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Highlights
e The electrochemical glucose detection was performed on the
Ga@MXene/CS-based wearable sensor

e The sensor features a conductive, three-dimensional porous
structure based on Ga@MXene

e The sensor has a linear range of 10-1,000 pM, a limit of
detection as low as 0.77 puM

e Inreal sample testing, the recovery rate of the sensor ranged
from 95.5% to 107.1%
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SUMMARY

Most wearable biosensors struggle to balance flexibility and conductivity in their sensing interfaces. In this study,
we propose a wearable sensor featuring a highly stretchable, three-dimensional conductive network structure
based on liquid metal. The sensor interface utilizes a patterned Ga@MXene hydrogel system, where gallium
(Ga) grafted onto MXene provides enhanced electrical conductivity and malleability. MXene provides excellent
conductivity and a three-dimensional layered structure. Additionally, the chitosan (CS) hydrogel, with its superior
water absorption and stretchability, allows the electrode to retain sweat and closely stick to the skin. The sensor
demonstrates a low limit of detection (0.77 uM), high sensitivity (1.122 pA-pM-'-cm), and a broad detection
range (10-1,000 uM), meeting the requirements for a wide range of applications. Notably, the sensor can also
induce perspiration in the wearer. The three-dimensional porous structure of the Ga@MXene/CS biosensor en-
sures excellent conductivity and flexibility, making it suitable for a variety of applications.

INTRODUCTION

The increasing focus on personal health and the urgent need for
rapid biochemical information in non-clinical settings are driving
advancements in novel monitoring technologies.’ Wearable
electrochemical sensors, characterized by their miniaturization,
portability, and real-time monitoring capabilities, are now in
high demand." Sweat has emerged as a preferred medium for
testing and sampling due to its easy accessibility and non-inva-
sive nature compared to blood.?* The chemical composition of
sweat, which includes biomarkers such as glucose, lactate,
cortisol, dopamine, potassium, and sodium, is a key driver in
the development of wearable sensors.*”” Monitoring blood
glucose levels is particularly crucial for preventing conditions
such as hypoglycemia and diabetes, highlighting the importance
of real-time analysis.® Given the evident correlation between
glucose levels in sweat and blood, the glucose content in sweat
is only 1%-2% of that found in blood (101,000 uM).%° Conse-
quently, traditional hospital blood glucose testing equipment is
not suitable for detecting glucose levels in sweat. Therefore, re-
searchers are increasingly focusing on the development of
wearable sensors for non-invasive glucose analysis. Tang et al.
introduced a wearable biosensor based on carbon black nano-
particles for detecting glucose in human sweat.'' Hekmat et al.
engineered commercial cotton fabrics decorated with binary
Ni-Co metal-organic frameworks for non-enzymatic ampero-
metric glucose sensing.'? Zhang et al. developed copper-silver

bimetallic oxide nanowires on Cu-Ag electrodes for glucose
detection.’® As these studies have shown, most wearable sen-
sors rely on the design of traditional electrochemical sensors.
Although research on wearable devices has provided an
increasing number of highly stretchable structures, their con-
struction still involves embedding rigid materials with high con-
ductivity into the elastic structure to achieve their detection
functions.'* The limited ductility of these conductive materials
in the working electrode poses challenges when integrating the
sensor with the skin. Poor ductility can lead to interface breakage
or increased resistance when the electrodes are bent or
stretched, ultimately reducing sensor sensitivity.

Gallium (Ga) is a liquid metal with a low melting point, charac-
terized by high malleability, elevated surface tension, and excel-
lent electrical conductivity.'® Additionally, Ga possesses excel-
lent imaging properties. Zhu et al.'® developed a type of
drug-loaded microsphere with liquid metal, which can be in-
jected to embolize blood vessels in rabbit ears. The introduction
of liquid metal particles enables the microspheres to be imaged
under various imaging equipment for multimodal imaging. Gao
et al."” utilized the linear thermal expansion property of Ga to
create a new type of nanoscale thermometer. In this study, Ga
was filled into carbon nanotubes to form a Ga metal column
that expands highly linearly with temperature changes. The mea-
surement range of this nano thermometer can be extended to
50°C to 500°C, and it has high sensitivity and accuracy. Owing
to the high deformability of Ga, it can seamlessly conform to
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the skin’s surface and maintain constant conductivity during
stretching. Therefore, its application prospects in wearable sen-
sors are very broad.'® However, its high surface tension and low
viscosity cause Ga particles to readily coalesce to minimize sur-
face energy, leading to uneven distribution and posing chal-
lenges for uniform application.'®

MXene is a two-dimensional material known for its excellent
mechanical properties, metal-like conductivity, hydrophilicity,
tunable interlayer spacing, and electrochemically active sur-
face. These attributes make MXene highly suitable for sensor
applications.?°*> However, van der Waals forces between
the layers often result in aggregation and layer overlap, which
can hinder performance. To address this issue, metal adsorp-
tion onto the MXene surface via electrostatic interactions in-
creases interlayer spacing and connects the monolayers, form-
ing a three-dimensional structure. This strategy mitigates
aggregation and enhances the mechanical and electrochemical
properties of MXene, offering improved functionality in sensor
applications.”®> Wang et al.”* developed a self-healing strain
sensor based on TizCoTx MXene/AgNW/liquid metal, where
Ga primarily serves as a connector and bridge, enhancing the
interfacial interaction between MXene and AgNW. This com-
pensates for some of the shortcomings of MXene in self-heal-
ing strain sensors, improving the stability and mechanical prop-
erties of the sensor.

Inthis study, we developed a wearable sensor using a combina-
tion of Ga, MXene, and chitosan hydrogels, as shown in Figure 1.
The synergistic interaction between Ga and MXene resulted in the
formation of a porous structure with both high conductivity and
deformability. The incorporation of Ga into the MXene/chitosan
hydrogel (MXene/CS) led to the grafting of Ga onto MXene. The
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Figure 1. Preparation diagram and detec-
tion schematic of wearable sensors

(A) Preparation diagram of Ga@MXene/CS.

(B) Detection principle schematic diagram of
Ga@MXene/CS sensor.

Ga@MXene/

Chitosan hydrogel

resulting Ga@MXene/chitosan hydrogel
(Ga@MXene/CS) exhibited increased int-
erlayer spacing, as Ga particles pene-
trated the MXene/CS structure. These
liquid metal particles supported and inter-
connected the porous network, thereby
enhancing electrical conductivity. Addi-
tionally, the MXene/CS matrix anchored
the Ga particles through grafting, ensuring
uniform dispersion. This structure was
employed to fabricate a self-sweat-gener-
ating electrochemical wearable sensor for
in situ glucose detection in sweat (Figure
1). The structural and chemical properties
of Ga@MXene/CS were characterized us-
ing scanning electron microscopy (SEM),
X-ray diffraction (XRD), and X-ray photo-
electron spectroscopy (XPS). The elec-
trochemical performance was evaluated
through cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Glucose detection in human sweat was con-
ducted using differential pulse voltammetry (DPV).

%{\/ Chitosan

RESULTS AND DISCUSSION

Characterization of Ga@MXene/CS

The morphology and elemental distribution images of
Ga@MXene/CS were investigated through SEM and energy-
dispersive spectroscopy (EDS). Figure 2 presents the SEM im-
ages and energy spectrum analysis of Ga@MXene/CS. In
Figures 2A and 2B, Ga@MXene/CS exhibits a continuous porous
structure with pore sizes ranging from approximately 5to 15 um.
In comparison, the SEM image of MXene/CS (Figure S1) reveals
an irregular layered structure characterized by numerous folds.
Compared with the layered structure of MXene/CS, the three-
dimensional porous structure of Ga@MXene/CS provides a
larger surface area for the working electrode, enhancing the ca-
pacity of the sensor to absorb and detect glucose molecules in
sweat. Figure 2C explains why Ga@MXene/CS exhibits a
three-dimensional porous structure. In this structure, Ga parti-
cles are embedded between the MXene monolayers, connecting
and organizing them into a three-dimensional porous network.
This transformation from a two-dimensional to an ordered
three-dimensional structure increases the available surface
area for electrochemical reactions. Figure 1 outlines the prepara-
tion principle of Ga@MXene/CS, highlighting that the abundance
of surface functional groups in MXene provides multiple
hydrogen bonding sites that facilitate cross-linking with CS hy-
drogels, while the network structure of CS is effective in prevent-
ing MXene monolayer stacking.?>2’
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Furthermore, the incorporation of Ga, embedded between the
MXene monolayers, establishes bonding interactions with
MXene, contributing to the formation of a stable structure.?®
The porous architecture of Ga@MXene/CS also minimizes
the aggregation tendency of Ga particles.”® As shown in
Figures 2D-2I, EDS analysis reveals that elements such as Ti,
F, and C from MXene are uniformly distributed on the Ga spheres
due to the interaction between MXene and Ga. Additionally,
there is evidence of minor Ga penetration into the MXene struc-
ture, further contributing to the uniform distribution and stability
of the composite.

To investigate the interaction between Ga and MXene in
Ga@MXene/CS, a comparative analysis of the XRD patterns
for Ga/CS, MXene/CS, and Ga@MXene/CS was conducted
(Figures 3A and 3B). In Figure 3A, the XRD pattern for Ga/CS
shows peaks corresponding to the (002), (111), (112), (200),
(113), (211), and (220) planes of Ga (JCPDS No. 05-0601). In
the XRD pattern for MXene/CS (TisC2Tx/CS), the diffraction
peaks at (002), (004), (006), (101), (105), (108), (109), and (110)
are attributed to the planar diffraction of TisC>Tx.>"*' The sharp
diffraction peaks in the XRD pattern of Ga@MXene/CS, corre-
sponding to those of Ga/CS and MXene/CS, confirm the pres-
ence of both Ga and MXene within the Ga@MXene/CS compos-
ite. Additionally, as shown in Figure 3B, the diffraction peaks in
Ga@MXene/CS exhibit shifts to specific angles. Notably, the
(111) and (200) diffraction peaks of Ga in Ga@MXene/CS shift
to higher angles (from 30.3° to 30.4° and from 39.84° to 39.98°
20, respectively). According to Bragg’s law, this shift indicates
a contraction in the Ga lattice. The contraction is attributed to
the bonding of Ti** ions with Ga, as the atomic radius of Ti (140
pm) is smaller than that of Ga (187 pm), leading to lattice contrac-
tion upon Ti** doping. In contrast, the (006) and (101) diffraction
peaks of MXene in Ga@MXene/CS shift to lower angles (from
21.66° to 21.51° and from 34.49° to 33.8° 20, respectively).
These shifts result from the increased interlayer spacing
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Figure 2. Morphology and elemental distri-
bution images of Ga@MXene/CS

(A-C) SEM images of Ga@MXene/CS. Scale bar:
50, 10, and 1 pum in order.

(D-I) EDS images of Ga@MXene/CS. Scale bar:
1 pum.

in MXene due to the incorporation of
Ga particles within the MXene/CS
structure.®

To further investigate the chemical
bonds formed by the interaction bet-
ween MXene and Ga in Ga@MXene/CS,
the X-ray photoelectron spectra of Ga/
CS, MXene/CS, and Ga@MXene/CS
are presented in Figures 3C-3F. In Fig-
ure 3C, the primary elements detected
in Ga@MXene/CS are Ga, Ti, C, and O.
The Ga and Ti peaks correspond to
those observed in Ga/CS and MXene/
CS, respectively. The XPS data for
Ga@MXene/CS are consistent with the
results obtained from XRD and EDS analyses. Figure 3D pro-
vides a detailed examination of the Ga element. In Ga/CS, the
Ga peak is detected at 17.68 eV, with an additional peak for
Gaz0 at 18.92 eV and the more stable oxide, Ga:0s, at 20.21
eV, resulting from the oxidation of the Ga surface. The presence
of these oxide peaks indicates that the Ga surface is prone to
oxidation, leading to the formation of Ga-Os, a more stable
form.®®> When two oxides with different valence states coexist,
the presence of Ga* in the lower valence state can generate addi-
tional oxygen vacancies in Ga/CS. These oxygen vacancies
introduce defects with positive ions within the crystal structure,
which can enhance the conductivity of the material.** In
Ga@MXene/CS, the XPS spectrum reveals three distinct peaks
corresponding to Ga-O (17.68 eV), Ga-O-Ti (19.68 €eV), and
Gaz0s (20.22 eV). The disappearance of the Ga-0O peak and the
appearance of the Ga-O-Ti peak suggest that, following the
cleavage of the Ga—-O bond, Ti from MXene reacts with Ga to
form the Ga—O-Ti bond. This indicates that the doping of MXene
influences the formation of new chemical bonds involving Ga
and Ti.%° The XPS peaks shown in Figure 3E can be deconvo-
luted into three pairs of Ti 2p doublets: Ti-O (461.98/455.68
eV), Ti-O, (463.88/458.18 eV), and Ti-C (460.38/454.38 eV).
These doublets correspond to the oxygen-terminated state of
TisC2, the oxidation states of TisCz, and the Ti-C bonds within
TisCz, respectively.”>*° In Ga@MXene/CS, the Ti-O bonds previ-
ously observed at 461.98 and 455.68 eV disappear, indicating
that these Ti—O bonds have been transformed into other compo-
nents. Figure 3F displays the O 1s spectra for the three modified
layers. In the Ga/CS spectrum, three peaks were deconvoluted:
Ga-0 at 529.48 eV, oxygen vacancies at 531.48 eV, and C-OH at
533.76 eV, the latter originating from CS.?® In the MXene/CS
spectrum, four peaks were identified: Ti-O at 528.88 eV, C-Ti-
O, at 530.35 eV, C-Ti-OH, at 532.18 eV, and C-OH at 533.78
eV.%" In the Ga@MXene/CS spectrum, five peaks were identified:
Ti-O at 528.88 eV, Ga-O at 529.50 eV, Ga—O-Ti at 531.17 eV,

iScience 28, 111737, February 21, 2025 3
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Figure 3. Characterization of structure and composition of materials
(A and B) XRD patterns for Ga/CS, MXene/CS, and Ga@MXene/CS.
(C) XPS survey spectra of Ga/CS, MXene/CS, and Ga@MXene/CS.
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(D-F) Ga 3d spectrum, Ti 2p spectrum, and O 1s spectrum of Ga/CS, MXene/CS, and Ga@MXene/CS.

C-Ti-OH, at 532.22 eV, and C-OH at 533.78 eV. The presence of
the Ga—-O-Ti peak and the observed shifts in the XRD results
(Figure 3B) confirm the successful grafting of Ga onto MXene.
Additionally, the formation of Ga—O-Ti bonds also prevents the
Ga spheres from detaching from the modification layer, affecting
the detection performance of the sensor. Moreover, the network
structure of CS in the SEM image and the C-OH bond of XPS
proved that CS hydrogel with good adhesion is the first choice
for constructing the sensor.

Electrochemical properties of the wearable electrodes

To evaluate the electrochemical properties and redox capabil-
ities of three flexible electrodes—Ga/CS, MXene/CS, and
Ga@MXene/CS—CV and electrochemical impedance spec-
troscopy techniques were employed. The electrodes were
tested using a 300 uM glucose solution prepared with 0.01 M
PBS buffer. Figures 4A-4C display the CV results for the three
electrodes. The oxidation current peak of Ga@MXene/CS is
significantly higher compared to MXene/CS and Ga/CS at the
same scan rate, indicating superior redox capabilities of the
Ga@MXene/CS electrode. This enhancement is attributed to
the high surface area provided by the three-dimensional porous
structure, which offers more reaction sites for glucose, and the
high electrical conductivity of Ga, which facilitates rapid
glucose oxidation. Additionally, to investigate the electrochem-
ical kinetics, CV tests were performed at varying scan rates (30—
110 mV/s). The current responses of all three electrodes
increased progressively with increasing scan rates, suggesting
that the redox processes of the modified electrodes are quasi-

4 iScience 28, 111737, February 21, 2025

reversible. Figure 4D presents the regression equations for the
anodic and cathodic peak currents of the electrodes. The elec-
troactive surface areas of the electrodes were comparatively
analyzed using the Randles-Sevcik equation.®®

I, = 2.69 x 10°ADn3viC

where Ip, n, A, v, D, and C indicate peak current (A), number of
electron transfers in the redox event, effective surface area
(cm?), scan rate (V/s), diffusion coefficient (cm?/s), and bulk con-
centration of analyte (mol/L), respectively. Since the test solution
is 100 uM glucose, D, n, and C are constants. Thus, the peak cur-
rent is positively related only to the scanning speed, while the
electroactive surface area will be proportional to the Randles-
Sevcik equation. In Figure 4D, the slopes of the oxidation reac-
tions are 2.426E~° (Ga@MXene/CS), 1.283E~° (MXene/CS), and
1.336E° (Ga/CS), respectively. By comparison, Ga@MXene/
CS has the largest electroactive surface area. Therefore, the
excellent performance of the mesh structure of grafted Ga is
demonstrated.

The EIS test provides detailed information on the electron
transfer behavior of the electrode surface. Figure 4E displays
the Nyquist plots for the three flexible electrodes. Figure 4F
shows the equivalent circuit diagram used to model the electro-
chemical reaction process. Rg represents the internal resistance
of the detection solution, CPE is the bilayer capacitance so that
no chemically reactive ions occur in the solution, R represents
the charge transfer resistance for the charge transfer process,
and W, is the Warburg impedance for the diffusion process.*’
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Figure 4. Electrochemical characterization of the wearable sensor
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(A-C) CV curves of (A) Ga@MXene/CS, (B) MXene/CS, and (C) Ga/CS at different scan rates.

(D) The calibration of peak currents vs. the root-squared scan rate.
(E) EIS of the Ga/CS, MXene/CS, and Ga@MXene/CS.
(

F) Equivalent circuit and charge transfer resistance of the Ga/CS, MXene/CS, and Ga@MXene/CS. Data represented as mean + standard error of the mean.

In Figure 4E, the R values are 7,456 Q for Ga/CS, 5,762 Q for
MXene/CS, and 1,020 Q for Ga@MXene/CS. The Ga@MXene/
CS electrode exhibits the lowest R, indicating superior charge
transfer properties compared to the other two electrodes. The
improved performance of Ga@MXene/CS can be attributed to
the grafting of Ga particles onto MXene, transforming the original
two-dimensional structure into a three-dimensional porous
network. This structural transformation increases the contact
area on the electrode surface, thereby reducing resistance.
Compared to Ga/CS, the grafting of Ga onto MXene in
Ga@MXene/CS leads to a more uniform dispersion of Ga parti-
cles, avoiding aggregation and enhancing conductivity. Addi-
tionally, the homogeneous integration of MXene with the hydro-
gel improves the overall conductivity of the modified layer,
creating a continuous conductive pathway. Consequently, the
electron transfer rate of the Ga@MXene/CS flexible electrode
is significantly enhanced.

Optimization of experimental parameter

Ga spheres in the modification layer not only serve a connective
role but also capitalize on their ductility and conductivity, making
them a key factor in determining the performance of the sensor.
To optimize the performance of the sensor, it is essential to
conduct in-depth research on the distribution and particle size
of the Ga spheres.

Ga sphere suspensions were fabricated using different ultra-
sonic powers (240, 320 and 400 W), as depicted in Figure S2.
The spheres were primarily sized into two groups: 10-20 um
and less than 1 um. At 60% power, the production of spheres

was scarce (Figures S2A and S2D). At 80% power, there was an
increase in sphere quantity and a denser distribution (Figures
S2B and S2E). The 100% power treatment (Figures S2C and
S2F) yielded the highest sphere count, especially those below
1 um, enhancing electrical conductivity and the porous structure.

At 100% ultrasonic power, the concentration of the Ga disper-
sion is maximized, indicating that the distribution of Ga spheres
in the modification layer is the densest. To further investigate the
influence of ultrasonic power on electrochemical performance,
we subjected the three sensors, fabricated using different power
levels, to CV tests with a 100 uM glucose solution. The test re-
sults are presented in Figure S3. Notably, the sensor constructed
with Ga spheres obtained from ultrasonication at 100% power
exhibits the largest oxidation peak current value, indicating su-
perior electrochemical performance.

Glucose sensing performance of Ga@MXene/CS
wearable biosensor

After evaluating the electrochemical performance, Ga@MXene/
CS demonstrated significant advantages. Consequently, the
glucose detection performance of Ga@MXene/CS was as-
sessed using DPV. Figure 5A displays the DPV curves for
glucose concentrations ranging from 10 to 1,000 uM. The DPV
peak current of the modified electrode increased progressively
with rising glucose concentrations. The linear regression equa-
tion for the sensor is given by:

I(A) = 0.013Cgu0050 +9.845

iScience 28, 111737, February 21, 2025 5
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Figure 5. Glucose detection performance

and the detection principle diagram

(A) DPV curves of Ga@MXene/CS sensor.

(B) Calibration curve of Ga@MXene/CS biosensor
current versus concentration. Data represented as
mean + standard error of the mean.

(C) Ga@MXene/CS sensor detection schematic.
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The surface area of the working electrode is 0.01158 cm?, re-
sulting in a sensitivity of 1.122 uA-uM-"+cm2. The limit of detec-
tion (LOD) can be determined from the equation:>®

LOD = 3s/d

where s represents the standard deviation of blank solutions
(Figure S4) and d is the slope of the regression equation. Using
this information, the LOD for the sensor was calculated to be
0.77 uM. DPV measurements were performed over a glucose
concentration range of 10-1,000 uM (Figure 5C), encompassing
the glucose concentration ranges relevant to both hypoglycemic
and hyperglycemic conditions in sweat.

Figure 5C illustrates the detection schematic of the
Ga@MXene/CS wearable sensor. When the electrochemical
detection system is immersed in a glucose solution, the surface
of Ga particles in the Ga@MXene/CS material is initially covered
by a layer of Gaz0s."° The glucose oxidation process occurs in
three stages: (1) glucose molecules are adsorbed onto the elec-
trode surface, (2) with an applied positive potential, Ga(0) is
oxidized to Ga(lll), releasing electrons, and (3) Ga(lll) catalyzes
the oxidation of glucose to produce gluconolactone.*’ The redox
reaction at the electrode surface can be described by the
following equation.

Ga—Ga**

Ga* + Glucose — Ga + Glucolactone

Moreover, the three-dimensional porous structure of
Ga@MXene/CS increases the electrode surface area, allowing

6 iScience 28, 111737, February 21, 2025
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for a greater number of Ga particles to
be grafted onto the structure. This
increased surface area facilitates the
rapid adsorption and reaction of glucose
molecules, thereby improving the sensi-
tivity of the sensor.

Table 1 summarizes various wearable
sensors with different modified elec-
trodes developed for glucose detection

in sweat. A comparative analysis indi-
HO-CH, o cates that the Ga@MXene/CS wearable
HA sensor exhibits a notably low LOD of
OH H/=0 0.77 uM and a wide detection range of
10-1,000 pM, accommodating the needs
of both hypoglycemic and diabetic pa-
tients. This performance is attributed to
the synergistic effects of Ga@MXene/
CS, which leverages the catalytic proper-
ties of MXene, the superior water absorption of the hydrogel, and
the high conductivity of Ga. The Ga particles contribute to the
formation of a cohesive three-dimensional porous structure,
enhancing the sensor’s overall functionality. Consequently, the
Ga@MXene/CS wearable sensor demonstrates broader applica-
tion potential compared to the sensors listed in Table 1. The
LOD, sensitivity, and linear range of the sensors are listed in
the table. Compared to the other sensors, the linear range of
Ga@MXene/CS is not as wide, but it has a lower LOD as well
as higher sensitivity, which enables it to be used for the detection
of lower glucose concentrations.

Glucose
HO-CH,

H OH

H OH
Gluconolactone

Study of other properties of wearable sensors

To evaluate reproducibility, five Ga@MXene/CS wearable sen-
sors from different batches were tested for peak current values
in 0 and 200 uM glucose solutions. As shown in Figure S5A, the
peak current differences (Al) among the five samples were
consistent, ranging from a maximum of 9.32 pA to a minimum
of 9.28 pA, with a relative standard deviation of 0.16% (n = 5).
This indicates that the reproducibility of the Ga@MXene/CS
sensor meets the required standards. For stability assessment,
we tested the sensors for peak current differences between
0 and 200 uM glucose solutions at different days after prepara-
tion. The sensor showed the highest detection sensitivity on day
0 with a maximum current change (Al) of 9.29 pA (Figure S5B).
As the number of days increased, the performance of the sensor
decreased slightly, with Al dropping to 8.68 pA for 15 days, retain-
ing 93.4% of the initial glucose oxidation current. This indicates
that the glucose detector maintained good stability. In the selec-
tivity test of the sensor, we selected common substances foundin
sweat, including NaCl, ascorbic acid, and uric acid, as interfering



¢? CellPress

OPEN ACCESS

iScience

Table 1. The comparisons of performance with other reported glucose wearable sensors

Electrodes Linear range (uM) LOD (uM) Sensitivity (1A mM~" cm™2) Reference
CoWO,/CNT/AuNS 0-300 1.3 10.89 Lin et al.*?
Enzymatic membrane/NiHCF/PB/Au 25-200 10 0.0418 Mirzajani et al.**
AuNPs 100-1,000 24 1.27 Li et al.*
Glucose oxidase/chitosan/MB/TizCsTy 80-1,250 17.05 0.0024 Zhang et al.*®
Ga@MXene/CS 10-1,000 0.77 1122 This work

substances. These interfering substances and glucose were indi-
vidually diluted with PBS to prepare 600 uM solutions for detec-
tion. The results shown in Figure S5C indicate that the wearable
sensor did not exhibit significant signal responses to these sub-
stances and was not interfered with by other components in
sweat. Therefore, the sensor demonstrates good selectivity.

To characterize the thermal response of the sensor, a constant
voltage source was connected to the heater of the sensor, and
the temperature range was controlled by adjusting the applied
voltage. As depicted in Figure 6B, the temperature increased
from 23°C to 51°C with rising voltage. Further analysis in Fig-
ure 6C shows a nonlinear relationship between AR/Ro and tem-
perature (R? = 0.997). To determine the impact of temperature
on the heater, the temperature coefficient of resistance (TCR)
formula was applied:*®

The TCR was determined using the formula, where AR repre-
sents the resistance change corresponding to the temperature
change AT and Ro is the initial resistance value. As shown in Fig-
ure 6D, the TCR was 40% at 23°C but decreased rapidly with
increasing temperature, leveling off around 25°C. Between
30°C and 50°C, the TCR remained below 1%, indicating that
the heater’s resistance remains stable within the temperature
range relevant to sweat production. This suggests good stability
of the heater.

To evaluate the sensor’s performance in realistic conditions,
glucose sample solutions with concentrations of 25, 75, 300,
500, and 900 uM were prepared using artificial sweat (pH
6.4) and tested. The DPV detection curves in Figure 6E reveal
that the peak current increases with glucose concentration.
The recovery rates ranged from 95.5% to 107.1% (Figure 6F),
demonstrating the high reliability of Ga@MXene/CS sensor for
glucose detection in real sweat samples.
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Figure 6. Performance tests of the wearable sensors

(A) Actual image of Ga@MXene/CS sensor.

(B-D) Test chart of the heating function of the Ga@MXene/CS sensor.
(E) DPV curves of Ga@MXene/CS sensors for real sample detection.
(

F) Recovery plot of Ga@MXene/CS sensor for real sample detection. Data represented as mean + standard error of the mean.
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Conclusion

In summary, we developed an enzyme-free electrochemical flex-
ible wearable sensor capable of self-heating to induce sweating
and in situ glucose detection. MXene was crosslinked with CS
hydrogel to form MXene/CS, and the addition of Ga led to the for-
mation of Ga—O-Ti bonds through reactions with natural oxides
on the surface of Ga, resulting in a Ga@MXene/CS with a
three-dimensional porous structure. The sensor leverages the
catalytic properties of MXene, the high water absorption of the
hydrogel, and the high conductivity of Ga. The Ga particles
enhance connectivity within the 3D structure, increasing the
electrode’s surface area for optimal sweat absorption and
glucose binding. This design achieves a low LOD of 0.77 uM
and a broad linear range of 10-1,000 uM, with recovery rates be-
tween 95.5% and 107.1% in real sample tests. The flexible wear-
able sensor not only induces sweating through self-heating but
also maintains high sensitivity and flexibility, making it suitable
for practical skin applications.

Limitations of the study

For wearable biosensors, it is necessary not only to have good
detection performance but also to achieve the storage of sweat.
The storage of a quantified amount of sweat can make the detec-
tion of biochemical substances in sweat more accurate, which is
a problem that wearable sensors need to focus on solving in the
future.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
D (+)-Glucose Adamas life 61055G
PBS (1x) Adamas life C8020
Chitosan Adamas 89296GB
FeCls Adamas 82296BD
Ethanol Greagent G73537AC
TizgCaTy (5 mg/ml, etched) Foshan Xinxi Technology Co., Ltd N/A
Ga Dongguan Dingguan Metal Technology Co., Ltd N/A
Acetic acid Shanghai Marel Biochemical Technology Co., Ltd M22626
Artificial sweat (pH 6.5) Shanghai Yuanye Biotechnology Co., Ltd R26242
Other
Scanning electron microscopy ThermoFisher Phenom Pure G6 Desktop SEM
X-ray photoelectron spectroscopy ThermoFisher ESCALAB 250Xi
X-ray diffractometer Rigaku MiniFlex600
USB flash drive electrochemical workstation Shenzhen Refresh Biosensing Technology Co., Ltd BioSYS-P15E Max
Flexible printed circuit board Shenzhen Ruida Express Circuit Board Co., Ltd N/A
Chip resistor (100Q) Nanjing Yincheng Zhichuang N/A
Electronic Technology Co., Ltd
Conductive silver paste Shenzhen Jie Yongcheng Technology Co., Ltd N/A
Conductive carbon paste Shenzhen Jie Yongcheng Technology Co., Ltd N/A

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study does not use experimental methods typical in the life sciences. Experiments were conducted using artificial sweat, which
primarily consists of water, sodium chloride, urea, and lactic acid. To the artificial sweat, a specific concentration of glucose was
added for testing the actual samples. The artificial sweat was procured from Shanghai Yuanye Biotechnology Co., Ltd.

METHOD DETAILS

Preparation of Ga@MXene/CS sensor

Firstly, chitosan was dissolved in dilute acetic acid and heated while stirring to form a chitosan hydrogel (Figure 1A). Subsequently,
MXene dispersion was added to the chitosan hydrogel, and the mixture was subjected to continuous magnetic stirring for 30 minutes,
yielding the MXene/CS hydrogel. Meanwhile, 0.6 g of Ga was ultrasonically dispersed in 5 mL of ethanol to prepare a Ga dispersion.
This Ga dispersion was then introduced into the MXene/CS hydrogel, followed by magnetic stirring for 30 minutes to achieve uniform
re-dispersion of Ga within the hydrogel, resulting in the Ga@MXene/CS composite. Finally, the Ga@MXene/CS composite was
applied onto the working electrode area of the wearable sensor and dried at 40°C for 30 minutes.

Three-electrode system and sweat generator
The wearable sensor, illustrated in Figure 1B, is fabricated using a flexible printed circuit board (PCB) as the substrate. The flexible
PCB includes five letters—S, I, M, I, and T—where "S", "M", and "T" serve as the working, reference, and counter electrodes of the
detection system, respectively. The working electrode is coated with the prepared Ga@MXene/CS composite at the designated area.
The reference electrode is made of Ag/AgCl.The fabrication process begins with coating the reference electrode area with silver
paste, followed by drying at 120°C for 1 hour. The electrode is then immersed in a 0.5 M FeCls solution for 1 minute, after which it
is washed and dried to complete the preparation. The counter electrodes are prepared by applying carbon paste to the respective
sections and drying for 1 hour.

The two letters "I" are used to construct the sweat-producing heater. In these regions, 100 Q chip resistors are soldered to serve as
heating elements. The sweat-producing heater operates using a constant voltage power supply, generating heat that induces
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significant perspiration on the skin in contact with the sensor. As a result, the wearable sensor, which integrates a three-electrode
system and a sweat-producing heater, enables real-time in situ detection.

Characterization

Scanning electron microscopy was employed to analyze the surface morphology and elemental composition of the electrodes. X-ray
diffractometer was used to determine the crystalline phases of Ga/CS, MXene/CS, and MXene@Ga/CS. X-ray photoelectron spec-
troscopy was utilized to examine the elemental composition, chemical states, and molecular structure of the electrode modification
layers. Electrochemical characterization and detection of the electrode modification layers were conducted using cyclic voltammetry

(CV), electrochemical impedance spectroscopy (EIS), and differential pulse voltammetry (DPV) in a USB flash drive electrochemical
workstation (Figure S6).

QUANTIFICATION AND STATISTICAL ANALYSIS
This study does not include statistical analysis or quantification.
ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum and it is not part of a clinical trial.
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