Chinese Journal of
POLYMER SCIENCE

RESEARCH ARTICLE

https://doi.org/10.1007/s10118-024-3177-6
Chinese J. Polym. Sci. 2024, 42, 1578-1588

Tough Polymeric Hydrogels Based on Amino Acid Derivative Mediated

Dynamic Metal Coordination Bonds

Meng Li#t, Meng-Yuan Zhang®!, Wu-Xuan Lei®, Zhu-Ting Lv?, Qing-Hua Shang?, Zheng Zhao*, Jiang-Tao Li¢,

and Yi-Long Cheng®¥"

@ Engineering Research Center of Energy Storage Materials and Devices, Ministry of Education, School of Chemistry, Xi‘an Jiaotong University, Xi'an 710049, China
b Polymer Materials & Engineering Department School of Materials Science & Engineering Chang’an University, Xi'an 710064, China

¢ School of Electrical Engineering, Xi'an Jiaotong University, Xi'an 710049, China

d Department of Nuclear Medicine, the First Affiliated Hospital of China, Xi'an Jiaotong University, Xi'‘an 710049, China

é Electronic Supplementary Information

Abstract The development of physically crosslinked hydrogels with excellent mechanical and sensing properties is of importance for expand-
ing the practical applications of intelligent soft hydrogel materials. Herein, after copolymerization of hydroxyl-containing amino acid derivative
N-acryloyl serine (ASer) with acrylamide (AM), we introduce Zr** through an immersion strategy to construct metal ion-toughened non-covalent
crosslinked hydrogels (with tensile strength of up to 5.73 MPa). It is found that the synergistic coordination of hydroxyl and carboxyl groups with
Zr** substantially increases the crosslinking density of the hydrogels, thereby imparting markedly superior mechanical properties compared to
hydroxyl-free Zr**-crosslinked hydrogels, such as N-acryloyl alanine (AAla) copolymerized with AM hydrogels (with tensile strength of 2.98 MPa).
Through the adjustment of the composition of the copolymer and the density of coordination bonds, the mechanical properties of the hydrogels
can be modulated over a wide range. Additionally, due to the introduction of metal ions and the dynamic nature of coordination bonds, the hy-
drogels also exhibit excellent sensing performance and good self-recovery properties, paving the way for the development of flexible electronic

substrates with outstanding comprehensive performances.
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INTRODUCTION

Hydrogels are generally regarded as soft and fragile materials,
and their poor mechanical properties greatly limit their applica-
tion as structural elements in biomedical and engineering
fields." In contrast, some biological tissues, such as cartilage
and tendons, exist in a gel state but exhibit excellent mechani-
cal performance.”? Therefore, the exploration of soft hydrogels
with similar mechanical properties to these natural load-bear-
ing tissues may have a wide range of applications in biome-
chanical actuators, synthetic cartilage, artificial muscles, ionic
skin and soft robots.’! In recent years, researchers have devel-
oped various tough hydrogels with specific network structures
and energy dissipation mechanisms, such as double network
(DN) hydrogels,”™ double cross-linked hydrogels,®™ nanocom-
posite (NC) hydrogels,® and slide-ring hydrogels.”? The incor-
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poration of non-covalent interactions into the network as ener-
gy dissipation units is currently considered an effective strategy
to enhance the toughness of hydrogels.®! When the materials
are stretched or loaded, non-covalent interactions are dissociat-
ed before the polymer chain breakage, thus dissipating a signifi-
cant amount of energy.”! The incorporation of sacrificial bonds,
such as hydrogen bonds,!"®! metal coordination bonds,'"! host-
guest interactions,['? ion or Coulomb interactions,® into the
design of polymer network could effectively achieve the forma-
tion of tough hydrogels. Among these strategies, coordination
bonds possess high bond energy and can be tuned across a
broad spectrum by altering the combination of metal ions and
ligands,!"¥ which also can impart some special properties to hy-
drogels, including self-healing ability, shape memory behavior,
stimulus responsiveness, and high dielectric constants.!'>~'8
Moreover, the radius and valence state of metal ions have sig-
nificant effects on the mechanical properties of hydrogels.'” In
recent years, tetravalent metal ions have been widely used to
construct metal-coordinated hydrogels due to their strong co-
ordination ability. For example, Wu and co-workers found that
Zr** could form stable coordination bonds with sulfonate and
carboxylate groups, thus affording the formation of tough

WWW.Cjps.org
link.springer.com


https://doi.org/10.1007/s10118-024-3177-6
https://doi.org/10.1007/s10118-024-3177-6
https://doi.org/10.1007/s10118-024-3177-6
https://doi.org/10.1007/s10118-024-3177-6
https://doi.org/10.1007/s10118-024-3177-6
https://doi.org/10.1007/s10118-024-3177-6
https://doi.org/10.1007/s10118-024-3177-6
mailto:yilongcheng@mail.xjtu.edu.cn
http://www.cjps.org
http://link.springer.com

Li, M. et al./ Chinese J. Polym. Sci. 2024, 42, 1578-1588 1579

supramolecular hydrogels,?>-23 which showed enormous po-
tential in the field of wearable soft electronic device substrates.

Amino acids, as the fundamental components of proteins,
are widely distributed in nature and easy to be prepared. With
excellent aqueous solubility, tunability, and biocompatibility,
it is an ideal candidate for the construction of hydrogels.24
Additionally, amino acids have multiple active functional
groups that can form various non-covalent interactions in wa-
ter, including the formation of metal-ligand complexes be-
tween the polar groups and metal ions.

Our recent study introduced the amino acid derivative, N-
acryloyl serine acid (ASer) containing hydroxyl group into the
design of hydrogel (PASer hydrogel).?5! Leveraging the hy-
drophilicity of hydroxyl groups, we prepared an injectable
and anti-fouling hydrogen-bond crosslinked hydrogel, which
showed satisfactory preventive effects on postoperative ab-
dominal adhesions. However, the mechanical properties of
the PASer hydrogel were relatively poor. Since oxygen in the
hydroxyl group is rich in electrons, we anticipated that the
presence of hydroxyl and carboxyl group in ASer may form
stable coordination complexes with Zr#+, which could serve
as potent crosslinking points in the hydrogel network and en-
dow the resulting hydrogel with excellent mechanical proper-
ties.

In this work, we continued to incorporate ASer into the de-
sign of hydrogel to explore the coordinating role of hydroxyl
functional groups with Zr#+. Specifically, ASer and hydroxyl-
free amino acid derivative, N-acryloyl alanine (AAla), were
copolymerized with acrylamide (AM) to form the initial hydro-
gels, respectively, which were further incubated with Zr* to
form the coordination bonds toughened hydrogels. The re-
sults showed significant differences in the mechanical proper-
ties of the types of hydrogels. We hypothesized that the hy-
droxyl group in ASer also participated in the formation of co-
ordination complexes, which was verified by swelling test, mi-
crostructure observation, attenuated total reflectance Fourier
transform infrared (ATR-FTIR) and Ramon spectroscopies. We
also carefully studied the effect of the concentrations of AM,
ASer and Zr* on the mechanical properties of the hydrogels.
Owing to the introduction of metal ions and the dynamic na-
ture of coordination bonds, the hydrogels exhibited good
self-recovery performance and excellent sensing capabilities,
and the potential as flexible devices for the monitoring of hu-
man daily activities and physiological signals was also investi-
gated.

EXPERIMENTAL

Materials

L-serine (Ser), L-alanine (Ala), acryloyl chloride and zirconyl chlo-
ride octahydrate (ZrOCl,-8H,0) were provided by Adamas-beta
Co., Ltd.,, and ammonium persulfate (APS, 98%) and N,N,N-
tetramethyl ethylene-1,2-diamine (TEMED, 99%) were pur-
chased from Aladdin (Shanghai, China). All other chemicals and
solvents used were of analytical grade and did not require addi-
tional purification.

Preparation of P(ASerX-AMy)-Zr“”z Hydrogels
Taking the preparation of P(ASerX-AMy)-Zr4+ ,hydrogels as an ex-
ample, ASer and AM were first dissolved in deionized water at

room temperature according to the corresponding concentra-
tions. Then, APS (1.0 wt% of monomers) and TEMED (0.3 wt% of
monomers) were added and stirred until completely dissolved.
Finally, the solution was injected into a reaction mold com-
posed of a pair of glass plates and a 50 mm x 50 mm x 1 mm sil-
icone rubber spacer, and reacted at 60 °C for 3 h to prepare the
hydrogels. The prepared hydrogels were then incubated in ZrO-
Cl, aqueous solutions of different concentrations for 3 days, fol-
lowed by transfer to a large amount of pure water for 3 days to
reach equilibrium. The P(AAla,-AM,)-Zr**, hydrogels were pre-
pared using the same method.

Mechanical Properties

The mechanical performances of the hydrogels were tested on
CMT-1503 electromechanical tester (SUST Inc., China) at room
temperature. Dumbbell-type samples (16 mm X 4 mm X 1 mm)
were tested in tension at a speed of 50 mm-min~' with a 50 N
load cell. At least three specimens were tested for each hydro-
gel sample. The details are shown in Supplemental Materials.

Electrical Test

Electrical tests were conducted by electrochemical workstation
CHI 650E (CH Instruments, Inc.). The electrochemical impen-
dence spectroscopy (EIS) of the hydrogels was measured at a
test frequency range of 0.1 Hz to 10° Hz and 10 mV voltage to
obtain the resistance. The relative resistance changes of the hy-
drogels under different strains were obtained using CMT-1503
electromechanical tester combined with electrochemical work-
station CHI 650E. The details are shown in the electronic supple-
mentary information (ESI).

RESULTS AND DISCUSSION

Synthesis of Zr** Crosslinked Tough Hydrogels

For comparison, two acrylamide monomers, ASer and AAlg,
were synthesized with minor modifications according to the
method in our previous work.2?”] The two monomers have
similar structures, with the only difference being that AAla has
one less hydroxyl group than ASer. "TH-NMR and "3C-NMR spec-
tra shown in Figs. S1-S4 (in ESI) indicated the successful pro-
duction of the two monomers. Correspondingly, P(ASer-AM)
and P(AAla-AM) hydrogels were prepared by separately copoly-
merized with acrylamide (AM) through thermally initiated free
radical polymerization (Scheme 1a), and the polymerization
process was monitored by ATR-FTIR spectroscopy. As shown in
Fig. S5 (in ESI), the disappearance of the bands at 1592 cm™ cor-
responding to the double bond after reaction for 3 h suggested
the completion of the polymerization process.!'” Subsequently,
the hydrogels were immersed in ZrOCl, aqueous solution for 3
days followed by deionized water for 3 days to obtain the tough
hydrogels with coordination complexes as crosslinking points
(Scheme 1b). The resulting hydrogels were named P(ASer,-
AMy)—Zr“*Z and P(AAla,-AM,)-Zr**,, where x and y represented
the molar concentration of ASer/AAla and AM, respectively, and
z represented the concentration of the immersed ZrOCl, aque-
ous solution.

As shown in Fig. 1(a), the mechanical properties of
P(ASery ,-AM;) and P(AAlag,-AMs) hydrogels are relatively
poor with tensile strength of about 200 kPa. However, the
tensile strength significantly increased to 5.73 and 2.98 MPa
after coordination with Zr#+, respectively, indicating the for-
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Scheme 1 Scheme of (a) the synthesis of copolymers and (b) Zr**-reinforced coordination hydrogels.

mation of strong physical crosslinking between the pristine
hydrogel and Zr%+. In addition, compared to the P(AAlag4-
AM;)-Zr**, o5 hydrogel, the P(ASery,-AMs)-Zr#+, s hydrogel
exhibited substantial advantages in both tensile strength and
elongation at break. The radar chart in Fig. 1(b) quantitatively
compared the tensile strength, Young's modulus, maximum
strain, and toughness of P(ASery 4,-AM;)-Zr*, os and P(AAlag4-
AM;)-Zr#** o5 hydrogels. It was found that the P(ASer; ,-AM;)-
Zr%* 45 hydrogel demonstrated superior mechanical perfor-
mance while maintaining high water content. Moreover, the
P(ASery 4-AMs)-Zr**, o5 hydrogel could be stretched to 500%
of its original length and withstand 4 kg of weight without
breaking. In contrast, the P(AAlags-AMs)-Zr+, s hydrogel
could only be stretched to 300% of its original length and
could not withstand the weight of 4 kg (Figs. 1c and 1d). This
suggested that there may be stronger physical interactions
and denser network in the P(ASer4-AMs)-Zr#*, o5 hydrogel.
Therefore, we speculated that both carboxyl and hydroxyl
groups were involved in the coordination with Zr#+ in the
P(ASer, 4-AMs)-Zr**, o5 hydrogel and increased the crosslink-
ing density of the hydrogel network, which could lead to the
increases in the modulus and strength of the hydrogel. More-
over, the metal coordination bonds in the hydrogel network
served as sacrificial bonds to endow the hydrogel with effec-
tive energy dissipation capability, thereby making the hydro-
gel with exceptional extensibility.[28:29

Study on the Coordination of Hydroxyl and Carboxyl
Groups with Zr**

To highlight the positive effect of hydroxyl group on the coordi-
nation complexes formation, we first studied the swelling be-
havior of the P(ASery,~AMs)-Zr** 05 and P(AAlag ;-AM:)-Zr*, o5
hydrogels. Fig. 2(a) shows the macroscopic photographs of the
hydrogels sequentially immersed in ZrOCl, solution and deion-
ized water, and the swelling kinetics of the hydrogels were
monitored by measuring the mass change. As presented in Fig.
2(b), upon immersion of the original P(ASerys-AMs) and
P(AAla, ,~AM:) hydrogels in Zr** solution, the mass of the hydro-
gels increased rapidly in a short period, and the swelling ratio of

P(ASery ,-AM:)-Zr*, o5 hydrogel (105%) was higher than that of
P(AAlag4-AM;)-Zr*,0s  hydrogel (76%). Subsequently, the
swelling ratio decreased gradually, and the hydrogels began to
shrink, essentially returning to their original states by the third
day. It was clearly found that the swelling process was much
faster than the deswelling process, implying that the construc-
tion of metal-ligand coordination bonds took much more time
than the de-association of hydrogen bonds. Therefore, when
the hydrogels were initially immersed in the solution, there was
not enough cross-linking density to resist water permeation
with rapid expansion in hydrogel volume.”® However, as the
Zr** diffused into the gel matrix and interacted with the polar
groups, the cross-linking density of the hydrogels increased,
thus leading to the gradual shrinkage of hydrogels. Moreover,
due to the high swelling ratio of P(ASerq,-AMs)-Zr* s hydro-
gel in ZrOCl, solution, more Zr** permeated into the gel for co-
ordination complexes formation, which led to the low swelling
ratio (11%) compared to P(AAlag ,-AMs)-Zr* o5 hydrogel (36%)
after further incubation in water for 3 days.

We then employed ATR-FTIR spectroscopy, Roman spec-
troscopy, scanning electron microscopy (SEM) and X-ray pho-
toelectron spectroscopy (XPS) to analyze the coordination of
hydroxyl and carboxyl groups with Zr#+. As shown in Fig. 2(c),
the ATR-FTIR spectra reveal that the stretching vibration
bands of C=0 and C—O for the carboxyl group in P(ASer 4-

Ms) and P(AAlay4-AM;) hydrogels shift from 1658 cm~' and
1328 cm~" to 1663 cm~' and 1331 cm~! after crosslinking with
Zr**, respectively, indicating the formation of carboxyl-Zr#*
coordination complexes.230311 Additionally, the band at
1047 cm~' assigned to the stretching vibration of C—O for
the hydroxyl group in P(ASer, ,-AM;) hydrogel shifted to 1050
cm~'in the spectrum of Zr*+-reinforced P(ASer 4,-AMs)-Zr** o5
hydrogel, suggesting the formation of physical interactions
between Zr*+ and the hydroxyl group.!32-34 The formation of
coordination bonds between Zr*+ and carboxyl and hydroxyl
group was also reflected in the Raman spectrum. As shown in
Fig. 2(d), compared to P(ASer, 4-AM;) hydrogel, the character-
istic bands of the C=0 and C—O (carboxyl group) in the
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Fig. 1 Comparison of P(ASery ,-AMs)-Zr* os and P(AAlag ,-AMs)-Zr*, o5 hydrogels in mechanical properties. (a) Tensile stress-
strain curves of P(ASery,-AM;), P(AAlag4-AMs), P(ASerg 4;-AM:)-Zr*+ o o5, and P(AAlag 4-AM;)-Zr**, o5 hydrogels. (b) Comparison
between P(ASer, ,-AMs)-Zr** s and P(AAlag ,-AMs)-Zr**, o5 hydrogels in terms of tensile stress, strain, Young’s modulus, and
toughness. (c-d) Macroscopic comparison photographs of the mechanical properties of P(ASerg,-AMs)-Zr*t, o5 and P(AAlag 4-
AM;)-Zr*, o5 hydrogels. Scale bar: 5 cm.

spectrum of P(ASery,-AMs)-Zr4+, o5 hydrogel shifted from
1650 and 1303 cm~" to 1660 and 1317 cm~', respectively, and
the characteristic band of C—O for the hydroxyl group shift-
ed from 997 cm~' to 1008 cm~'. However, for the P(AAlag 4-
AMj;)-Zr** o5 hydrogel, only the characteristic bands of C=0
and C—O (carboxyl group) shifted from 1650 and 1317 cm™!
to 1660 and 1323 cm~! after the introduction of Zr#+, respec-
tively. These results further justified the coordination be-
tween Zr* and hydroxyl groups in the P(ASery 4-AMs)-Zr** o5
hydrogel.[21:35]

We further used SEM to observe the microstructure of the
prepared hydrogels. As depicted in Fig. 2(e), all the four sam-
ples show typically porous network structures. The P(ASer, 4-
AM;) and P(AAlag ,-AM;) hydrogels possessed relatively large
pore size, whereas the Zr4+-reinforced hydrogels featured
compact structure and small pore size, in which the average
pore size decreased from 5.96+1.37 um and 5.65+2.09 uym to
1.824+0.19 um and 3.49+£0.29 um after the introduction of
Zr*+, respectively (Fig. S6 in ESI).[2% Meanwhile, the smallest
pore size and the densest structure could be observed for
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P(ASer, ,-AM;)-Zr#+, o5 hydrogel, which suggested that the in-
volvement of hydroxyl groups alongside carboxyl groups in
the formation of coordination bonds within the P(ASer,-
AM;)-Zr**, o5 hydrogel may effectively densify the hydrogel
network.

XPS was further performed to explore the details of the co-
ordinated complexes inside the equilibrium hydrogels. After
soaking the hydrogel in ZrOCl, solution for 3 days, due to the
incomplete coordination of Zr+ at this time point, there
should exist multiple forms of coordination with hydroxyl and
carboxyl groups. Subsequently, after further soaking in deion-
ized water for 3 days, the hydrogel reached an equilibrium
state as a result of network structure reorganization and opti-
mization2", Elemental analysis in Fig. 2(f) reveals no chloride
ions (CI-) in the gel matrix, which indicated that there was no
Cl- participating in the coordination process although Zr4+
ions were introduced in the form of ZrOCL,.2" The O 1s spec-
tra of the equilibrated hydrogel could be deconvoluted into
three peaks located at 530.2, 531.2 and 532.6 eV correspond-
ing to C—0, C—0—Zr and C=0, respectively, among which

https://doi.org/10.1007/s10118-024-3177-6
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Fig.2 Evaluation of the coordination of hydroxyl and carboxyl groups with Zr**. (a) Macroscopic photographs and (b) corresponding swelling
ratio of P(ASer,-AMg)-Zr*, o5 and P(AAlag ,-AMs)-Zr*, os hydrogels after immersing in ZrOCl, solution and deionized water sequentially. Scale
bar: 5 mm. (c) ATR-FTIR spectra, (d) Raman spectra, (e) SEM images, and (f) XPS full spectra of P(ASer,4-AMs), P(AAlay4-AMs), P(ASer 4-AMs)-

Zr** .05 and P(AAlag 4-AMs)-Zr**, o5 hydrogels. Scale bar: 5 ym.

the presence of the C—O—Zr peak suggested the formation
of coordination bonds between Zr and O atoms with each Zr
surrounded by six O atoms (Figs. S7a and S7b in ESI).21361 The
deconvoluted Zr 3d peaks showed two binding energies at
182.0 and 184.4 eV, which corresponded to Zr 3ds,, and Zr
3ds,,, respectively (Figs. S7c and S7d in ESI).37] The area ratio
of these two peaks is consistently=2:3 with a spin-orbit sepa-
ration of 2.4 eV, which is a typical characteristic of Zr*+ in a ful-
ly oxidized state and suggested no redox during the coordi-
nation process.[838l

Mechanical Properties of P(ASerx-AMy)-Zr“*z
Hydrogels

The concentrations of ASer, AM and Zr** could affect the con-
tent of the coordination complexes in the polymer network and
further the hydrogel mechanical properties. As shown in Figs.
3(a) and 3(b), the concentration of ASer (Cxs,,) greatly influences
the mechanical properties of P(ASer,(-AMy)-Zr“’fZ hydrogels. As
the Cps,, increased from 0.05 mol/L to 0.6 mol/L, the tensile
strength (0},), elongation at break (g,), and fracture toughness (7)
of the hydrogels first increased and then decreased with maxi-
mum values of 5.73 MPa, 501%, and 15.35 MJ-m~3 at Cye, of 0.4
mol/L, respectively, while the Young's modulus (E) continuously
increased from 0.55 MPa to 15.57 MPa. The improved mechani-

cal performances of the hydrogels with high Cys,, resulted from
the increased densities of polymer chains and physical
crosslinks.?" Because the fast coordination process could result
in the compact surface layer inhibiting further diffusion of Zr**
into the central region, the successive increment of Cpg., might
lead to a heterogeneous structure of the gel.P? This phe-
nomenon would increase the inhomogeneity of the network
structure and brittleness of the hydrogel. When Cjg,, reached
0.6 mol/L, delaminated layers were even found in the hydrogel.
Although hydrogels prepared with high Cys., exhibited high
stiffness, the water content (g) could still be maintained above
70 wt%. Table S1 (in ESI) summarized the mechanical properties
and water content of hydrogels with different Cyg,-

We further varied the concentration of AM in the following
experiments to investigate the change of mechanical perfor-
mances for the hydrogels (Cpse; Was set as 0.4 mol/L). As
shown in Figs. 3(c) and 3(d), when Cyy is lower than 4 mol/L,
the hydrogel was fragile with g, lower than 200%. As Cpy, in-
creased from 4 mol/L to 6 mol/L, g, increased to 515%, while
O, E, and T initially increased and then decreased with maxi-
mum values of 5.73 MPa, 12.84 MPa and 15.35 MJ-m~3 at Cyy
of 5 mol/L, respectively. The high extensibility of polymers al-
ways requires dynamic interactions and flexible chain move-
ments, while high strength typically derives from abundant

https://doi.org/10.1007/s10118-024-3177-6
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cross-linking sites and rigid polymer segments.[*0] Therefore,
AM as a flexible chain segment would increase the polymer
density and chain entanglement to a certain extent with the
increase of Cpy, thereby improving the comprehensive per-
formance of hydrogels.l20l However, as Cyy further increased,
the additional flexible polymer chains would weaken the
rigidity of the gel, resulting in a decrease in the strength and
modulus of the hydrogel. Additionally, these tough hydro-
gels had high water content, which only slightly decreased
from 88 wt% to 76 wt% with the increment in Cyy. Table S2
(in ESI) summarizes the mechanical properties and water con-
tent of hydrogels with different Cpp.

The density of metal coordination bonds was further ad-
justed by changing the concentration of the soaking Zr*+ so-
lution (Cz4+). As shown in Figs. 3(e) and 3(f), P(ASer4-AMs)-
Zr*+, hydrogels are remarkably toughened through the incu-
bation in solutions with different Cy,4+; as Cz++ increased from

0.01 mol/L to 0.1 mol/L, E of the equilibrium hydrogels in-
creased from 1.28 MPa to 16.05 MPa, yet oy, &, and T raised
first and then declined, which reached the maximum values
of 5.73 MPa, 501%, and 15.35 MJ-m~3 at Cz4 of 0.05 mol/L, re-
spectively. This behavior could be explained by the fact that
the increase in Zr** content enhanced the crosslinking densi-
ty of the hydrogels; however, excessive crosslinking in-
evitably restricted the mobility of polymer chains and result-
ed in a decrease in stretchability.23! Table S3 (in ESI) summa-
rizes the mechanical properties and water content of hydro-
gels with different C;4++. Moreover, we tested the changes in
the mechanical properties of P(ASerg ,-AMs)-Zr#+, o5 hydrogel
through the extension of incubation time. It was found that
the P(ASer,4-AMs)-Zr**, o5 hydrogel could maintain excellent
mechanical stability after long-term incubation in water. As
shown in Fig. S8 (in ESI), although gradual increase in Young's
modulus (E) and decrease in elongation at break (g,) with pro-
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longed immersion time at room temperature were detected,
the tensile strength (o,,) remained relatively stable. The rein-
forcement in modulus could be attributed to the gradual re-
construction of Zr** in water and the structural optimization
of the crosslinked network.

As described above, the mechanical properties of the
tough hydrogels could be tailored over a wide range by mod-
ulating the content of copolymers and the density of metal
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coordination bonds. Considering the combined mechanical
performances, the equilibrated P(ASer, 4-AMs)-Zr#* o5 hydro-
gel was selected to investigate further properties and applica-
tions.

Elasticity, Recoverability, and Fatigue Resistance of
the P(Asero‘4'AM5)'Zr4+O.°5 Hydrogel
The incorporation of dynamic and reversible physical interac-
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strain with stretching cycles.
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tions (hydrogen bonding and coordination interactions) en-
dows the P(ASer, ,-AMs)-Zr**, o5 hydrogel with effective energy
dissipation capability.*'~#! The dissipation energy of the P(AS-
ero4-AMs)-Zr*, o« hydrogel was investigated through typical
loading-unloading experiments. As presented in Fig. 4(a), the
area of the hysteresis loop become larger with increased strain
in the cyclic stretching experiment, indicating a gradual in-
crease in the degree of damage to the internal network struc-
ture preceded by macroscopic fracture*"! Additionally, the
overlapped regions between any adjacent hysteresis loops were
observed, which also indicated the good self-recovery capabili-
ty of the hydrogel.*" As the strain increased gradually from 50%
to 400%, the dissipated energy continuously increased from
0.058 MJ-m~3 to 3.54 MJ-m~3 (Fig. 4b), implying more energy dis-
sipated owing to the gradual dissociation of coordination bonds
during deformation. Since the P(ASer, ,-AMs)-Zr**, o5 hydrogel is
crosslinked by multiple dynamic non-covalent bonds, it is ex-
pected to rebuild and recover rapidly to maintain stability in
successive cycles once external stress is released for practical ap-
plications.**~*°! We evaluated the self-recovery performance of
the P(ASery,-AMs)-Zr*, o5 hydrogel through cyclic tensile tests
with different relaxation times at room temperature. As shown
in Fig. 4(c), the P(ASer, ,-AMs)-Zr*, s hydrogel exhibits appar-
ent hysteresis loop with a larger dissipated energy in the first
loading-unloading cycle; the dissipative energy and maximum
stress of the immediate test was 39% and 80% of the initial val-
ues, respectively. With the extension of the time interval, the
P(ASer, ,-AM:)-Zr*, os hydrogel showed a gradual restoration in
dissipative energy and maximum stress, which recovered to
80% and 94% after waiting for 20 min (Fig. 4d), respectively.
Next, 20 successive loading-unloading cyclic tests were carried
out under 100% strain to assess the antifatigue capability of the
P(ASerq ,-AM;)-Zr* o5 hydrogel. As depicted in Fig. 4(e), a pro-
nounced hysteresis loop can be observed in the first cycle,
which suggested partial dissociation of hydrogen bonds and
metal coordination bonds within the hydrogel network.#'4¢!
However, in the subsequent cycles, the area of the hysteresis
loop gradually diminished, and there is no apparent change in
the maximum stress and residual strain of the hydrogel, sug-
gesting that the P(ASer,-AMg)-Zr*,,s hydrogel possessed
good fatigue resistance (Fig. 4f).

Conductivity and Sensing Properties of the P(ASer 4-
AM;)-Zr**, o5 Hydrogel

In addition to the enhancement in the mechanical performance,
the introduction of metal ions also endows P(ASerg,-AMs)-
Zr*, 05 hydrogel with excellent conductivity and electrical sensi-
tivity.*”) Since the P(ASery,-AMs)-Zr**,0s hydrogel possessed
porous microstructure with water content exceeding 70%, the
high mobility of residual uncoordinated ions (such as Zr*+ and
COO") should be allowed in the hydrogel matrix, thereby lead-
ing to excellent ion conductivity.*'*8 As a proof of concept, the
P(ASerq4,-AMs)-Zr**, o5 hydrogel as conductor was connected to
a complete circuit to observe the change of LED brightness af-
ter stretching. As shown in Fig. S9 (in ESI), the stretch of the
P(ASery ,-AM:)-Zr*, o5 hydrogel could lead to diminution in the
brightness of the LED due to the narrowing and elongation of
the conducting pathway. Upon release of the external force, the
brightness of LED returned to a normal state. We further em-
ployed electrochemical impedance spectroscopy (EIS) to deter-

mine the conductivity of P(ASer,,-AMs)-Zr*, hydrogels im-
mersed in ZrOCl, solutions with different concentrations (Fig.
5a), and the x-axis intercepts of the curves in Nyquist plots cor-
responded to the impedance of the hydrogels (illustration of
Fig. 5a).1 The results indicated that with the increment of Zr**
concentration, the impedance of P(ASer, ,~AMs)-Zr**, hydrogels
gradually decreased and the conductivity increased, in which
the conductivity of P(ASery,-AMs)-Zr**,, hydrogel could reach
0.19 S'm~". Under deformation, the changes in ion transport
channel and length can result in variations in conductivity, en-
abling hydrogels to be used as strain sensors.*%>" Gauge factor
(GF), a parameter represented the sensitivity of strain sensors,
reflecting the change in relative resistance with applied strain,
was divided into three stages according to strain for the
P(ASerq4,-AM:)-Zr**, 05 hydrogel.®? As depicted in Fig. S10 (in
ESI), the GF value was 0.56, 0.60, and 1.52 in the strain range of
0%—100%, 100%—200%, and 200%—300%, respectively. Typical-
ly, the maximum deformation of the skin during various human
movements was about 75%, thus the application of hydrogel
sensors in monitoring human motion was reliable."!

We then examined the sensing capability of the P(ASer 4-
AM;)-Zr**, o5 hydrogel through real-time monitoring of rela-
tive resistance changes. As illustrated in Figs. 5(b) and 5(c),
the hydrogel sensor could accurately and sensitively detect
AR/R, during repeated stretching processes at low (2% to
10%) and high strain ranges (50% to 200%), and the obtained
peak values were continuous and distinguishable with pro-
portional increase in the relative resistance changes. More-
over, the change of the stretching rate (from 10 mm to 40
mm-min-') under a fixed strain of 100% did not affect the out-
putted electrical signals, demonstrating the rate-indepen-
dent characteristics and high stability (Fig. 5d). Subsequently,
to validate the reliability of monitoring continuous human
movement, the amplitude of the resistance signal was
tracked during 50 loading-unloading cycles with a fixed strain
of 50%. As shown in Fig. S11 (in ESI), the relative resistance
change remained relatively stable throughout the continu-
ous cycles, which indicated that the P(ASer, 4;-AMs)-Zr** o5 hy-
drogel as strain sensor is reliable for long-term applications.

Sensing Performances of the P(ASer, ;-AM;)-Zr* o5
Hydrogel
Based on the above results, the P(ASer, ,-AM:)-Zr**, o5 hydrogel
exhibited unique sensing performance, high sensitivity, and a
wide operating range, which made it suitable as wearable sen-
sors to monitor human activities in real-time. For the move-
ments of the wrist, neck, elbow, and knee joints, the P(ASer,-
AM;)-Zr*, o5 hydrogel could output corresponding signals for
identification. It could be observed from Fig. 5(e) that there is an
obvious change in resistance when the hydrogel strain sensor
was attached to the wrist; Fig. 5(f) illustrates the movement of
the neck joint for health management, by which the bowing
head could be constantly reflected by the elevation of electrical
signals. Additionally, the hydrogel sensor could also monitor the
movement of the arms and walking process in real time (Fig.
S12 in ESI). In these movements, the hydrogel was under ten-
sion state, which resulted in an increase in resistance due to the
elongation of the conductive pathways with positive output
electrical signals.

To further demonstrate its potential for involvement in var-
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Fig. 5 Conductivity and sensing properties of P(ASer, ,-AMs)-Zr*, os hydrogels. (a) lonic conductivity of P(ASery,-AMs)-Zr*, hydrogels with

various Zr** content; (b,c) Relative resistance changes of P(ASer,,-AM;)-Zr** s hydrogel with small strains (2%—
(50%-200%) (c). (d) Relative resistance changes of P(ASery,-AMs)-Zr*t, o5 hydrogel at different stretching rates with 100% strain; (e

10%) (b) and large strains
,f) Relative

resistance changes of P(ASer, ,-AMs)-Zr**, os hydrogel as a strain sensor to detect various human motions: wrist bending (e) and neck bending (f).
(g,h) ECG (g) and EMG (h) monitoring using P(ASer, ,-AMs)-Zr*, o5 hydrogel electrode.

ious types of sensors, the P(ASer, -AMs)-Zr#*, o5 hydrogel was
assembled as skin electrode to detect pressure changes that
correlate to electrophysiological signals, such as electrocar-
diograms (ECG) and electromyograms (EMG).[>354 As shown
in Fig. 5(g), the ECG signals recorded with the P(ASer ,-AMs)-
Zr4+, 05 hydrogel electrode exhibit clear PQRST waveforms,
and the time delay between the two consecutive S peaks was
approximately 0.92 s with relevant heart rate of 65 beats per
minute, which is in the regular range (60—100 beats/min) for
an adult.>¥ Similar experiments were conducted to evaluate
the EMG monitoring capability of the P(ASery4-AMs)-Zr** o5
hydrogel electrode (Fig. 5h), and the changes in the bioelec-
tric potential caused by the transition between the relaxed
and tense state of the flexor carpi were recorded. The
P(ASery4-AMs)-Zr**, o5 hydrogel electrode could monitor sta-
ble EMG signals when gripping with different forces, and the
EMG signals intensity increased with the corresponding grip
force, which could be used for postoperative muscle rehabili-
tation training. These results demonstrated that the P(ASerg 4-
AM;)-Zr** o5 hydrogel-based epidermal sensor showed vast

potential for intelligent sensing applications.

CONCLUSIONS

In this study, we reported the preparation of tough polymer hy-
drogels through the formation of potent Zr*-based coordina-
tion complexes in the network. Compared to the hydroxyl
group-free AAla, the copolymerization of ASer and AM in water
followed by the incubation in ZrOCl, aqueous solution could
obviously elevate the comprehensive mechanical properties of
the resulting hydrogels. Detailed studies demonstrated the
presence of hydroxyl group in ASer could also coordinate with
Zr** to improve the crosslinking density of the P(ASerg,~AMs)-
Zr*, 05 hydrogel. Moreover, the mechanical properties of the
hydrogels were broadly tunable and precisely controllable by
adjusting the concentrations of ASer, AM, and Zr**. The coordi-
nation complexes-based hydrogels also exhibited excellent self-
recovery and sensing capabilities, which may be a good candi-
date in the field of wearable soft electronic device substrates.
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