes facilitate smooth ion contacts so that the

ionophore Nc in the membrane can specifically absorb target

ions M+ to form ion group MNc
+. The ion groups of MNc

+ then

migrate to themembrane/transducer interface and transfer elec-

trons to the conductive layers, thus generating the potential dif-

ference to the reference electrode.55 The X-ray diffraction (XRD)

analysis and X-ray photoelectron spectroscopy (XPS) spectra

confirm that b-Bi2O3 nanoflakes can be successfully deposited

onto the Au electrodes on PET cloth (Figures 1F and S3).

To investigate the fast ion-conducting properties of the

b-Bi2O3-nanoflake-functionalized ISM, their molecular struc-

tures were analyzed. As shown in the transmission electron mi-

croscopy (TEM) images (Figures 1G and S4), the lattice distance

along the (201) crystal plane is 0.32 nm, which is consistent with

XRD analysis and confirms the formation of b-Bi2O3 (PDF#78-

1793) with a tunneling structure. Figure 1H shows the molecular

structure of b-Bi2O3 with the distinctive tunneling structure that

contributes to facilitating ion diffusion. In this molecular struc-

ture, the BiO4 tetrahedra share corners to form large-size straight



Figure 1. Fabrication process and mechanisms of the washable textile-based ion-selective biosensors
(A) The fabrication process of textile-based ion-selective sensors.

(B) Photo of the textile-based ion-selective sensor consisting of working and reference electrodes.

(C) Photo indicating the washability of the sensor.

(D) Schematic illustration of the sensing mechanism of b-Bi2O3-nanoflake-functionalized sensors.

(E) SEM images showing the morphology of b-Bi2O3 nanoflakes approximately 4.14 mm in diameter.

(F) XRD spectrum of the b-Bi2O3 deposited on Au@PET cloth.

(G) The high-resolution transmission electron microscopy images of b-Bi2O3.

(H and I) Molecular structures of (H) b-Bi2O3 and (I) a-Bi2O3.
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tunnels through the crystal, providing the shortest path for the

ions to migrate across the ISM. In contrast, a-Bi2O3 with the

monoclinic phase can be prepared with a lower electrochemical

deposition potential of �0.4 V, which forms longer electron

transport paths, as shown in Figure 1I.56 It is also observed

that with low deposition potential, the oxidation process is not

completed, and meta-Bi was also deposited on the ISM (Fig-

ure S5). The a-Bi2O3 and meta-Bi composites could introduce

relatively large impedance and polarization on the ISM and,

thus, result in reduced levels of signals (Figure S6). Therefore,

the moisture-resistive b-Bi2O3 nanoflakes with fast ion-con-

ducting capability that was synthesized via rational structural

and phase engineering can be applied for washable sensors.

Sensing performance optimization and characterization
of the b-Bi2O3-functionalized ion-selective sensors
To validate the role of b-Bi2O3 nanoflakes, we fabricated and

measured different sensors functionalized with a series of metal

oxides in different morphologies and device architectures, as

illustrated in Figure 2A. To evaluate the contribution of the mois-

ture-resistance and ion-conducting properties of the oxides,

MnO2 nanoflakes with high hydrophobicity and MgO with corro-

sion resistance were electrochemically deposited onto the ISM

for comparison with b-Bi2O3 nanoflakes.
57–60 The sensor coated

with MnO2 exhibited a higher contact angle (CA) of around 105�

compared to the bare sensor, which had a CA of about 87�, indi-
cating enhanced hydrophobicity (Figure S7). The open circuit

potential (OCP) was measured for sensors exposed to NaCl so-

lutions at varying pH values to assess the corrosion resistance

conferred by MgO coating61 (Figure S8). The OCP data revealed

that the bare silver electrodes showed a gradual decrease in po-

tential. In comparison, the MgO-coated electrodes maintained

more stable potentials except at more acidic pH values, particu-

larly below pH 5, which likely leads to neutralization reactions be-

tween the oxides and acidic solutions. Besides, anti-corrosive

Al2O3 films commonly used as protective layers were prepared

via magnetron sputtering, compared with Bi2O3 thin films, to

study the influences of morphology and regional distribution on

different active layers. The morphologies of ISM functionalized

with different nanostructured oxides and planar thin films are

shown in Figures 2B and S9.

The sensing responses of the Na+ ion-selective sensors were

characterized in standard solutions with concentrations ranging

from 160 to 10mM, as shown in Figure 2C. Although the sensors

withMnO2 show slightly enhancedwashing stability (Figure S10),

its large impedance results in reduced levels of signals and sen-

sitivities. For sensors with MgO, the responses do not follow a

linear correlation with the ion concentration. Besides, the sen-

sors with a-Bi2O3 thin films on the ISM and PEDOT:PSS layer

show device failures, possibly due to the prohibited ion pathway

with such bulky protective layers (Figure 2D). The XRD analysis

of a-Bi2O3 thin films, depicted in Figure S11, was conducted us-

ing high-temperature-resistant commercial PET instead of the

original textile to prevent substrate damage during the evapora-

tion process. Non-ideal sensing responses were also observed

on sensors with Al2O3 thin films. The results of the sensing per-

formance of ion-selective sensors with different oxide morphol-

ogies and regional distribution were summarized in Figure S12.
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Moreover, the sensor incorporating b-Bi2O3 nanoflakes dis-

played higher adhesion strength at the ISM and electrode inter-

face. As shown in Figure 2E, it requires the highest applied force

to delaminate the ISM from the sensors. Thus, we conclude that

the b-Bi2O3 nanoflakes serve as the fast ion conductor to main-

tain the high sensitivity of the sensors while enhancing the me-

chanical stability.

The Na+ sensors with b-Bi2O3 nanoflakes exhibit a sensitivity

of 59 mV/dec with desirable recoverability, which refers to

testing from high to low concentrations (160, 80, 40, 20, and

10 mM) and then from low to high (10, 20, 40, 80, and

160 mM), where the output voltage for the same concentration

remains consistent (Figure S2D). The sensors deliver increased

amplitudes of output signals and reduced impedance compared

to sensors without b-Bi2O3 nanoflakes (Figures 3A–3B), which

can be attributed to the fast ion conductance property. The re-

sults indicate that the additional protective material of b-Bi2O3

nanoflakes does not compromise the original sensing perfor-

mance. Figure 3C demonstrates good reproducibility of the

Na+ sensor fabricated using the proposed process, with a rela-

tive standard deviation (RSD) of 1.4% in the sensing range of

10–160 mM. The selectivity of the sensor is also investigated

to ensure that the interference biomarkers (such as H+, K+,

NH4
+ , and Cl�) in sweat have a limited effect on biomarker moni-

toring (Figures 3D and S13A). Besides, the test solutions with

varying pH values are used to simulate the pH range of human

sweat, thus demonstrating the reliability and accuracy of the

sensor in applications related to monitoring human health (Fig-

ure S13B). The sensors demonstrate robust stability across a

range of environmental humidity conditions, maintaining consis-

tent performance metrics without significant variation in output,

thereby underscoring their suitability for deployment in diverse

atmospheric settings (Figures S13C and S13D). The biosensors

are utilized for continuousmonitoring of artificial sweat with vary-

ing concentrations of Na+ for up to 2.5 h, demonstrating stability

in real-time and long-term human health monitoring applications

(Figure S2E).Moreover, the as-fabricated textile sensors demon-

strate a remarkable shelf life with negligible sensitivity changes

over 20 days, with a minimal RSD of 0.08% (Figure 3E). The me-

chanical stability of the textile sensors was evaluated under

bending cycles of 50, 100, 150, and 200, and negligible response

variation was observed (Figure 3F). Such desirable perfor-

mances ensure reliable applications for real-time epidermal

sweat sensing.

The wearing comfort of the washable textile sensors was

evaluated with large-scale sensing electrodes, as shown in

Figures 3G and 3H. The water vapor permeability (WVP) was

tested using the cup method based on the ASTM E96 (proced-

ure B) testing standard (ASTME96-00, 2000). Four pieces of

textiles, namely the original PET cloth, Cu-deposited PET

(Cu@PET) cloth, Cu@PET cloth with ISM, and the one function-

alized with b-Bi2O3 nanoflakes, were placed on top of a bottle

of water in an airtight manner. Another bottle of water without

any covering was used as a reference. The water evaporation

through textiles was evaluated by comparing the initial weights

of each bottle and the values after 20 days. It is observed that

the presence of b-Bi2O3 nanoflakes has contributed to an addi-

tional 6.47% of trapped moisture compared with the cloth



Figure 2. Optimization and schematic illustration of the protective layer of the ISM

(A) The schematic of the protective layer with a series of metal oxides in different morphologies and device architectures.

(B) SEM morphology of b-Bi2O3 nanoflakes, MnO2 nanoflakes, MgO, a-Bi2O3 planer film, and Al2O3 planar film on the ISM.

(C and D) Performance evaluation of Na+ ion-selective sensor with different metal oxides and Bi2O3 in different morphologies and positions.

(E) Adhesion strength of ISM with Bi2O3 in different morphologies and device architectures.
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without the nanoflakes. The 3D porous structure of the textile

maintains moisture breathability even with the integration of

washable biosensors. The water vapor was observed to pass

through the textile sensing patch cover on top of the boiling

water (Figure 3I).
Evaluation of sensor washability
To investigate the effect of b-Bi2O3 nanoflakes on the washability

of biosensors, we evaluated the sensing performance after

different durations of washing. Figure 4A shows that contamina-

tion on the textile-based sensors can be cleaned up with a direct
Device 2, 100503, November 15, 2024 5



Figure 3. Performance evaluation of textile-based Na+ ion-selective sensor

(A) Comparison of Na+ sensor performance with and without b-Bi2O3 nanoflakes.

(B) Electrochemical impedance spectroscopy curves of the selective membrane with and without b-Bi2O3.

(C) Reproducibility of the sensors functionalized with b-Bi2O3 nanoflakes. The error bars represent the RSD of the evaluated sensitivity from five samples.

(D) Selectivity.

(E) Long-term storage stability. The error bars represent the RSD of the evaluated sensitivity from three samples.

(F) Bending stability.

(G) Moisture permeability tests.

(H) Photo corresponding to (G) indicating the remaining water quantity in the bottles covered with different samples.

(I) Water vapor test of a wristband integrated with the washable sensors.
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water rinse. To achieve a more controllable washing stability

test, a standard process simulating the machine washing was

set up by merging the sensor in deionized (DI) water within a

beaker and controlled by a magnetic rotor with a speed of

1,800 rpm for a duration of 30 s, as visualized in Figure 4B.

The surfacemorphologies of the biosensors after 20 washing cy-

cles were characterized by SEM. The ISM functionalized with

b-Bi2O3 nanoflakes was preserved (Figure 4C). In contrast, the

bare ISM showed delamination and exposed the underlying

PEDOT:PSS layer (Figure 4D). This indicates that b-Bi2O3 nano-

flakes can serve as the physical shield to preserve the sensors’

structural integrity.
6 Device 2, 100503, November 15, 2024
The sensing performances of the sensors with and without the

incorporation of b-Bi2O3 were examined after every two washing

processes, as shown in Figure 4E. The bare Na+ sensor showed

a large variation in response signals and decreased sensitivity af-

ter each washing cycle and completely deteriorated after six cy-

cles. In comparison, the sensors with b-Bi2O3 nanoflakes deliver

a sensitivity retention of >90% within 20 washing cycles (Fig-

ure 4F) and >70% retention after 50 cycles (Figure S14). The sen-

sors showminimal signal drift down to 3.85mV/h (Figure 4G) and

baseline drift lower than 10% (Figure S15). In contrast, the sen-

sorswithout b-Bi2O3 nanoflakes exhibited around 10 times larger

signal drift and a baseline drift of up to 650%. The effectiveness



Figure 4. Washability enhancement by b-Bi2O3 nanoflakes

(A) Pictures showing the sensor being contaminated and washed: (i) sensor with a clean surface, (ii) applying stains to the sensor, (iii) sensor with stains on the

surface, (vi) rinsing with water, and (v) cleaned sensor.

(B) Photo of the standard process simulating the machine-washing process.

(C and D) SEM photos of biosensors with and without b-Bi2O3 nanoflakes after washing for 300 s.

(E) The sensing responses of Na+ sensor with and without b-Bi2O3 nanoflakes after washing process.

(F) Comparison of sensitivity retention during the washing process.

(G) Signal drifts of sensors with and without b-Bi2O3 after washing.

(H and I) Washability enhanced by b-Bi2O3 nanoflakes on K+ and pH sensors (performance conducted before and after 5 washing cycles).
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of b-Bi2O3 nanoflakes for preparing washable biosensors is also

demonstrated on the highly selective K+ and pH sensors, which

were subjected to fivewashing cycles. The outcomes, detailed in

Figures 4H–4I, demonstrate the robustness and compatibility of

the proposed method, ensuring sustained sensor functionality

after washing.

Additionally, experiments were conducted to evaluate

sensor performance in different detergents, such as laundry

detergent and soapy water. The results show that biosensors

functionalized with b-Bi2O3 nanoflakes can help maintain

functionality and enhance washability and durability across

these diverse washing conditions (Figure S16). A standard

washing process was performed according to AATCC Stan-

dard LP1-2021 on a textile integrated with a bare biosensor

and another one functionalized with b-Bi2O3 nanoflakes (Fig-

ure S17A). The sensors were washed at 40�C for 21 min

with a fabric load of 1.6 kg using a top-loading washing ma-

chine (CHIGO, XQB65-3801), as demonstrated in Video S1.

It is observed that the bare ISM was peeled off after washing,

while the ISM functionalized with b-Bi2O3 nanoflakes re-

mained intact (Figures S17B–S17D). This contributes to a

sensitivity retention of above 80% of the washable sensors

(Figures S17E and S17F).

Based on the above systematic characterization of the

textile-based ion-selective sensors, the underlying mechanisms

for enhanced washability with b-nanoflakes were proposed.

Bi2O3 provides chemical stability and hydrophobicity to facili-

tate water repellency and prevent water-induced degradation.

However, its relatively large impedance would sacrifice the

sensing sensitivity. To reduce the impedance and ensure

smooth ion diffusion through the sensor active layers, engineer-

ing the oxides into b-Bi2O3 gives rise to the fast ion conduc-

tance property. Besides, the nanoflake structures further

reduced the impedance while anchoring the selective mem-

brane. As indicated by the CA measurements, the incorporation

of b-Bi2O3 nanoflakes onto the ISM contributes to a more sta-

ble hydrophobic properties. As depicted in Figure S18, for sen-

sors functionalized with b-Bi2O3 nanoflakes, the CA was main-

tained at around 105� before washing and slightly decreased to

about 93� after five wash cycles. In contrast, sensors without

b-Bi2O3 exhibited a significant decline in hydrophobicity, with

the CA dropping from 87� to 57� after the same washing

process.

Application demonstration
Integrated textile sensing wristband for wireless

epidermal sweat sensing

To achieve real-time and wireless sweat analysis, a washable

textile-based wristband is designed and fabricated. The wrist-

band consists of an in-textile washable biosensor for highly se-

lective Na+ monitoring, a pocket for integration with a remov-

able flexible circuit, and a battery (shown in Figures 5A and

S19). To extract the OCP biosignals, a high-impendence poten-

tial detection circuit was designed to realize signal processing

with suppressed interferences, combined with a Bluetooth

module for wireless transmission. Figure S20 illustrates the as-

sembly of the integrated wristband. Because of its breathability

and flexibility, our textile biosensing wristband is more comfort-
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able to wear compared to a smartwatch with rigid electronics

or a flexible device that adheres directly onto the skin. As

shown in Figure 5B, after wearing the wristband on the forearm

for 4 h, no visible allergic contact dermatitis was observed un-

der the textile wristband region. In contrast, it was observed

that the smartwatch resulted in moisture accumulation and

skin irritation, while the flexible circuit with medical adhesive

tape caused pronounced skin erythema, possibly due to its

poor air permeability and high adhesion strength. The wrist-

band can be washed after the removal of the circuit and battery

module, as shown in Figures 5C and 5D, and the sensing per-

formance of the wristband was maintained after washing (see

Video S2).

The washable textile wristband was tested for sweat Na+

monitoring during physical exercise with a wireless mobile

app for remote tracking (Figures 6A and 6B). The flow of the

systematic circuit design is outlined in Figure 6C. Following

the acquisition of the output analog signals from the electro-

chemical sensor, a voltage follower was utilized to eliminate

signal interference. By employing impedance matching for

signal amplification and filtering modules, precise resolution

of the output signal within the range of the analog-to-digital

converter was achieved. A microcontroller with computational

and serial communication capabilities was used to calibrate,

compensate, and transmit the extracted signals to an onboard

wireless transceiver. The transceiver facilitated wireless data

transmission to a Bluetooth-enabled mobile handset equip-

ped with a custom-developed app. Real-time graphical repre-

sentations of received data strings and automatic data down-

loads were performed by the mobile app to enhance user

friendliness. The extraction of Na+ sensor signals commenced

after a warm-up period of 20 min. Real-time tracking of sweat

Na+ variation is visually represented in Figure 6D. Tests

involving different exercise intensities for the same subject

were performed, as shown in Figure 6E. The extracted

sweat Na+ concentrations were validated using inductively

coupled plasma mass spectrometry (ICP-MS), which showed

a similar tendency. The demonstration for sweat ion analysis

indicates the promising application of the as-fabricated wash-

able biosensing wristband for reusable, non-invasive health

monitoring.

Conclusions
Textile-based integration electronics need to maintain func-

tionality after cycles of washing. When measuring epidermal

biomarkers, the sensors are highly sensitive to mechanical in-

terferences and cannot be reliable if the active materials are

lost during washing. In this work, we designed a biosensor us-

ing ion-selective sensing electrodes that are electrochemically

functionalized with phase-engineered b-Bi2O3 with biocom-

patibility.31–35 Previous studies have shown that b-Bi2O3,

commonly used as a dental filling material, is non-toxic and

safe for the human body. The b-Bi2O3 nanoflakes added to

the ion-selective layers serve as the protective layer and

also provide straight tunneling pathways for fast charge trans-

port without blocking the ion contacts, with enhanced wash-

ability and sensitivity. We demonstrated washable textile-

based ion-selective biosensors and integrated these sensors



Figure 5. Demonstration of the washable textile wristband for sweat monitoring

(A) Photograph showing the components of the sensing wristband, including the in-textile ion-selective sensor, removal circuit, and battery modules.

(B) Photographs showing the skin irritation tests by wearing a smartwatch, a flexible circuit, and the as-fabricated textile wristband on the forearm.

(C and D) Photographs showing the washing process of the wristband.
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into washable and wearable e-textiles that provide comfort,

real-time sensing, and wireless communication. This facile

electrochemical approach for functionalizing biosensors

with washability should be compatible for a variety of ion-se-
lective biosensors. The proposed strategy to realize washable

textile-based biosensors would also inspire future research

efforts to realize multi-functional modules with enhanced

washability.
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Figure 6. On-body demonstration of the washable textile wristband for sweat monitoring

(A) Photograph showing in situ sweat monitoring with the integrated textile wristband during exercise.

(B) Custom-designed mobile application for real-time and remote tracking.

(C) The logical flow of the systematic design for real-time and wireless Na+ sensing.

(D) The real-time monitoring of sweat Na+ concentrations during 8 km/h cycling exercise obtained with the wristband and results validated with ICP.

(E) Comparison of sweat Na+ sensing results with the wristband and validated ICP values at different cycling speeds of 5, 8, and 10 km/h every 5 min.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources, data, and materials should be

directed to and will be fulfilled by the lead contact, Yuanjing Lin (linyj2020@

sustech.edu.cn).

Materials availability

All materials generated and used in this study are available upon sensible

request to the lead contact.

Data and code availability

All data and code generated and used in this study are available upon sensible

request to the lead contact.

Materials

Sodium hydroxide (NaOH), ethyl alcohol, acetic acid, 3-(trimethoxysilyl) propyl

methacrylate (KH570), copper sulfate pentahydrate (CuSO4$5H2O), bismuth

standard solution (for AAS, 1,000 mgmL�1 in 1.5MHNO3), manganese acetate

(MnAC2), ammonium acetate (NH4Ac), dimethyl sulfoxide (DMSO), methacry-

latoethyl trimethyl ammonium chloride (METAC), acetate buffer solution (ABS),

potassium peroxodisulfate (K2S2O8), ammonium tetrachloropalladate(II), 2,2-

bimethoxy-2-phenylacetophenone (DMPA), N,N0-methylenebisacrylamide

(NMBA), potassium sodium tartrate, copper sulfate pentahydrate, formalde-

hyde solution, and chloroauric acid (HAuCl4) were purchased from Sigma-

Aldrich. Hydrochloric acid (HCl), bis(2-ethylehexyl) sebacate (DOS), sodium

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (Na-TFPB), high-molecular-

weight polyvinyl chloride (PVC), magnesium sulfate (MgSO4) valinomycin (po-

tassium ionophore), (NH4)2PdCl4, cyclohexanone, and tetrahydrofuran were

purchased from J&K Scientific. PEDOT:PSS (PH1000), potassium ferricyani-

de(III), chloroauric acid, silver paste, polyvinyl butyral resin BUTVAR B-98

(PVB), sodium chloride (NaCl), iron(III) chloride (FeCl3), and potassium chloride

(KCl) were purchased from Aladdin Biochemical Technology. All other chem-

icals were commercially available and used without further purification. All so-

lutions were prepared using DI water (16 M U cm) produced from a Millipore

water purification system.

Fabrication of Cu-PET cloth

The textiles underwent a cleaning process using ultrasonication baths with

acetone, isopropanol, and water for 15 min each time. Subsequently, the tex-

tiles were immersed in an ethanol solution consisting of 2.0 g L�1 DMPA,

16.0 g L�1 NMBA, and 30.0 mL L�1 METAC for a period of 1 min. Following

this step, the textiles were exposed to ultraviolet (UV) light from a lamp with

an intensity of UVA 80.0 mW cm�2 for 1 min before being rinsed with water

for another minute. Then, the modified textiles were dipped in a solution con-

taining 3.2 g L�1 (NH4)2PdCl4 for 1 min and rinsed again with water for another

minute. The electroless plating bath used to coat the textiles with copper con-

sisted of a mixture comprising equal parts of solution A and solution B. Solu-

tion Awas composed of CuSO4$5H2O at a concentration of 52 g L�1 alongwith

NaOH at a concentration of 48 g L�1 and KNaC4H4O6$4H20 at a concentration

of 117 g L�1. Solution Bwas prepared by diluting formaldehyde (37%) in water,

resulting in its concentration being measured as 9.5 mL L�1. Finally, the cata-

lyst-treated textiles were immersed in this plating bath for 120 min to achieve

copper-coated textiles.

Metallic electrode patterning

To begin, a layer of photoresist (NR9-1500p, Futurrex, USA) was evenly

applied onto the metallic textile using a dipping method. The textile was

then subjected to heat in an oven at 120�C for 5 min to solidify the photoresist.

Next, the textile sample underwent exposure to double-sided UV light for 1min

using identical masks and received another round of heating in an oven at

120�C for 3 min to facilitate the reaction of the photoresist. Subsequently,

the non-patterned area of the sample had its photoresist removed by employ-

ing a developer solution (RD6, Futurrex, USA). Following this step, etching of

the metal in the non-patterned region took place utilizing a solution containing

FeCl3 with a concentration of 1 M. Finally, any remaining photoresist on top of

the metal pattern was eliminated using acetone. To prepare these textiles with
metallic patterns for subsequent processing steps, they were rinsed with

alcohol and DI water before being air dried under normal conditions.

Fabrication of textile-based Na+ sensors

First, the nanodendritic Au was fabricated on the metallic Cu electrodes using

an electrolyte mixture comprising 50 mM HAuCl4 and 50 mM HCl. The depo-

sition was achieved by applying a periodic voltage wave with an amplitude of

�2 V, a frequency of 50 Hz, and a duty cycle of 50% in the electrolyte for 9,000

cycles. To serve as the ion-electron transducer, PEDOT:PSS was deposited

onto the working electrode. This deposition was achieved by drop casting

3 mL PEDOT:PSS (PH1000) onto the electrode. The Na+ selective membrane

cocktail consisted of Na ionophore X (1% w/w), Na-TFPB (0.55% w/w), PVC

(33% w/w), and DOS (65.45% w/w). 100 mg of the cocktail was dissolved in

660 mL of tetrahydrofuran to prepare the membrane solution. ISMs were

then prepared by drop casting 6 mL of the Na+ selective membrane cocktail

onto the PEDOT:PSS/Au electrode. For the reference electrode of the Na+

sensor, the Ag/AgCl electrode was modified by casting 10 mL of the reference

solution onto it. The PVB reference electrode solution was prepared by dis-

solving 79.1 mg PVB and 50 mg NaCl in 1 mL methanol. The modified elec-

trode was left to dry overnight.

Fabrication of textile-based K+ sensors

First, the nanodendritic Au was fabricated on the metallic Cu electrodes using

an electrolyte mixture comprising 50 mM HAuCl4 and 50 mM HCl. The depo-

sition was achieved by applying a periodic voltage wave with an amplitude of

�2 V, a frequency of 50 Hz, and a duty cycle of 50% in the electrolyte for 9,000

cycles. To serve as the ion-electron transducer, PEDOT:PSS was deposited

onto the working electrode. This deposition was achieved by drop casting

3 mL of PEDOT:PSS (PH1000) onto the electrode. The K+ selective membrane

cocktail consisted of valinomycin (2% w/w), Na-TPB (0.5% w/w), PVC (32.7%

w/w), and DOS (64.7%w/w). 100 mg of the cocktail was dissolved in 350 mL of

tetrahydrofuran to prepare the membrane solution. ISMs were then prepared

by drop casting 6 mL of the K+ selective membrane cocktail onto the

PEDOT:PSS/Au electrode. For the reference electrode of the K+ sensor, the

Ag/AgCl electrode was modified by casting 10 mL of the reference solution

onto it. The PVB reference electrode solution was prepared by dissolving

79.1 mg PVB and 50 mg NaCl in 1 mL methanol. The modified electrode

was left to dry overnight.

Fabrication of textile-based pH sensors

The electrolyte mixture comprised 50 mM HAuCl4 and 50 mM HCl for the

growth of Au dendritic nanostructures. The deposition was achieved by

applying a periodic voltage wave with an amplitude of �2 V, a frequency of

50 Hz, and a duty cycle of 50% in the electrolyte for 9,000 cycles. Polyaniline

(PANI) deposition was realized under a periodic voltage wave with an ampli-

tude of 0.9 V, a frequency of 1 Hz, and a duty cycle of 10% for 1,200 cycles

in a fresh electrolyte containing 0.1 M distilled aniline in 1 M HCl. For the refer-

ence electrode, the Ag/AgCl electrode was modified by casting 10 mL of the

reference solution onto it. The PVB reference electrode solution was prepared

by dissolving 79.1 mg PVB and 50 mg NaCl in 1 mL methanol. The modified

electrode was left to dry overnight.

Functionalization of b-Bi2O3 nanoflakes on the sensors

The bismuth plating solution consists of 0.1 M ABS with 50 mM NaCl (10 mL)

and 10 mL bismuth standard solution (for AAS, 1,000 mg mL�1 in 1.5 M HNO3).

It should be noted that before plating, the bismuth standard solution was

added to the buffer solution under stirring. All solutions can only be used

once and must be ready to use. The morphologies of bismuth oxide obtained

with different solution ratios and deposition time are shown in the Figures S21

and S22. The electroplating process was conducted under �0.8 V for 240 s,

which represents the optimal plating time determined by comparing the per-

formance of sensors obtained through various plating durations (Figure S23).

The cyclic voltammetry (CV) curve is shown in Figure S24A. To stabilize the ion-

selective sensor, it was immersed in a solution containing 40 mM NaCl for 4 h

before measurements. This conditioning process enhanced stability and mini-

mized potential drift, ensuring optimal long-term continuous measurements.
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Table 1. Comparison table of the relative humidity of the

saturated salt solution and its surrounding atmosphere

Relative humidity (%) Saturated solution solute

23 CH3COOK

33 MgCl2

43 K2CO3

57 NaBr
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The electroplating method for magnesium oxide and manganese oxide is the

same, but the voltage is different.

Evaporation of a-Bi2O3 planar film

The a-Bi2O3 planar film was fabricated in an argon-oxygen mixed atmosphere

using direct current magnetron sputtering technology (JDP350) at room tem-

perature. The high-purity raw material of bismuth (99.9%) was used. The

base pressure in the deposition chamberwas evacuated to 10�3 Pa, and argon

and oxygen gases were mixed with a total flow rate of 6.1 sccm (O2:Ar = 20:1)

to provide a deposition pressure of 0.5 Pa. The deposition power was

controlled at 20 W; the thickness of the coating was approximately 1,000 Å

with a deposition time of 527 s and a deposition rate of 1.9 Å/s.

Evaporation of Al2O3 planar film

The Al2O3 planar film was fabricated in an argon atmosphere using radio fre-

quency magnetron sputtering technology (JDP350) at room temperature.

The high-purity raw material of alumina (99.9%) was used. The base pressure

in the deposition chamber was evacuated to 10�3 Pa, and the flow rate of

argon was 6.1 sccm to provide a deposition pressure of 0.5 Pa. The deposition

power was controlled at 80 W with a frequency of 5.26 MHz; the thickness of

the coating was approximately 1,000 Å with a deposition time of 10,000 s and a

deposition rate of 0.1 Å/s.

Functionalization of MnO2 nanoflakes on the sensor

The electrolyte for the deposition was prepared by dissolving 0.01 M MnAC2

and 0.02 M NH4Ac in a solvent mixture of 90% DI water and 10% DMSO.

MnO2 was fabricated using an anodic electrodeposition method at a constant

current of 0.5 mA cm�2 for 10 min.

Functionalization of MgO on the sensor

The MgO plating solution consisted of 0.1 M MgSO4.The electroplating pro-

cess was conducted under �1.5 V for 300 s. The CV curve is shown in

Figure S24B.

Characterization

The morphologies of samples were observed by SEM (Hitachi TM3000 and

Gemini 300), polarizing microscope (Nikon), and TEM (Talos F200X G2). The

structures were observed by XRD (Rigaku Smartlab) and XPS (PHI 5000 Ver-

saprobe III). Electrodeposition and sensor performance were performed by

two types of electrochemical workstations (CHI 760e and IviumSoft 4). In addi-

tion, the concentrations of the biomarker in the collected sweat samples were

also validated using ICP-MS (Thermo Q Exactive). Moisture permeability tests

for the samples were performed using the cup method according to the textile

standard E96/E96M-13. Themoisture transmission rate (gm�2 day) was deter-

mined bymeasuring theweight loss of thewater vapor in a cupwith its opening

firmly covered by the tested specimen (testing duration of 20 days). Both air

resistance and moisture permeability tests were performed at around 22�C
and 63% relative humidity. The mechanical properties of the sensor and Cu-

patterned cloth were tested using an Instron 5599 universal testing system.

The electrical properties of the samples under different stretching states

were investigated by a Keithley 2400 Sourcemeter coupled with a com-

puter-controlled stretchingmotor. Thewashing process of the sensor was car-

ried out by magnetic stirring equipment. The beaker contained an appropriate

volume of DI water and was placed on the magnetic stirrer with a suitable-

sized tile at the bottom. The sensor was securely positioned so that one end
12 Device 2, 100503, November 15, 2024
remained submerged in the water. The rotational speed of the magnetic stirrer

was controlled at 1,500 rpm, and each washing cycle lasted for 30 s.

Calculation on the baseline drift

Baseline drift refers to ametric test deviating from its initial reference point over

time. To quantify this factor, the following equation is employed:

DV

S
=

Vafter washing � Vbefore washing

S
topology; (Equation 1)

where S is the initial sensitivity of the sensor. In light of this equation, the extent

of baseline drift could be accurately calculated within the context of this study.

Textile WVP test

TheWVPwas tested by the cupmethod based on the ASTME96 (procedure B)

testing standard (ASTME96-00, 2000). Textile samples were enclosed in a cup

comprising water covered at the top by a cover ring to determine the weight

loss by evaporation time (20 days). Textiles with different structures were

placed in an airtight manner over the top of a cup. Another cup served as a

reference. The weight of the cups was measured firstly at the start of the

test and then periodically after 20 days by the balance with a resolution of

0.01 g to determine how much water was lost from the textile sample. WVP

can be calculated using Equation 2:

WVP =
ð243MÞ
A3T

g

m2h
; (Equation 2)

where M denotes loss of mass (g), T denotes the time interval (h), and A de-

notes cup internal area (m2). The internal cup area was calculated using Equa-

tion 3 below, where d represents the cup’s internal diameter (mm).

A =

�
pd2

�
10� 6

4
(Equation 3)

Standard washing process

The standard washing process was carried out using a household washing

machine (CHIGO, XQB65-3801) according to AATCC Standard LP1-2021,

Home Laundering. The biosensors were put into a water-permeable protective

sack. Each washing process was conducted with a fabric load of 1.6 kg using

20 mL of commercial liquid detergent (Bluemoon) at a quick-washing mode at

40�Cwith a duration of approximately 21min, which included soaking, rinsing,

and spin drying.

Humidity test

The performance testing of the biosensor under humidity change was con-

ducted at a controlled temperature of 20�C, with the standard humidity levels

provided by the atmosphere above saturated salt solutions (refer to Table 1).

The biosensors were placed above the liquid surface of saturated salt solution.

The current and potential variations of the sensor were then measured as the

environmental humidity changed using CHI 760e.

On-body sweat monitoring

All experiments were performed according to the university guidelines (The

Ethics Guidelines for Research Involving Human Subjects or Human Tissue

from Southern University of Science and Technology, SUSTech Institutional

Review Board, 2024PES106). On-body evaluation of analysis in sweat was

performed on healthy volunteers aged between 24 and 26 years. For real-

time sweat monitoring, the wristband was connected to the smartphone app

via Bluetooth. Volunteers were first asked to wear the wristband and cycled

for around 20 min as a warm-up process. After that, the volunteers performed

a 20 min stationary cycling session. Meanwhile, the app connection was

started to begin data recording, and decoded sweat analysis results were dis-

played on the cellphone. Sweat was simultaneously collected every 5 min for

off-body ICP-MS validation.
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