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Abstract   Combining nanomaterials with the three-dimensional hydrophilic network of hydrogels is an effective strategy for creating smart ma-

terials with enhanced mechanical properties and advanced functionalities. Herein, chitosan quaternary ammonium/polyacrylamide (QP) hydro-

gels  with  interpenetrating  networks  were  prepared via an in  situ method  based  on  chain  entanglement,  in  which  polyoxometalate  (POM)

nanoparticles were introduced as physical crosslinking agents. This incorporation of POMs significantly improved the overall mechanical proper-

ties of the hydrogels, endowing them with high fracture energy, low hysteresis, and outstanding resilience under high water content (>90%). Ow-

ing to the strong water molecule adsorption capacity of POMs and their homogeneous and dense distribution as physical crosslinking points in

the hydrogel structure, the friction coefficient was significantly reduced. Furthermore, the hydrogels exhibited good biocompatibility as well as

pH- and ion-responsive behavior,  while maintaining structural  stability under varying external stimuli.  Notably,  the swelling ratio increased in

high-concentration salt solutions, making them promising for applications in controlled drug release, intelligent monitoring, and especially in

seawater desalination treatment.
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INTRODUCTION

Since  their  initial  report  in  the  1960s,  hydrogels  have  demon-
strated  significant  application  potential  in  fields  such  as
biomedicine,  flexible  electronics,  and  environmental  engineer-
ing because their soft and moist properties are similar to those
of biological tissues.[1,2] In recent years, with the rapid advance-
ment of materials science and engineering technologies, hydro-
gel research has progressed toward multifunctionality and intel-
ligence.  Through  molecular  design,  composite  modification,
and microstructural regulation, a variety of advanced hydrogels
with high strength, toughness, self-healing capabilities, and en-
vironmental responsiveness have been successfully developed.
Meanwhile, the application boundaries of hydrogels continue to
expand,  driving  progress  in  regenerative  medicine  and  preci-

sion therapy,[3,4] and providing versatile platforms for wearable
devices, human-machine interfaces, and biomimetic sensors,[5,6]

with  growing  relevance  to  daily  life,  water  resource  manage-
ment, and environmental protection.[7,8] Among various hydro-
gel systems, composite hydrogels are one of the most active re-
search directions. By integrating multiple components with dis-
tinct structures and functions, composite hydrogels can achieve
hierarchical  architectures  and  synergistic  effects,  thereby  ex-
hibiting  properties  that  are  difficult  to  realize  in  conventional
single-component  hydrogels,  while  preserving  their  intrinsic
softness and high water content.

Currently, research on composite hydrogels is primarily fo-
cused  on  mechanical  enhancement,  functional  integration,
and  bioinspired  structural  design,  among  which  material
doping plays a crucial role.[9] The introduction of nanomateri-
als  such  as  graphene,  carbon  nanotubes,  and  cellulose
nanocrystals  can  significantly  improve  the  strength,  tough-
ness, fatigue resistance, and self-healing capabilities of hydro-
gels.[10−13] In  addition,  integrating  conductive  materials  (e.g.,
PEDOT:PSS,  MXene)  enables  applications  in  flexible  sensors

 

* Corresponding authors, E-mail: zhm@licp.cas.cn (M.Z.)
E-mail: shengwb@licp.cas.cn (W.B.S.)

Received January 3,  2026; Accepted February 4,  2026; Published online
April 16, 2026 

Chinese Journal of
POLYMER SCIENCE RESEARCH ARTICLE 
 

   
© Chinese Chemical Society www.cjps.org
     Institute of Chemistry, Chinese Academy of Sciences link.springer.com

 

https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
mailto:zhm@licp.cas.cn
mailto:shengwb@licp.cas.cn
http://www.cjps.org
http://link.springer.com


and  bioelectrodes.[14,15] The  incorporation  of  magnetic
nanoparticles  (e.g.,  Fe3O4)  facilitates  magnetothermal  thera-
py and magnetically controlled motion.[16] Furthermore, pho-
tothermal  materials,  including  polydopamine  and  gold
nanorods,  have  been  employed  to  confer  photoresponsive
behavior and photothermal therapeutic functions.[17]

Polyoxometalates  (POMs),  a  class  of  metal-oxygen  cluster
compounds with atomically precise structures,  typically exist
as polyanions and exhibit  good solubility in water and other
polar  solvents.  Owing  to  these  characteristics,  POMs  can  act
as  dynamic  or  physical  crosslinking  enhancers  through  elec-
trostatic  interactions  with  cationic  polymer  chains  or  ion-
bridging  effects.[18−20] For  example,  Li et  al.[21] reported  that
an  appropriate  amount  of  H3PW12O40 could  effectively  en-
hance  the  network  density  owing  to  the  crosslinking  effect,
thereby  improving  the  tensile  strength.  However,  excessive
POMs loading may lead to an uneven distribution of the net-
work  structure  and  pronounced  electrostatic  repulsion,  hin-
dering effective crosslinking with polymer chains and conse-
quently  reducing  the  fracture  stress.  Beyond  their  structural
role, POMs are also responsive to various external stimuli,  in-
cluding  light,  electric  fields,  and  redox  conditions,[22−24] and
exhibit  biological  activities  such  as  antibacterial,  anti-inflam-
matory, and antiviral effects,[25−27] making them attractive for
applications in smart sensing and biomaterials.

In  our  previous  research,[28] POMs  were  doped  into  car-
boxymethyl  chitosan-based  hydrogel  systems,  where  they
could  form  physical  cross-links  through  hydrogen  bonding.
However,  as  polyanionic  clusters,  POMs  also  serve  as  excel-
lent  mediators  of  the  electrostatic  interactions.  Additionally,
in  prior  studies,  we  observed  abnormal  swelling  behavior  of
the hydrogels in salt solutions, which is interesting and valu-
able  for  further  investigation.  In  this  study,  chitosan  quater-
nary  ammonium/polyacrylamide  (QP)  hydrogels  with  inter-
penetrating network structures were prepared via in situ poly-
merization.  The resulting hydrogel  network  contained abun-
dant  chain  entanglement,  which  provided  an  intrinsic  basis
for  mechanical  robustness.  By  doping  POMs  as  a  physical
crosslinking  agent,  the  mechanical  properties  of  the  hydro-
gels  were  effectively  enhanced,  endowing  them  with  high
fracture  energy  and  excellent  resilience  under  high  water
content conditions. Moreover, the POM-doped hydrogel QPP
retained  favorable  biocompatibility.  Because  of  the  strong
water  adsorption  capacity  of  the  POMs,  the  friction  coeffi-
cient  of  the hydrogels  was significantly  reduced.  In  addition,
the  QPP  hydrogels  exhibited  pronounced  pH- and  ion-
responsive  behavior.  Notably,  its  ability  to  increase  the
swelling ratio in high-concentration salt solutions, which usu-
ally only appears in zwitterionic hydrogels, makes it a promis-
ing candidate for seawater desalination applications.

EXPERIMENTAL

Materials
Chitosan  quaternary  ammonium  (QCS  degree  of  substitution:
98%,  Macklin),  acrylamide  (AM,  ≧99%,  J&K  Scientific), N,N’-
methylene-bisacrylamide  (MBAA,  99%,  Sigma-Aldrich),  lithium
phenyl-2,4,6-trimethylbenzoylphosphinate  (LAP,  95%,  Sigma-
Aldrich),  and hydrochloric acid (HCl,  36%−38%, Rionlon Bohua,
China)  were  utilized  without  further  purification.  Sodium  chlo-

ride  (NaCl),  potassium  chloride  (KCl),  ammonium  chloride
(NH4Cl),  calcium  chloride  (CaCl2),  magnesium  sulfate  (MgSO4),
aluminum  chloride  hexahydrate  (AlCl3·6H2O),  and  sodium  hy-
droxide  (NaOH)  purchased  from  Chengdu  Kelong  Chemical
Reagent Co., Ltd. POMs (Mo72V30) were synthesized according to
the literature[29,30] by Xinbao Han.

δH2O νas(SO4)
Molecular  structure:  Na8K14(VO)2[{(MoVI)MoVI

5O21(H2O)3}10

{(MoVI)MoVI
5O21(H2O)3(SO4)}2{VIVO(H2O)}20{VIVO}10({KSO4}5)2·≈150

H2O.  Fourier  transform  infrared  (FTIR)  (KBr  pellet,  400−4000
cm−1): 1613 (m, ), 1200, 1127, 1056 ( ), 965, 791, 630,
575, 446 cm−1.

Preparation of QP and QPP Hydrogels
A  series  of  Mo72V30 aqueous  solutions  (10  mL)  with  different
concentrations (0, 0.014, 0.034, 0.069, 0.137 mg·mL−1) were pre-
pared in advance. AM (7.10 g), QCS (0.71 g), photoinitiator (LAP,
0.02 wt% of  AM),  and crosslinker  (MBAA,  0.1  wt% of  AM) were
subsequently  added  to  the  Mo72V30 solutions.  The  resulting
mixture  was  stirred  in  the  dark  until  homogeneous  and  trans-
parent  precursor  solutions  were  obtained.  After  degassing  by
ultrasonication  to  remove  bubbles,  the  precursor  solution  was
poured into molds composed of double-layer glass plates sepa-
rated  by  a  polytetrafluoroethylene  (PTFE)  spacer.  Photopoly-
merization was performed under UV light (365 nm) for 40 min at
room  temperature.  The  formed  hydrogels  were  immersed  in
deionized water until the swelling equilibrium was reached. The
hydrogel prepared without Mo72V30 was recorded as QP, where-
as the Mo72V30-doped hydrogels were recorded as QPP20 (0.014
mg·mL−1),  QPP50 (0.034 mg·mL−1),  QPP100 (0.069 mg·mL−1),  and
QPP200 (0.137 mg·mL−1).

Characterizations
Fourier transform infrared (FTIR) spectra were obtained using a
Fourier spectrometer (Nicolet iS10, Thermo Fisher Scientific Inc.,
USA).  High-resolution  transmission  electron  microscopy
(HRTEM) images were acquired using a Thermo Fisher Scientific
Spectra  300  microscope  equipped  with  a  Schottky-type  field-
emission gun and a GATAN OneView CCD camera (model 1095).
The  morphology  of  the  hydrogels  was  observed  by  scanning
electron microscopy (SEM)  FEI  Quanta  650 FEG (USA).  Elemen-
tal mapping was performed using a JSM-5601LV scanning elec-
tron microscopy.

Tensile and Compressive Test
Tensile and compressive tests were conducted using an EZ-Test
(Shimadzu, Japan) universal testing machine with a 500 N load
cell at crosshead loading speeds of 20 and 5 mm·min−1, respec-
tively.  All  hydrogels  were  subjected  to  mechanical  property
testing after reaching swelling equilibrium. The fracture energy
(kJ·m−3)  of the hydrogel was calculated by integrating the area
under the tensile stress-strain curve using Eq. (1):

W = ∫ ε=εb

ε=0
σbdε (1)

where σb and εb are  the  tensile  strength  and  corresponding
fracture  elongation,  respectively.  Young’s  modulus  (kPa)  was
determined from the slope of the linear between 5% and 15%
strain of the stress-strain curve. The fatigue resistance of the hy-
drogel was investigated by measuring the continuous loading-
unloading tensile hysteresis under a fixed strain, with the load-
ing speed set at 100 mm·min−1.

2 Xu, F. et al. / Chinese J. Polym. Sci.  

 
https://doi.org/10.1007/s10118-026-3611-z

 

https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z
https://doi.org/10.1007/s10118-026-3611-z


Swelling Test
The swelling ratio (SR) was calculated as follows:

SR =
mi −m0

m0
× 100% (2)

where mi and m0 are  the  weight  of  equilibrium-swollen  and
dried hydrogels. In the swelling kinetics experiments, the hydro-
gels  were  periodically  removed  from  the  deionized  water  at
consecutive  time  intervals.  The  surface  moisture  was  blotted
with a filter paper, and the weight was recorded until no further
change  was  observed.  Three  parallel  samples  were  measured,
and the final data are presented as mean ± SD. To observe the
moisture  absorption  capacity  of  the  hydrogels,  they  were
placed  in  a  sealed  chamber,  where  the  relative  humidity  was
controlled  at  85%  at  25  °C  using  a  saturated  KCl  solution,  and
the weight change of the hydrogels was recorded.

pH- and Ion-responsiveness
Dried hydrogel samples were immersed in buffer solutions with
pH values ranging from 2 to 12 at room temperature for seven
days.  After  immersion,  the  samples  were  removed  and  excess
surface  water  was  gently  blotted  with  filter  paper  prior  to
weighing. The SR was calculated to evaluate the pH responsive-
ness  of  the  hydrogels.  For  the  pH-responsive  cycle-swelling
tests,  the soaking time interval  was 30 min.  To investigate ion-
responsive swelling behavior,  the hydrogels  were immersed in
aqueous  salt  solutions  (NaCl,  KCl,  NH4Cl,  CaCl2,  MgSO4,  and
AlCl3·6H2O)  at  concentration  of  0.9  wt%  and  20  wt%  at  room
temperature.  After  48  h  of  immersion,  the  samples  were  re-
moved,  the  surface  moisture  was  wiped  off  with  filter  paper,
and  the  samples  were  weighed  to  determine  the  SR.  For  ion-
responsive  cycle  swelling  experiments,  the  soaking  time  for
each cycle was set to 5 h.

Friction Test
Friction tests were performed using a conventional ball-on-disk

reciprocating tribometer (CSM Co., Ltd., Switzerland) by record-
ing  the  friction  coefficient.  For  the  ball-on-disk  test,  a  poly-
dimethylsiloxane (PDMS) ball  was used as the contact pair,  hy-
drogels  were used as test  substrates,  and deionized water  was
used  as  the  lubricant.  The  applied  load  and  sliding  frequency
were set to 0.5 N and 1 Hz, respectively, and the distance of one
sliding cycle was 5 mm.

Biocompatibility Evaluation
CCK-8  Assay:  the  hydrogel  was  placed  in  DMEM  medium  con-
taining 10% fetal bovine serum (FBS) at 4 °C for 24 h to collect
the hydrogel leach liquor for further use. The ratio of the hydro-
gel  to DMEM was 0.1 g·mL−1.  Mouse L929 fibroblast  cells  were
pipetted into a 96-well plate (4000 cells per well, n=4) and incu-
bated for  12 h until  the cells  adhered to the plate.  The culture
medium was  then discarded.  Cells  were  treated with  hydrogel
leach liquor (100 μL per well) and incubated for 24, 48, or 72 h at
37 °C with 5% CO2. At each time point, 90 μL of DMEM was sup-
plemented with 10 μL of CCK-8 reagent and added to each well.
After  1  h  of  incubation,  absorbance  was  measured  at  450  nm
using an enzyme marker (Tecan, Switzerland).

Live/dead  Cell  Staining  Assay:  Mouse  L929  fibroblast  cells
were  pipetted  into  a  96-well  plate  (4000  cells  per  well, n=4)
and  incubated  for  12  h  until  the  cells  adhered  to  the  plate.
The  culture  medium  was  then  discarded.  Cells  were  treated
with hydrogel leach liquor (100 μL per well) and incubated for
24, 48, or 72 h at 37 °C with 5% CO2.  The samples were then
stained  with  a  Calcein-AM/PI  kit  for  the  visualization  of  live
and dead cells under an inverted fluorescence microscope.

RESULTS AND DISCUSSION

Synthesis and Characterization of Hydrogels.
The chemical structures of QCS, AM, MBAA, and Mo72V30, and a
schematic of the fabrication process are shown in Scheme 1. In
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Scheme 1    The synthesis mechanism for QPP hydrogels.
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the  QPP  hydrogels,  a  low  content  of  crosslinker  and  initiator,
combined with a high monomer concentration, was employed,
favoring the formation of an entangled polymer network.[31] As
a  result,  abundant  hydrogen-bonding  interactions  were  estab-
lished  among  the  densely  packed  polymer  chains.  In  addition,
the incorporation of Mo72V30 introduced additional electrostatic
interactions  between  the  negatively  charged  POMs  and  the
quaternary  ammonium  cation  of  QCS.  The  HRTEM  image  (Fig.
1a) reveals that Mo72V30 exists in the form of nanoscale particles.
The  as-prepared  hydrogels  exhibited  excellent  optical  trans-
parencies (Fig.  S1 in the electronic supplementary information,
ESI),  indicating  a  homogeneous  distribution  of  components
within  the  hydrogels.  The  FTIR  spectra  of  QCS,  MA,  Mo72V30,
dried QP, and QPP hydrogels are shown in Fig. 1(b). Compared
with  the  AM  monomer,  the  N―H  bending  vibration  band  of
PAM in both the QP and QPP hydrogels shifts from 1615 cm−1 to
1600  cm−1.  Meanwhile,  the  N―H  stretching  vibration  band
around  3360  cm−1 shifted  to  lower  wavenumbers  and  broad-
ened,  indicating  the  presence  of  strong  intermolecular  hydro-
gen bonding interactions.[32] Mo72V30 exhibits characteristic ab-
sorption  bands  at  965  and  791  cm−1,  which  are  attributed  to
M＝O and M―O―M (M = Mo, V). The characteristic band of the
quaternary ammonium salt in QCS is 1480 cm−1 but disappears
in the QPP hydrogel. Meanwhile, the M＝O (M = Mo, V) peak in

Mo72V30 shifts to 938 cm−1. This is attributed to the strong elec-
trostatic  interaction  between  the  negatively  charged  Mo72V30

unit  and  positively  charged  QCS.[33−35] The  morphology  of  the
hydrogels  can  be  observed  by  SEM  after  lyophilization.  As
shown in Fig. 1(c), the QP hydrogel exhibits interconnected and
loosely  porous  microstructures.  In  contrast,  the  QPP  hydrogels
showed relatively  regular  and well-defined transverse  and lon-
gitudinal microstructures, which can be attributed to the forma-
tion  of  electrostatic  interactions.  Furthermore,  with  increasing
amounts of Mo72V30,  the porous structure became progressive-
ly  denser,  reflecting  the  enhanced  physical  crosslinking  effect.
EDS mapping results (Fig. 1d) demonstrated that the hydrogels
were mainly composed of  C,  O,  and N,  while  trace amounts of
Mo  were  also  detected.  Moreover,  the  EDS  mapping  images
showed that Mo72V30 was homogeneously distributed in the hy-
drogels.

Mechanical Properties
The water  content and mechanical  properties  of  hydrogels  ex-
hibit a fundamental trade-off relationship, in which an increase
in  water  content  often  leads  to  deterioration  in  mechanical
strength.  To  overcome  this  paradox,  we  adopted  a  combined
strategy  of  optimizing  crosslinking  and  constructing  heteroge-
neous networks  by introducing chain entanglement structures
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Fig. 1    (a) HRTEM image of Mo72V30;  (b) FTIR spectra of raw materials and synthetic hydrogels of QP and QPP; (c) SEM images of QPP
hydrogels with different concentration of Mo72V30: (i) QP (0 mg·mL−1), (ii) QPP20 (0.014 mg·mL−1), (iii) QPP50 (0.034 mg·mL−1), (iv) QPP100

(0.069 mg·mL−1), and (v) QPP200 (0.137 mg·mL−1); (d) EDS energy spectrum and mapping image of QPP100.
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and doping with POMs. From Fig. S2 (in ESI), it can be seen that
doping of a small amount of Mo72V30 (0.014 mg·mL–1) increases
the swelling ratio due to its  strong adsorption ability  for  water
molecules.  However,  a  higher  Mo72V30 content  increased  the
number  of  physical  cross-linking  points,  enhancing  the
crosslinking density and consequently reducing the equilibrium
swelling ratio. Nevertheless, the water content of all samples re-
mained  above  90%.  Mechanical  tests  were  subsequently  per-
formed  on  the  fully  swollen  hydrogels  with  different  Mo72V30

concentrations and the blank QP sample at room temperature.
The tensile stress-strain curves (Fig. 2a) show that the maxi-

mum  stress  increased  from  92  kPa  (QP)  to  180  kPa  (QPP100),
and the stretch ratio at rupture increased from 282% to 422%.
An appropriate amount of Mo72V30 ensured a uniform disper-
sion within the hydrogel polymer network. During stretching,
it  acts  as  an  effective  cross-linking  point  to  transfer  stress,
thereby simultaneously enhancing both tensile strength and
elongation  at  break.  However,  when  the  Mo72V30 addition
was  further  increased  to  0.137  mg·mL–1,  the  tensile  perfor-
mance  declined  because  of  the  disruption  of  homogeneous
cross-linking in the polymer network itself.  This  is  supported
by  the  SEM  images  (Fig.  1c),  which  show  that  the  network
structure  of  QPP200 became  heterogeneous,  exhibiting  dis-
tinct  dense  and  loose  areas.  The  addition  of  Mo72V30 in-
creased the fracture energy of  the hydrogel  from 133 kJ·m−3

(QP)  to  338  kJ·m−3 (QPP100)  (Fig.  2b),  whereas  the  Young’s
modulus remained below 60 kPa because of the relatively low
dosage,  with  the  Young’s  modulus  predominantly  governed
by  chemical  cross-linking  and  chain  entanglement.[28] The
modulus  that  matches  that  of  biological  soft  tissue  makes  it
more  suitable  for  biomedical  applications.  The  stress-strain
curve of QP during the loading-unloading cycle (Fig. S3 in ESI)
shows  a  relatively  small  hysteresis  loop  even  at  high  strains
because tension transmits along the chain and to many other
chains through entanglement before the chain breaks.[31] Af-
ter doping with Mo72V30, even smaller hysteresis loops can be
observed  (Fig.  2c),  indicating  that  the  energy  dissipated  as
heat was negligible. These results also imply that QPP100 pos-
sesses  superior  resilience.  Furthermore,  the high swelling ra-
tio  eliminated  temporary  entanglements,  which  should  also
contribute to the extremely low hysteresis of the hydrogel.[36]

Continuous loading-unloading cycle tests were conducted to
evaluate the fatigue resistance of the hydrogels. As shown in
Fig.  2(d)  and  Fig.  S4(a)  (in  ESI),  during  the  stretching  cycles,
the maximum stress of QPP100 remained almost the same and
the  residual  strain  was  very  low.  The  dissipated  energy  re-
mained almost stable after the first decrease (Fig. S4b in ESI),
indicating  that  the  unstable  sacrificial  bonds  or  network
structures  within  the  material  were  rapidly  reorganized  and
stabilized  in  the  early  stage  and  then  entered  a  stable  state
with  an  efficient  and  reversible  energy  dissipation  mecha-
nism, which can effectively delay the accumulation of fatigue
damage.  These  results  show  that  the  hydrogel  has  good  fa-
tigue  resistance  and  stability.  In  addition,  compared  with
QPP100,  the  stress  of  QP  decreased  slightly  at  the  10th cycle
(Fig.  S5  in  ESI),  indicating  enhanced  elastic  stability  upon
Mo72V30 incorporation.  In  addition  to  the  tensile  properties,
the compressive behavior of  the fully  swollen hydrogels was
examined. The QPP100 hydrogel exhibits a compressive stress

of  2.63±0.08  MPa  at  a  strain  of  88%  (Fig.  2e),  demonstrating
its  ability  to  withstand  large  compressive  deformation.  A
comparison  of  the  fracture  energy  values  for  hydrogels  with
low  Young’s  modulus  reported  in  the  literature  is  presented
in Fig. 2(f), where many systems achieve high fracture energy
at  the  expense  of  reduced  water  content.[37−45] In  contrast,
the  present  hydrogel  system  simultaneously  maintained  a
high  water  content  (>90%),  high  fracture  energy,  and  low
hysteresis. These properties can be primarily attributed to the
synergistic effects of chain entanglement and appropriate in-
troduction  of  POM-based  physical  crosslinking  within  the
polymer  network. Fig.  2(g)  shows the  images  of  QPP100 un-
der  different  external  forces.  The  material  can  be  twisted,
knotted,  stretched, or compressed,  and it  can recover imme-
diately after release.

Swelling Behavior and pH-/Ion-response
The  swelling  behavior  of  hydrogels  provides  a  dynamic  and
tuneable  interface  that  links  their  microscopic  network  struc-
ture  with  their  macroscopic  properties.  By  precisely  regulating
parameters such as the swelling ratio, swelling kinetics, and en-
vironmental  responsiveness,  hydrogels  can be  designed to  ex-
hibit tailored performance under different conditions. When the
dried hydrogels were immersed in deionized water (Fig. 3a), all
the  samples  reached  swelling  equilibrium  within  5  h.  Notably,
the incorporation of  Mo72V30 led to  an increased swelling rate,
which can be attributed to the enhanced hydrophilicity and wa-
ter adsorption capability introduced by the POM clusters. In ad-
dition,  under  high-humidity  atmosphere  (85%  relative  humidi-
ty),  the  dried  hydrogel  exhibited  measurable  moisture  uptake,
with  Mo72V30-doped  samples  showing  a  higher  moisture  ab-
sorption capacity (Fig. S6 in ESI).

The  swelling  behavior  of  hydrogels  serves  as  a  macrosco-
pic and direct manifestation of the interaction between their
internal microscopic network structure and external environ-
ment.  Therefore,  changes  in  SR  are  often  employed  to
demonstrate  the  stimuli-responsive  properties  of
hydrogels.[46] Based  on  its  mechanical  performance,  QPP100

was  chosen  as  the  target  hydrogel  owing  to  its  optimal  me-
chanical  properties.  The  pH  sensitivity  of  hydrogels  origi-
nates from the fact that the system contains groups that are
easily hydrolyzed and protonated. The swelling behavior was
observed  by  immersing  the  dried  QPP100 hydrogel  in  solu-
tions of different pH, and the results were recorded. As shown
in Fig. S7 (in ESI), in acidic solutions, the charges of the cations
―N+(CH3)3 were  shielded  by  the  counter  ions  (Cl−)  through
the screening effect, and their efficient repulsion was simulta-
neously  prevented  at  the  same  time,  thus  lowering  the  SR.
Under neutral conditions (pH=7), the internal environment of
the hydrogel was almost unaffected by the absence of effects
such as group protonation and deprotonation, thereby allow-
ing  rapid  swelling  of  the  hydrogel.  In  extremely  basic  solu-
tions, the sharp increase in SR was caused by PAM hydrolysis.
Fig.  3(b)  shows  the  stable  pH-responsive  swelling  behavior
between 7 and 8 of the QPP100 hydrogel. The well-defined pH
sensitivity  reflects  the  balanced  interplay  between  electro-
static interactions and network elasticity in the hydrogel sys-
tem and highlights  its  potential  for  applications  that  require
controllable swelling behavior.

We  selected  6  commonly  used  salts  to  monitor  the  re-
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Fig.  2    (a)  Tensile  stress-strain  curves  of  QP  and  QPP  hydrogels;  (b)  Fracture  energy  and  Young’s  modulus  of  QP  and  QPP  hydrogels;
(c)  Loading-unloading  tensile  curves  of  QPP100 under  different  strains;  (d)  Fatigue  resistance  performance  of  QPP100;  (e)  Compressive
strength  and  ultimate  strain  of  QP  and  QPP  hydrogels;  (f)  Fracture  energy  chart  compared  with  reported  hydrogels;  (g)  The  twisted  (i),
knoted (ii), stretched (iii) and compressed (iv) images of water equilibrium QPP100.
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sponse  of  hydrogels  to  ions.  When  immersed  in  six  0.9 wt%
salt  solutions,  the  SR  of  QPP100 decreased  by  approximately
14.7%−17.5%  compared  to  that  in  deionized  water  (Fig.  3c).
This  is  because,  in  low-concentration  salt  solutions,  the
cations dissociated from the salt form ion-dipole interactions
with the amide carbonyl oxygens (negative charge), while the
anions  may form hydrogen bonds with  the amide hydrogen
atoms  (positive  charge).[47−49] Additionally,  the  electrostatic
repulsion between the positively charged quaternary ammo-
nium  groups  is  shielded,  and  the  external  osmotic  pressure
increases.  Therefore,  the  polymer  network  shrinks  and  the
water molecules migrate outward. However, as shown in Fig.
3(c),  after  soaking  the  QPP100 hydrogel  in  several  20  wt%
high-concentration salt solutions, the SR changed significant-
ly, demonstrating its sensitivity to different ions. Furthermore,
compared to immersion in deionized water, the hydrogel ex-
hibited an increase in swelling ratio in all high-concentration
salt  solutions,  reaching  up  to  26.9%  in  CaCl2 solution.  This
phenomenon  typically  occurs  in  polyzwitterionic  hydrogels
owing to the antipolyelectrolyte effect.[50,51] The difference is
that the QPP100 hydrogel  can only occur at  a  higher concen-
tration  (15  wt%−20  wt%)  (Fig.  S8  in  ESI),  whereas  typical
polyzwitterionic hydrogels can significantly increase at a low-
er concentration of 5 wt%. In the QPP hydrogel system, a high
concentration  of  external  ions  in  the  salt  solution  flows  into
the  network  to  balance  the  concentration  gradient.  Some
functional groups within the network interact with these ions,

restricting  their  outward  diffusion  and  thereby  creating  os-
motic  pressure  from  the  inside  to  the  outside.  In  addition,  a
high ion concentration weakens the interactions between the
polymer  chains.  As  a  result,  the  hydrogel  exhibited  an  in-
creased swelling degree in highly concentrated salt solutions.
Fig.  3(d)  shows  the  cyclic  swelling  behavior  of  QPP100 in
deionized  water  and  CaCl2 solution  (20  wt%),  which  has  the
highest  SR,  indicating  that  the  hydrogel  possesses  favorable
stability  in  its  stimulus-responsive  performance.  This  unique
salt-responsive  behavior  holds  promise  for  applications  in
smart  drug  delivery  systems  and  salinity  sensors,  especially
for seawater desalination systems.

Tribological Performance
The lubricating properties of hydrogels, a key core characteristic,
serve as a vital bridge connecting materials science with life sci-
ences  and  flexible  electronics.  Researchers  typically  employ
strategies,  such as  network  structure  modulation,  interface  en-
gineering, and fabrication process optimization, to enhance the
lubricating performance of hydrogels. As shown in Fig. 4(a) and
Fig. S9 (in ESI), with the increase in Mo72V30 addition, the coeffi-
cient  of  friction  first  decreased  and  then  increased,  reaching  a
minimum of  0.09 at  an addition level  of  100 ppm. This  was at-
tributed  to  Mo72V30 acting  as  a  physical  cross-linking  point,
which  densifies  and  homogenizes  the  hydrogel  network.  Fur-
thermore,  the  metal  centers  of  POMs  possess  strong  electron-
accepting  capabilities,  enabling  coordination  interactions  with
oxygen atoms in water molecules.  The abundant bridging and
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Fig. 3    (a) Swelling kinetic curves of QP and QPP hydrogels in deionized water; (b) Stability of QPP100 response to pH; (c) The SR of
QPP100 in different salt solutions (concentration: 0.9 wt% and 20 wt%); (d) Stability of QPP100 response to CaCl2.
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terminal  oxygen atoms in  the POMs structure can form strong
hydrogen  bonds  with  water  molecules,  thereby  "blocking"  the
water  molecules  within  the  structure  and  forming  a  hydrated
layer (Fig. 4b).[52,53] This layer reduced the interfacial shear resis-
tance  during  friction.  In  addition,  in  the  low-speed  region,  the
friction coefficient  of  QPP100 remained almost  unchanged with
the frequency (Fig. S10 in ESI). After turning the lubricant into a
high-concentration urea solution (8 mol·L–1),  the friction coeffi-
cient rapidly increased within a few minutes and then gradually
stabilized, which was attributed to the disruption of the hydra-
tion  layer  and  hydrogen-bonding  network  by  urea.  These  re-
sults  collectively  indicate  that  the  friction behavior  is  dominat-
ed by boundary lubrication via the hydrated layer. Although ex-
cessive Mo72V30 incorporation is not conducive to the uniformi-
ty  of  the  hydrogel  network,  which  leads  to  a  slight  increase  in
the friction coefficient as a secondary factor, it is still better than
that of  the QP hydrogel.  These results  indicate that POMs may
serve  as  an  ideal  class  of  dopants  to  enhance  the  lubrication
performance of hydrogel materials.

Biocompatibility
Considering  the  potential  applications  of  hydrogels  in  biologi-
cal  environments,  their  biocompatibility  was  evaluated,  with  a
particular focus on Mo72V30. The cytocompatibility of the QP and
QPP hydrogels was assessed by CCK-8 assay using L929 fibrob-
last  cells.  As  illustrated  in Figs.  4(c) and  4(d),  both  the  QP  and

QPP100 hydrogels exhibit high cell viability after co-culture with
L929  cells,  with  values  consistently  exceeding  90%.  These  re-
sults  indicated  that  the  introduction  of  Mo72V30 at  the  investi-
gated concentration did not induce detectable cytotoxicity and
did not adversely affect the intrinsic biocompatibility of the hy-
drogel system. The favorable cell  viability further suggests that
Mo72V30 can  be  incorporated  into  the  hydrogel  network  with-
out compromising cytocompatibility.

CONCLUSIONS

In  summary,  Mo72V30 was  incorporated  into  chitosan  quater-
nary ammonium/polyacrylamide (QP) hydrogels as an addition-
al  physical  crosslinking  component  to  construct  an  interpene-
trating  and  entangled  network  structure.  The  resulting  QPP100

hydrogel  exhibited  excellent  tensile  properties  (422%),  high
fracture energy (338 kJ·m−3), negligible hysteresis accompanied
by  rapid  elastic  recovery,  while  maintaining  a  high  water  con-
tent  exceeding  90%.  Simultaneously,  the  incorporation  of
Mo72V30 effectively reduced the friction coefficient of the hydro-
gel  owing  to  its  strong  water-adsorption  capacity  and  the  for-
mation  of  a  dense  and  homogeneous  hydrogel  network.  Fur-
thermore,  the  QPP  hydrogels  demonstrated  pH- and  ion-
responsive  swelling  behaviors  with  stable  cyclic  performance
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Fig.  4    (a)  Effect  of  Mo72V30 doping on friction properties  of  hydrogels  (frequency:  1  Hz;  load:  0.5 N;  friction pair:  PDMS);  (b)  Multiple
interactions between water molecules and Mo72V30 in hydrogels; (c) Relatively cell viability of L929 cells after incubation with hydrogel
extract  (0.1  g·mL−1)  for  24,  48,  and 72 h  (ns  stands for  no significant  difference);  (d)  Live/Dead fluorescence images of  L929 cells  after
incubation with hydrogel extracts for 24, 48 and 72 h (0.1 g·mL−1).
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under  varying  external  stimuli.  These  results  demonstrate  that

polyoxometalates  can  function  as  effective  physical  crosslink-

ing agents in hydrogel  systems,  providing a viable strategy for

simultaneously achieving a high water content,  mechanical ro-

bustness, and tunable interfacial properties.
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