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ABSTRACT: In recent years, flexible wearable technology has been
extensively utilized in health monitoring due to its capabilities of
acquiring multiple signals and transmitting data wirelessly in real time.
Ionic conductive hydrogels have already played an important role in the
field of flexible wearable devices depending on their excellent
biocompatibility, mechanical adaptability, and transparency. In this
study, a multiresponsive ionic conductive hydrogel with both superior
mechanical properties and self-healing ability was constructed through
the interwoven network structure. The basic skeleton is formed by N-
isopropylacrylamide and acrylic acid (PNIPAM/PAA) through co-cross-
linking. The final interwoven structure is constructed by the network of
ethylenediaminetetraacetic acid ferric (III) sodium salt cross-linked with
tannic acid (TA) interpenetrating with the basic backbone. The
stretchability of up to 2638% can be achieved due to the dynamic
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hydrogen bonding between the PNIPAM/PAA skeleton and TA. Meanwhile, the abundant catechol groups of TA endow the
hydrogel with an adhesion strength of 7.06 kPa, and it can be easily peeled off without any residue when applied to the human skin.
The stable mechanical cycling performance, outstanding self-healing ability, electrical conductivity (1.28 S‘m™"), and sensitivity (GF
= 4.368) of the hydrogel are attributed to the reversible coordination of Fe**. Based on the above comprehensive performance, the
ionic conductive hydrogel designed in this study will have great application potential as a temperature-sensitive sensor in monitoring
human movement and environmental temperatures, which also provides a unique perspective for the detection of fever and

abnormal thermotherapy.
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Bl INTRODUCTION

The wearable electronic devices have attracted more and more
attention in the fleld of medical diagnosis, healthcare, soft
robotics, e-skin, and motion detection."™> However, the
mismatched mechanical properties and biocompatibility of
traditional electronic devices lead to weak signal transmission
and limited physiological applications.”” Conductive hydrogels
that combine exceptional mechanical properties, high electrical
conductivity, and biocompatibility have shown great advan-
tages in flexible electronic sensors, as they can accurately
convert mechanical deformations into electrical signals for
monitoring human health.~"" Several methods have been
developed to construct conductive hydrogels as wearable
sensors, such as embedding either electronic conductive fillers
(including metallic nanoparticles,"”*™"> carbon-based materi-
als,'® and intrinsically conductive polymers'”'®) and ionic
conductive materials (such as solvated deliquescent salt'’~**
and ionic liquid**~*°) within a three-dimensional hydrogel
structure. Compared with rigid electronic fillers, ionically
conductive hydrogels are more suitable as motion, UV, and
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temperature for monitorin% human health attributed to their
flexibility and transparency.”*~>" In addition, excellent temper-
ature response and stability were exhibited in the ionic
conductive hydrogels, which were attributed to their out-
standing ionic transport properties.”> >° For example, the
conductive hydrogels with ionic cross-linking properties were
successfully prepared by introducing a variety of ions and
solvents into the polyacrylamide (PAM)/carrageenan dual
network, which exhibit significant sensitivity in terms of
temperature and strain.”” However, the transport mechanism
of ion-conducting hydrogels will be affected by various stimuli
(strain, pH, and temperature), all of which can interfere with
the sensing signal and reduce accuracy of health assessment.
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Scheme 1. Design and Application of Multi-Signal Responsive PNATF Ion-Conducting Hydrogels as Flexible Wearable

Sensors

™

(o)

X Yy

o (o]

‘er3+

5 P(NIPAM-co-AA)

G€ AAIFe

.. Bis L APS \Hydrogen bond

H’i‘ NH HO
o
N

H
P(NIPAM-co-AA)

A,X;?‘X

Sk

/
(o -
N . OH
OH o) o Oj'
R
(o]
[o) TA/Fed*
i
HO
J"’
090
o<, Fed*
o’é O AA/Fe’*

> )

To address this issue, a multiple-signal sensor capable of
independently responding to changes in temperature, pH, and
strain was designed by integrating sensitive materials into ionic
conductive hydrogels, which aims to identify the frailty of the
elderly and monitor their disease changes in time.
Poly(N-isopropylacrylamide) (PNIPAM) is considered as a
typical temperature-sensitive polymer due to its reversible
discontinuous volume phase transition at approximately 32
°C,*® showing great potential in the field of sensors.>” For
example, Han et al. prepared a self-healing hydrogel of
PNIPAM with good tensile and conductive properties.”” As
a weak acidic polyanionic hydrogel with high ionic
conductivity,*' = polyacrylic acid (PAA) will respond to pH
stimuli.** At present, the research of PAA ion-conductive
hydrogels as gH sensors has also attracted the interest of many
scientists.** The carboxyl groups (—COOH) of the PAA
hydrogel are present in their deprotonated form COO— under
alkaline conditions, leading to hydrogel swelling. In contrast,
the COO— groups are protonated upon exposure to acids,
resulting in hydrogel shrinkage. The —COOH of the PAA
hydrogel is present in deprotonated form (COO-) under
neutral or alkaline conditions, leading to gel expansion. In
contrast, the COO— group will become protonated when
exposed to acids, resulting in hydrogel shrinkage.”” However,
the previously reported PNIPAM and PAA hydrogels have a
difficult balance between high GF values and scalability, which
poses a challenge for the fabrication of high-performance
scalable electronics."*’ Phenyltriphenol and catechol groups
on tannic acid molecules can form physical cross-links with
polymers, such as hydrogen bonds, 7—x interactions, and
hydrophobic interactions. When hydrogels are subjected to
stress, these hydrogen bonds can be dynamically broken and
recombined, effectively dissipating energy on the molecular
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scale. This improves the mechanical properties and enhances
the ductility of the hydrogels.””*' Meanwhile, it can also
complex with various metal ions, which not only enhances the
conductivity and scalability of the material but also endows the
hydrogel with multifunctionality.”” It embodies extraordinary
significance to investigate the structural design of above
functional groups for the development of high-performance
multiresponsive ionic conductive hydrogel. Although there
have been a lot of studies on temperature and pH sensors,
there are relatively few reports on sensors that can
simultaneously detect multiple signals such as temperature,
pH, and motion using ion-conductive hydrogels.

In this research, a multiresponsive transparent ionic
conductive hydrogel (named as the PNATF hydrogel) with
both superior mechanical properties and self-healing ability
was constructed through the interwoven network structure. As
shown in Scheme 1, the basic skeleton is formed by N-
isopropylacrylamide and acrylic acid (PNIPAM/PAA) through
co-cross-linking. The final interwoven structure is constructed
by the network of ethylenediaminetetraacetic acid ferric (III)
(EDTA) sodium salt cross-linked with tannic acid (TA)
interpenetrating with the basic backbone. The outstanding
mechanical properties and self-healing ability of the PNATF
hydrogels were endowed by the cross-linking of Fe** with TA.
The conductivity was improved by incorporating the two
conductive ions (Fe’* and Na’) into the hydrogel simulta-
neously via ferrosodium EDTA. The rapid and stable response
of hydrogels to pH, temperature, and strain was also verified.
Therefore, the PNATF ionic conductive hydrogel will have
great application potential as a temperature-sensitive sensor in
monitoring human movement and environmental temper-
atures, which also provides a unique perspective for the
detection of fever and abnormal thermotherapy.
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2. EXPERIMENTAL SECTION

2.1. Materials. N-Isopropylacrylamide (NIPAM), acrylic acid
(AA, >99%), and TA were obtained from the Energy Chemical Co.,
Ltd. (China). EDTA iron(III) sodium salt (NaFeEDTA) was
provided by Anhui Senrise Technology Co., Ltd. N,N-Methylenebi-
sacrylamide (Bis) and ammonium persulfate (APS, 99%) were
purchased from the Sigma-Aldrich Co., Ltd. (USA). The Calcein-
AM staining kit for bacteria was supplied by the Biyuntian
Biotechnology Company. Escherichia coli and Staphylococcus aureus
were purchased from Lu Wei Science and Technology Co. Ltd.
(Shanghai). NIPAM was recrystallized twice from benzene/hexane
(v/v, 1/10). Other chemical reagents were used directly without any
treatment.

2.2. Preparation of Hydrogel. NIPAM (0.4 g, 3.5 mmol) and
AA (1.0 g, 13.8 mmol) were added to deionized water (DI, 4 mL),
and the mixture was stirred continuously for 10 min at room
temperature to dissolution. Then, N,N'-methylenebisacrylamide (Bis,
0.012 g, 0.08 mmol) was added to the mixed solution and stirred for S
min. The completely dissolved prepolymer solution was placed in an
ice—water bath under nitrogen for 20 min to remove air bubbles. APS
(0.02 g, 0.08 mmol) was quickly added to the solution as the initiator.
The resulting solution was poured into the cylindrical glass mold and
sealed at 70 °C for 2 h to form hydrogel. Finally, the hydrogel was
washed with DI to remove unreacted residues and monomers to
obtain hydrogel PNA. PNAF hydrogel was obtained by treating the
PNA hydrogel in Fe** solution (0.03 mol/L) for 15 min. NIPAM, AA,
and TA (0.06 g 0.32 mmol) were added to DI, and the other
preparation procedures were the same as that of hydrogel PNA to
obtain hydrogel PNAT. The PNATF hydrogel can be obtained after
leaving PNAT hydrogel into Fe** solution for 15 min.

2.3. Characterization. The inter-reactions among AA, TA, and
Fe’* were confirmed using a UV-—vis spectrophotometer (UV,
JASCO, V-630). The chemical structures of different hydrogel
samples were analyzed by using a Fourier transform infrared
spectrometer (FT-IR, Nicolet 6700, Thermo Elemental). The
scanning step was set at 1 cm™, and the wavelength range was
200—600 cm™". In addition, the hydrogen structure was observed by a
scanning electron microscope (SEM, JSM-6490LV, Hitachi, Ltd.) at
an accelerating voltage of 15 keV. Before observation, samples were
brittle fractured with liquid nitrogen and treated under vacuum for 24
h. The cross section was sprayed with gold for 45 s.

2.4. Mechanical Tests. All mechanical properties of hydrogels
were characterized at room temperature by a universal tensile
machine (E42, MTS) with the different parameters as follows.
Uniaxial tensile tests were performed at a tensile speed of 5 mm/s,
and the dimensions of samples were 20 mm (length) X 4 mm
(width). The speed of cyclic loading—unloading tensile tests and
compression tests was kept at 50 and S mm/min, respectively. The
Young’s modulus (E) was equated to the slope of the stress—strain
curve in the S—15% strain range, while the toughness (T) was
obtained by integrating the area under the stress—strain curve. The
final result of each test is the average of at least three repetitions.

2.5. Adhesion and Self-Healing Tests. The adhesion perform-
ance of hydrogels with various substrates was represented by the ratio
of the maximum load to the bonding area. The contact area of all
substrates was set at 1 cm?, including plastic, aluminum, iron, copper,
glass, wood, and rubber.

Three rheological characterization tests were recorded on a
rheometer (RH20, Bosin Tech) at room temperature. First, the
energy storage modulus (G’) and loss modulus (G”) were measured
by strain amplitude sweep test from 1 to 100% strain. Next, the
hydrogels were scanned with alternating strains of 1 and 200% at a
frequency of 1 Hz, with each strain level maintained for 100 s. Then,
the hydrogels were subjected to time-scanning tests at a 1% constant
strain and 1 Hz constant frequency. Finally, the time-scanning test
was performed again on the hydrogel after it was cut into two pieces
and self-healed. To quantitatively assess the hydrogels’ self-repairing
capability after different healing durations, we utilized the self-
repairing efficacy (HE, %). Utilizing the aforementioned universal
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testing machine, the tensile fracture strength of the self-healing
hydrogel was assessed at a stretching rate of 50 mm/min. The self-
healing capability of the hydrogel following various healing durations
was quantitatively gauged via the self-healing efficiency. HE can be
calculated as follows:

Sh
HE = — X 100%
S, (1)

where S, and S, represent the signifies the tensile strain at fracture of
the hydrogel subsequent to self-healing and the tensile strain at
fracture of the pristine hydrogel, respectively.

2.6. Temperature-Responsive Conductivity Tests. The
relationship between the conductivity of the sample and the response
to temperature was determined by a sandwich structure temperature
sensor, which was prepared by connecting a rectangular hydrogel (50
mm X 10 mm X 3 mm) to conductive copper tape and wires at both
ends and sealing the hydrogel surface with tape. During the
experiment, the temperature sensor was placed in a benchtop
thermostat (SH-261, ESPEC, Germany) and connected to an
electrochemical workstation (CHI 760E) by wires. The impedance
of the sensor in the open circuit state was monitored with the
electrochemical workstation by changing the thermostat’s temperature
from 20 to 60 °C at a rate of S °C/min. The resistance (R) can be
calculated as follows:

R=—=

I (2)

where U and I represent the real-time voltage and current,
respectively.

The relative resistance change rate AR/R, can be obtained as the
following formula:

AR _ R=Ry
RO RO

)

where R and R, represent the real-time resistance and the original
resistance.

2.7. pH-Responsive Conductivity Tests. The relationship
between the conductivity of the sample and the response to pH
was determined by a pH sensor, which was prepared by connecting a
rectangular hydrogel (S0 X 10 X 3 mm) to conductive copper tape
and wires at both ends. During the experiment, the pH sensor was
immersed in the PBS solution and connected to an electrochemical
workstation (CHI 760E) by wires. The impedance of the sensor in
the open-circuit state was monitored by the electrochemical
workstation while obtaining different pH values by changing the
composition of the PBS solution. The final result is the average of at
least three repetitions.

2.8. Water Retention Tests. The hydrogel was prepared as a
circular disc with a diameter of 20 mm and a thickness of 4 mm. The
weights were carried out at different times at 25 and 37 °C with 40%
humidity. The weight ratio can be calculated as follows:

, , Wo— W

weight ratio(%) = ———— X 100%

W (4)
where W, and W, represent the hydrogel mass at different times and
the initial mass, respectively.

2.9. Strain-Responsive Conductivity Tests. The relationship
between the conductivity of the sample and the response to strain was
determined by connecting a rectangular hydrogel to conductive
copper strips at both ends, and the copper strips were connected to an
electrochemical workstation (CHI 760E). The relative resistance
change rate (AR/R;) of the hydrogel was monitored by the
electrochemical workstation while subjected to different strains by a
universal tensile testing machine.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization. In the UV-—visible
spectroscopy analysis of the PNATF hydrogel (Figure la),

https://doi.org/10.1021/acsapm.4c03794
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Figure 1. Structural characterization of PNATF hydrogels. (a) UV—vis spectra. (b) SEM images of PNA, PNAT, and PNATF hydrogels. (c)

Elemental mapping of PNATF hydrogels.

the spectrum revealed a distinct gap between the PNA
hydrogel and the PNAT hydrogel, indicating the successful
incorporation of TA into the hydrogel matrix. Since neither
pure AA nor Fe’ displays absorbance, the detectable
absorbance in the PNATF hydrogel suggests the formation
of a coordination bond between AA and Fe®'. Furthermore,
the peak at 560 nm confirms the successful construction of the
metal—catechol bond between TA and Fe**.>> The FTIR
spectra (Figure S1) show that 1385 and 1366 cm™' are the
isopropyl peaks of NIPAM, and 1650 and 1450 cm™" are the
characteristic peaks of C=0 and C—O of AA. 672 and 572
cm™ are the C—H bending vibrations of TA, proving the
successful introduction of TA. 610 cm™ is the tensile vibration
peak of the Fe—O bond,”* indicating an ionic cross-link
between the carboxyl group of AA and Fe®'. With Fe®*
incorporation, the —OH vibration of TA decreases from
3442 to 3428 cm .

All SEM images of different samples (PNA, PNAT, and
PNATF hydrogels) are shown in Figure 1b. Interconnected
porous network structures were observed in all the hydrogel
samples, which facilitates the free diffusion of water molecules.
As can be seen from the diagram, the pore structure becomes
more compact with the gradual introduction of catechol
(—OH), carboxyl (—COOH), and Fe’**. It is attributed to the
introduced functional groups and ions that promote the
formation of dynamic hydrogen bonds, complexation, and
ionic interactions, thereby increasing the cross-linking density
of the hydrogels. The uniform distribution of C, O, N, and Fe
elements within the hydrogel can be observed from the
elemental mapping results (Figure 1c), which contributes to
the enhanced mechanical strength of the hydrogel.>

3.2. Mechanical Properties. The different mechanical
properties of hydrogels have been investigated, as shown in
Figure 2. The superior strength and toughness of the hydrogels
are demonstrated in Figure 2a, and it can be manually
stretched to different lengths within the tensile limit without
any damage after being twisted and knotted. Additionally, the
prominent load-bearing capacity and reversibility of the
hydrogel during compression and relaxation processes can be
seen in Figure 2b. As shown in Figure S2, the fracture
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elongation of the hydrogel containing Na*/Fe®* is up to
2320%, which is 1.5 and 5.8 times that of containing Na* alone
(1557%) and Fe** alone (402%), respectively. Sodium ions
enhance the tensile ability of hydrogels by affecting hydration.
Sodium ions interact with water molecules to form a hydration
shell, which affects the dynamic characteristics of water
molecules and produces different osmotic pressures, so that
salt ions diffuse into the hydrogel, and at the same time capture
water molecules in the hydration layer of the polymer to
promote the hydrogen bond between polymer chains.”**” Iron
ions, by complexing with functional groups, excessively cross-
link and thus limit the stretching capacity. The iron ions
provided by NaFeEDTA showed more uniform and stable
binding during coordination than iron ions provided by FeCl,.

In order to further assess the mechanical properties, uniaxial
tensile and compression tests were performed on the hydrogels
with different compositions (Figure 2¢,d). It can be seen that
the fracture elongation increases with the addition of
components; the optimum fracture elongation is 2630% of
the PNATF hydrogel.’® It can be attributed to the
coordination between Fe** and catechols as well as carboxyl
groups, which can serve as cross-linking points to enhance the
mechanical properties of the hydrogel. Compared with
PNATF and PNAT hydrogels, PNA hydrogels showed the
highest Young’s modulus. PNATF hydrogels, when immersed
in an Fe ionic solution, experience network expansion. This
expansion increases the distance between the cross-links in the
network, thereby reducing the material’s rigidity.””*" The
introduction of TA in PNAT hydrogels increases the number
of flexible chain segments in the hydrogel network. These
segments are more likely to deform under stress, thus reducing
the Young’s modulus of the material.®  Meanwhile, the
addition of Fe®* content will also lead to an increase in the
compressive modulus of the hydrogel.”*

Figure 2e displays the loading—unloading curves of hydro-
gels at different strains. Obvious hysteresis can be observed in
the graph after unloading under different conditions, which
demonstrates that the hydrogels effectively dissipate energy
under stretching. Subsequently, five consecutive loading—
unloading cycles were conducted on the hydrogels to further

https://doi.org/10.1021/acsapm.4c03794
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Figure 2. Mechanical properties of the PNATF hydrogels. Photographs of the PNATF hydrogel under (a) stretching and (b) compressing. (c)
Tensile stress—strain curves and (d) compression stress—strain curves of hydrogels with different components. (e) Stress—strain curves of the
PNATF hydrogel for a loading—unloading tensile cycle under varied strain at a speed of 50 mm/min. (f) Cyclic loading—unloading tensile tests of

the PNATF hydrogel under 500% strain at a speed of SO mm/min.

evaluate the strain recovery. As shown in Figure 2f, the
phenomenon of the hydrogel rapidly recovering to its initial
condition after each cycle demonstrates its excellent fatigue
resistance. The superior comprehensive mechanical properties
of the hydrogels are mainly due to the formation of dynamic
hydrogen bonding, coordination bonding, and ionic bonds
between —OH, —COOH, and Fe®" within the network, in
which dissociation and reorganization can provide efficient
energy dissipation.

3.3. Adhesion and Self-Healing Stability. The adhesion
strength between hydrogels and different surfaces is crucial for
their application in wearable devices. As shown in Figure 3a—d,
the strong adhesion strength of PNATF hydrogel with various
materials (glass, wood, rubber, metal, and plastic) has been
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verified. The adhesion strengths of hydrogel with glass, wood,
metal, skin, plastic, and rubber are 3.96, 12, 4.15, 7.06, 10.36,
and 5.64 kPa, respectively. It is attributed to the p—x
conjugation between the benzene ring and the oxygen atom
in TA and increased polarity of the catechol moiety.”®
Additionally, the dynamic adhesion and peel test between
the hydrogel and the skin was also investigated (Figure 3e,f). It
can be confirmed that the hydrogel can maintain seamless and
stable adhesion with skin during the dynamic bonding process
and at the same time ensure no residue when peeling off.
The self-healing performance of hydrogels can be charac-
terized by a continuous step strain method. As depicted in
Figure 3g, the critical strain for PNATF hydrogel is
approximately 120%, and the G’ (storage modulus) of the
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Figure 3. Adhesive properties and self-healing of PNATF hydrogels. (a) Photographs of the hydrogel adhered to various surfaces, including wood,
plastic, glass, rubber, and aluminum. (b) Schematic diagram and digital photograph of shear adhesion. Instantaneous adhesion (c) strength—
displacement curve and (d) adhesion strength. (e) No residue is observed during the process of peeling from the arm skin. (f) The hydrogel is
seamlessly contacted with a nonplanar skin under dynamic movement. (g) The strain amplitude sweep test of hydrogels. (h) Alternate step strain
sweep test with small strain (1.0%) to subsequent large strain (500%) with 100 s for every strain interval. (i) Storage modulus and loss modulus of
original hydrogel and healed hydrogel profile. (j) Self-healing rates of the PNATF hydrogel at different times. (k) HE of the PNATF hydrogel at
different healing times. (1) Photographs of self-healing behavior of the hydrogel with mechanical damage. (m) Photographs and illustration of self-

healing behavior of the hydrogel for designed circuit.

hydrogel is higher than G” (loss modulus) when the strain is
lower than 120%, and G’ is lower than G” when the strain is
higher than 120%. This indicates that the hydrogel structure is
completely broken when the strain is greater than 120%. Then,
the hydrogel was subjected to cyclic strains of 500 and 1%. The
value of G’ is lower than that of G” at 500% strain, which
indicates the destruction of the network structure. However,
G' immediately becomes larger than G” when the strain is
brought back to 1%, which indicates that the collapse and
recovery of the hydrogel is repeatable (Figure 3h). The storage
modulus and loss modulus of the hydrogel before and after
repair shown in Figure 3i are almost the same, which also
confirms the self-healing property of the hydrogel. In order to
characterize the self-healing property more intuitively, we
tested the macroscopic behavior of the hydrogels was tested. In
addition, the self-healing efficiency of the PNATF hydrogel
was examined. Figure 3j and 3k illustrate the tensile curves of
the original PNATF hydrogel and the hydrogel after different
self-healing times, respectively. The results showed that the
elongation at break of the healed hydrogel gradually increased
with the extension of the self-healing time. At the same time,
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the self-healing efficiency of the hydrogel was calculated based
on the ratio of the break length of the self-healing hydrogel to
the original hydrogel. The results showed that the self-healing
efficiency of PNATF hydrogel was 88.06% after 60 min of self-
healing. It can be seen from Figure 3l that the hydrogel
separated into two segments can complete healing after contact
at room temperature, and the fracture boundary will become
blurred.

Finally, the self-healing ability of the hydrogel was also
demonstrated by constructing a circuit consisting of an LED
bulb, two 1.5 V batteries, and a PNATF hydrogel (Figure 3m).
The LED can be successfully lit by the hydrogel connected to
the circuit; as the hydrogel is cut and healed, the small light
will turn off and relight in sequence. This self-healing capability
is primarily attributed to the rapid formation and reconstruc-
tion of dynamic bonds between Fe®, phenol groups, and
carboxyl groups at the contact surface. It can be inferred that
the hydrogels can be applied in more extreme and harsh
conditions depending on their excellent self-healing property.

3.4. Temperature and pH-Responsive Conductivity
Properties. The light transmission performance of hydrogels
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Figure 4. (a) Transparency of PNAT and PNATF hydrogels. (b) PNATF hydrogel with different temperatures. (c) Relative impedance change
(AR/Ry)—temperature curves of PNATF hydrogels with different NIPAM mass fractions. (d) Relative impedance change (AR/R,)—pH curve of
the pH-responsive PNATF hydrogel. (e) Water retention of the PNATF hydrogel at different temperatures.

is shown in Figure 4a. The scenery can be seen clearly through
the hydrogels depending on their excellent optical properties.
The excellent field-of-view clarity is conducive to rapid
identification and localization of potential issues.

With the introduction of NIPAM, the hydrogel showed a
good temperature sensitivity. Figure 4b illustrates the phase
transition change of the PNAFT hydrogel with increasing
ambient temperature. At the same time, the phase separation
process of the hydrogel is significantly hygroscopic, which can
be analyzed by differential scanning calorimetry (DSC), and
the exothermic peak of the curve is the critical solution
temperature (LCST) of the hydrogel. The absorption peak
values of the curves are shown in Figure S3 for the DSC curves
of PNATF hydrogels with different NIPAM mass fractions.
The LCST of the hydrogel can be modulated by the
copolymerization reaction of AA and NIPAM. The DSC
curve of the hydrogel showed that the LCST temperatures of
the hydrogel with NIPAM mass fraction of 8, 7.5, 7, and 6.5%
were 37.5, 382, 39.9, and 41.6 °C, respectively. The phase
transition temperature of the hydrogel increased to 41.6 °C
with an increasing AA content. Therefore, adjusting the raw
material concentration can prepare hydrogels suitable for the
operating temperature range of the flexible sensor, showing
specific LCST values.”* Based on these findings, we further
explored the thermosensitive properties of hydrogels as
temperature sensors. The relative impedance (AR/R,) of the
hydrogel sensors with different mass fractions of NIPAM is
summarized in Figure 4c. With the incorporation of NIPAM
and AA, the AR/Ry,—T curve of the sensor changed from a
linear without a turnaround point to a V-shaped with a
turnaround point, which indicated the existence of temperature
responsiveness. The turnaround point corresponding to the
lower critical solution temperature (LCST). Previous studies
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have shown that the phase transition temperature of PNIPAM
hydrogels is 32 °C, which is increased by copolymerization
with other hydrophilic monomers. The addition of AA
introduces the carboxyl group of the hydrophilic group, and
with the increase of AA content, this hydrophilic effect is
enhanced, which causes the original hydrophilic and hydro-
phobic balance to change, leading to the increase of the phase
transition point temperature.”” Notably, this indicates
significant potential for the hydrogel material in real-time
monitoring of ambient temperatures and detection of changes
in human body temperatures, such as fever symptoms.

Meanwhile, the introduction of AA monomers also endowed
the hydrogels with excellent pH sensitivity. The variation of
the relative impedance rate at different pH values is shown in
Figure 4d. Upon exposure to a PBS solution, the resistance of
the hydrogel decreased as the pH value increased. We believe
that this is due to the interaction between the hydrogel and the
ions; AA contains carboxyl (—COOH) functional groups,
which will exhibit different ionization states at different pH
values. With increasing pH, the carboxyl group gradually loses
protons (H') and turns into a negative ion (COO—). The
ionization process increases the concentration of free ions in
the hydrogel, which improves its ionic conductivity and leads
to a decrease in the relative resistance. Simultaneously, the
ionization of carboxyl groups results in an increase in negative
ion concentration, causing the hydrogel network to swell and
enhancing ion mobility.”® The phenomena can facilitate
various potential applications, particularly in monitoring pH
changes caused by sweat during physical activity.

3.5. Water Retention Properties. Next, the water
retention properties of the PNATF hydrogels were evaluated.
In the water retention test, the solid content of the hydrogel at
different temperatures remained consistent. The water
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Figure 5. Conductive behaviors of PNATF hydrogels. (a) Luminance variation in an LED bulb with the stretching of the hydrogel. (b) Relative
resistance changes (AR/R,)—strain curve of the hydrogel and the corresponding strain sensitivity factor (GF). (c) AR/R, of hydrogel during cyclic
loading/unloading tests with strain varying between 0 and 200%. (d) AR/R, of the hydrogel under low strain (less than 10%) stretching cycles. (e)
AR/R, of the hydrogel during cyclic loading/unloading tests with strain varying between 0 and 100%. The inset figure is the enlarged view of AR/
R, during one cycle. (f) Response time and recovery time of hydrogel under loading and unloading stretching. (g) Electrical cycle stability of
hydrogel during the S00 consecutive cycles under 100% strain and (h) its detailed diagram from 1200 to 1300 s.

retention test (25 °C, 37 °C, and 40% RH) showed that the
water retention of the PNATF hydrogel was 60.08% at 25 °C
and 51.9% at 37 °C (Figure 4e). This can be attributed to the
formation of hydrogen bonds between hydrophilic groups and
water molecules, thereby enhancing the water retention ability
of the hydrogel.

3.6. Strain-Responsive Conductivity Properties. The
strain-responsive conductivity property of the hydrogel was
demonstrated by constructing a circuit consisting of an LED
bulb, two 1.5 V batteries, and a PNATF hydrogel (Figure Sa).
The experiments show that the brightness of the LED becomes
darker with the increase of hydrogel strain and brighter with
the decrease of strain, confirming the instantaneous response
of the PNATF hydrogel to strain. Figure S4 shows that the
hydrogel immersed in the NaFeEDTA solution has the highest
electrical conductivity. Figure S5 reveals the positive
correlation between Fe®* content and ionic conductivity of

the hydrogel, and the hydrogel’s conductivity reaches 1.28 S-
m~! when Fe** is 0.03 mol/L.

Furthermore, the strain-responsive sensitivity of the PNATF
hydrogel was evaluated by measuring the relative resistance
change rate (AR/R,) of the hydrogel at different strains. As
shown in Figure Sb, AR/R, increased almost linearly with
increasing tensile strain from 0 to 500% with a measurement
factor (GF) that increased slowly and uniformly. The GF of
the PNATF hydrogel at 200% strain was 2.34S, and when the
strain is increased to 500%, the GF increases to 4.368,
indicating the high sensitivity of the hydrogel over a large
strain range. Compared with the reported representative
hydrogel strain sensors, the GF value of our hydrogel was
high.®”*® The stability of the response is shown in Figure Sc—
hS

3.7. Sensors for the Monitoring of Human Sweating,
Fever, and Movement. Continuous monitoring of physio-
logical parameters during human body movements can be
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Figure 6. (2) Relative variations in resistance of hydrogel sensors when fingers are bent at different angles (0, 30, 60, and 90°). The relative
variations in resistance of the hydrogel in response to human motions: (b) elbow, (c) wrist, (d) knee, (e) neck joint bent and release, and (f)
swallowing. (g) Picture of doctors and family members detecting illness in the elderly through abnormal signals transmitted by skin temperature,
pH, and body movements. (h) Resistance curve of hydrogel at different temperatures. (i) Resistance curve of 50% strain after stretching—recovery
at different temperatures. (j) Resistance curve of hydrogel at different pH. (k) Resistance curve of 50% strain after stretching—recovery at different

pH.

achieved by assembling the PNATF hydrogel into a sensor
connected to a computer. As shown in Figure 6a, the sensor
was able to distinguish the resistance change of the finger
under different bending degrees (0, 30, 60, and 90°) and
maintain the stability of the resistance at a specific angle,
proving superior reliability of the sensor. Moreover, they
maintain electrical signal transmission during vigorous or
repetitive movements. In addition, the hydrogel sensor can be

employed as a motion sensor to detect and distinguish
macroscopic limb movements, including elbow, wrist, knee,
and cervical vertebrae, as illustrated in Figure 6b—G6e.
Moreover, effective electrical signal transmission will be
maintained even during vigorous or repetitive movements.
Furthermore, the hydrogel sensors also show rapid, stable, and
highly repeatable response characteristics to small-amplitude
motions such as swallowing. These features indicate that
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hydrogel sensors have significant potential for applications in
behavioral monitoring and personal health assessment.

In order to investigate the potential application of hydrogel
sensors in detecting physiological signal changes, the sensing
ability of hydrogels in a fever state was simulated and its
response under small strains was simulated, as illustrated in
Figure 6g—i. The hydrogel exhibited stable and different
electrical output signals at various temperatures under 50%
tensile strain. Apart from temperature, the hydrogel can also
produce stable electrical signal outputs at different pH values
under 50% tensile strain (Figure 6kj), allowing for continuous
and real-time temperature and pH monitoring with enhanced
accuracy and convenience.

4. CONCLUSIONS

In summary, PNATF transparent ionic conductivity hydrogels
with interwoven network structures were successfully prepared
by incorporating ligands. It can be inferred that the excellent
mechanical properties and fast self-healing ability are attributed
to the cross-linking of Fe’* with TA, including ultrahigh
stretchability of 2638%, strength of 355 kPa, and skin adhesion
of 7.06 kPa. The Na' and Fe® contained in the ligand
conferred and enhanced the conductivity of the hydrogel (1.28
S'm™"). The possibility of the hydrogel as a wearable sensor
was demonstrated by separately investigating its responsiveness
to pH, temperature, and strain. The PNATF ijonic conductivity
hydrogels exhibit a stable and rapid response of 265 ms during
human movements. In addition, the critical phase transition
temperature of 37 °C enables it to monitor fluctuations in
human temperature with real-time monitoring. At the same
time, it can also respond to pH changes caused by sweat
secretion during exercise. The ionic conductive hydrogel
designed in this study will have great application potential as a
temperature-sensitive sensor in monitoring human movement,
which also provides a unique perspective for combining
conductive materials with stimulus-responsive hydrogels.
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