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Zwitterionic hydrogels as a new generation of functional materials are widely used in many frontier
fields. However, zwitterionic hydrogels usually contain a large amount of active water and are inevitably
frozen at low temperatures, thus sacrificing their mechanical properties and conductivity, which greatly
limits their application. Herein, a novel strategy, namely the unique anti-polyelectrolyte effect (APE) of
zwitterions is proposed to reduce the freezing point of zwitterionic hydrogels. The regulation mecha-
nism of this strategy is that the electrostatic associated zwitterionic groups are exposed, thus increasing
hydration by allowing these groups to establish strong hydrogen bonding with water molecules during
the volume expansion process of zwitterionic polymer in salt. The overall water activity is decreased in
the hydrogels, thus reducing the freezing point of the hydrogels. Sulfonic-based 2-(methacryloyloxy)ethyl
dimethyl(3-sulfopropyl)-ammonium hydroxide (SBMA) and carboxylic-based 2-carboxy-N,N-dimethyl-N-
(2’-methacryloyloxyethyl)ethanaminium inner salt (CBMA) zwitterionic monomers are selected as a proof
of concept. SBMA based hydrogels with strong APE have a higher bound water content and a lower free
water content than CBMA based hydrogels with almost no APE. Benefitting from the strong APE, the
freezing point of SBMA based hydrogel (—20.9°C) is significantly lower than that of CBMA based hy-
drogel (—12.4°C). This work offers a practical and meaningful guidance for the design of anti-freezing
zwitterionic hydrogels and further promotes the application of zwitterionic hydrogels in low temperature

environments.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Zwitterionic hydrogels are a kind of three-dimensional net-
work structure material formed by chemical or physical crosslink-
ing of zwitterionic polymer. Their polymer chains contain an equal
amount of positive and negative charge groups, which is electri-
cally neutral as a whole. Zwitterionic hydrogels are widely used
in the fields of biomedical [1-5], environmental protection [6-9],
energy and flexible electronics [10-13] due to their outstanding
hydrophilicity, ionic conductivity, remarkable biocompatibility and
antifouling performance, multi-functional integration characteris-
tics. However, the zwitterionic hydrogels usually contain a large
amount of active water and are inevitably frozen at low temper-
atures, resulting in a sharp decline in their mechanical properties
and electrical conductivity, which greatly limits their application,
especially in the fields of energy and flexible electronics. It is nec-
essary that the energy storage or electronic devices based on zwit-
terionic hydrogels have low temperature resistance, because such
devices usually need to work normally in cold weather. Therefore,
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it is urgent to improve the freezing resistance of zwitterionic hy-
drogels.

The common strategy is to introduce some organic compounds,
such as ethylene glycol [14,15], glycerin [16], dimethyl sulfoxide
[17] and acetonitrile [18], into the hydrogels to replace some wa-
ter to form a zwitterionic hydrogels of organic system. However,
most organic hydrogels have the issues of toxicity, flammability,
high cost, and require complex preparation processes. In addi-
tion, adding high concentrations of inorganic salts as anti-freezing
agents is also a general strategy [19,20]. However, this strategy
has some limitations and negative impacts. The main issues in-
clude strong corrosiveness and environmental pollution. Therefore,
it is ideal to explore other green and feasible strategies to rea-
sonably construct anti-freezing zwitterionic hydrogels without or-
ganic solvents, but it is still challenging. The unique properties of
zwitterions, such as the anti-polyelectrolyte effect (APE), may be
a breakthrough. APE refers to the phenomenon that ions from the
solution, particularly counterions with opposite charges to those
zwitterionic groups of the polymer chains, infiltrate the polymer
network when zwitterionic hydrogels are soaked in a salt solu-
tion, leading to the volume expansion of hydrogel [21,22]. The per-
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Fig. 1. Schematic illustration of the simplified APE.

meation of these ions weakens or even disrupts the electrostatic
interactions between the cationic and anionic groups within the
polymer chains through a charge-shielding effect [23,24]. During
the expansion process of polymer chains, more charged zwitte-
rionic groups are exposed, which increases hydration by allow-
ing these groups to establish strong hydrogen bonding with wa-
ter molecules [25]. Thus, the stronger the APE of zwitterionic poly-
mers, the higher the hydration capacity [26]. Therefore, theoreti-
cally, the APE can be used to reduce the freezing point of zwitte-
rionic hydrogels. This strategy of utilizing the structural properties
of zwitterionic materials without adding extra anti-freezing agents
has never been reported before.

In this work, the unique APE of zwitterions is applied to regu-
late the freezing point of zwitterionic hydrogels for the first time.
Sulfonic-based 2-(methacryloyloxy)ethyl dimethyl(3-sulfopropyl)-
ammonium hydroxide (SBMA) and carboxylic-based 2-carboxy-
N,N-dimethyl-N-(2’-methacryloyloxyethyl)ethanaminium inner salt
(CBMA) zwitterionic monomers are selected as a proof of concept.
Molecular dynamics simulations (MDS) show that the molecular
chains of polymerized SBMA (PSBMA) self-associate in water but
the PSBMA exhibits a strong APE in NaCl salt, causing polymer
molecular chains to transition from a self-associated state to a dis-
persed state. The electrostatic attracted zwitterionic groups are ex-
posed, thus increasing hydration by allowing these groups to es-
tablish strong hydrogen bonding with water molecules during the
volume expansion process of zwitterionic polymer in salt. The ac-
tivity of the water molecules is decreased in the hydrogel, so the
freezing point of the hydrogel is reduced. This is the mechanism of
the APE to regulate the freezing point of zwitterionic hydrogels. By
contrast, as a control, the molecular chains of polymerized CBMA
(PCBMA) are relatively dispersed in water and NaCl salt, with al-
most no APE, resulting in a higher water activity than PSBMA. The
Raman fine spectra also confirm that the free water content in the
PSBMA (18.1 %) with strong APE is lower than that in the PCBMA
(25.6 %), and the bound water content in the PSBMA (35.1 %) is
higher than that in the PCBMA (29.6 %) when PSBMA and PCBMA
in NaCl salt. Benefitting from the strong APE, the freezing point of
PSBMA hydrogel containing NaCl (—20.9°C) is significantly lower
than that of PCBMA hydrogel (—12.4°C) containing NaCl.

Fig. 1 illustrates the simplified schematic of the APE and the
spatial composition of hydrogel. First, the acrylamide and zwit-
terionic monomers (SBMA or CBMA) are chemically crosslinked
respectively via the free radical polymerization, and these two
crosslinked chains penetrate each other to form a polymer net-
work of hydrogels. The polyacrylamide networks provide mechan-
ical toughness and maintain the elasticity of hydrogels. Zwitteri-
onic monomers (SBMA or CBMA) with the zwitterionic groups as
the main component provide migration channels for the separated
positive ion and negative ions under the application of an external
electric field. The zwitterionic chains tend to self-associate form-
ing aggregates in water due to the electrostatic attraction within
or between the zwitterionic chains, resulting in structural collapse.
When the zwitterionic chains are in NaCl salt solution, the salt ions
shield the electrostatic attraction between anions and cations on
the zwitterionic chains, leading to chain expansion. In this way,
more zwitterionic groups transform from a self-association state
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Fig. 2. The structural formulas of (a) SBMA and (b) CBMA. Optical picture of pre-
pared hydrogels with arbitrary shape: (c) PSBMA and (d) PCBMA. Scale bar: 1cm.
SEM image of the freeze-dried (e) PSBMA and (f) PCBMA hydrogels. (g) FTIR and (h)
Raman spectra of PSBMA and PCBMA.

to an exposed state, thereby hydrating unbound water molecules,
causing greater water uptake. As typical zwitterionic monomers,
SBMA and CBMA have similar structures but also differences. Both
the SBMA and the CBMA possess trimethyl ammonium cations, but
the SBMA has a sulfonic anion and the CBMA has a carboxylic an-
ion (Figs. 2a and b). Besides, the number of methylene groups be-
tween the trimethyl ammonium and sulfonic groups in SBMA is 3,
while the number of methylene groups between trimethylammo-
nium and carboxyl groups in CBMA is 2. The differences in struc-
ture lead to differences in properties.

To study the APE, we first prepare PSBMA and PCBMA zwitte-
rionic hydrogels without salt. The zwitterionic hydrogels are pre-
pared by ultraviolet (UV) irradiation and the transparent hydro-
gels of arbitrary shape can be obtained (Figs. 2c and d). The mor-
phology of the hydrogels after freeze-dried exhibits a hierarchically
porous structure in the polymer matrix, confirming the formation
of crosslinked networks. Scanning electron microscope (SEM) im-
ages show that the pore structure of the network skeleton of hy-
drogels is rich, and the pore size of PSBMA is slightly smaller than
that of PCBMA (Figs. 2e and f), which may be due to the longer
chain length of SBMA and the denser crosslinked network of the
PSBMA. This helps PSBMA to gain greater water uptake. Fourier
transform infrared (FTIR) is first applied to identify the composi-
tion of the hydrogels (Fig. 2g). For the collected spectral signals
of PSBMA and PCBMA, the strong peaks at 3340-3377 cm~! are
linked to free O-H tensile vibration absorption [27]. The peaks at
1355-1438, 1639 and 1707 cm~! belong to the stretching vibra-
tion of the C-NT [28], the C=C and C=0 groups [29], respectively.
The characteristic peaks at 1044 and 1178 cm~! are attributed to
the S=0 group of PSBMA and the peak located at 1723 cm~! cor-
responds to the 0-C=0 group of PCBMA [27]. Furthermore, these
characteristic peaks of PSBMA and PCBMA are also confirmed by
Raman spectra (Fig. 2h). The strong and sharp peak at 1038 cm!
corresponds to the symmetric stretching vibration of the sulfonic
group (SO3~) in PSBMA [30]. The peak at 1725 cm~! assigns to
the symmetric stretching vibration of the carboxyl group (COO™)
in PCBMA [31]. The peak at 1069 cm~! indexes to the antisym-
metric stretching of a cationic quaternary amine (C4N*), shared by
PSBMA and PCBMA [30,32].

The salt-responsive properties of hydrogels are first investigated
by testing the swelling behavior in water and salt solutions. Gen-
erally, zwitterionic hydrogels show ionic specificity, as revealed by
the different water contents in 0.5mol/L salt solutions with dif-
ferent cations and anions. The PSBMA and PCBMA hydrogels have
their own ionic specificity for cations (Fig. 3a). The hydrogels are
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Fig. 3. Equilibrium water content of the PSBMA and PCBMA hydrogels in (a)
0.5mol/L salt solutions with various cations, (b) 0.5 mol/L salt solutions with var-
ious anions, (c) NaCl solutions with different concentrations. (d) DSC curves of
PSBMA-NaCl and PCBMA-NaCl hydrogels.

soaked in NaCl, KCl, MgCl, and CaCl, solutions with the same
concentration, respectively. K* contributes to higher water content
as compared to Na*, Ca’* and Mg?t for the PCBMA. Neverthe-
less, Na™ contributes to highest water content among these cations
for the PSBMA. Subsequently, the hydrogels are soaked in Na,SOy,
NaBr, NaNO3 and NaCl solutions with the same concentration, re-
spectively. For anions, the trend of ionic specificity of the two hy-
drogels is consistent, and Cl~ endows the two hydrogels with the
higher water content as compared to Br—, NO3~ and SO42~ (Fig.
3b). Thus, the salt-responsive behavior of zwitterionic hydrogels is
closely related to the type of salt (i.e., different cations and anions).
NaCl, as the most common salt for studying the salt-responsive be-
havior of zwitterionic polymers, is selected for the subsequent re-
search. The salt concentration dependence of the water content is
investigated first (Fig. 3c). Notably, the components of the hydro-
gel after adsorption equilibrium include polymer network, intrin-
sic water, adsorbed water and salt. The PCBMA has relatively high
water content before immersion, but the water content gradually
decreases as increasing NaCl concentration, which stems from that
the proportion of adsorbed salt is higher than that of adsorbed wa-
ter. Obviously, the water absorption of PCBMA in salt solution is
not significant, indicating that salt-responsive behavior of PCBMA
is not obvious. However, the water content of PSBMA increases af-
ter immersed in salt solution (0.2 and 0.5mol/L) compared with
that before immersion. The higher water content in NaCl solution
indicated that the PSBMA possesses salt-responsive property and
the proportion of water increase is more than that of salt. When
the NaCl concentration is higher than 0.5 mol/L, the water content
in the PSBMA gradually decreases as increasing NaCl concentration,
which indicates that the proportion of water increase of PSBMA
in these concentrations is not as large as that in 0.5mol/L NaCl.
This implies that NaCl effectively shields the electrostatic attrac-
tion between zwitterionic groups of PSBMA at a salt concentration
of 0.5mol/L, allowing the zwitterionic groups to be fully exposed
and bound to water molecules, thus resulting in the highest water
absorption. In other words, the APE of PSBMA is most significant
at this concentration.

To verify the influence of the APE on the water activity of zwit-
terionic hydrogels, the zwitterionic hydrogels containing 0.5 mol/L
NaCl (i.e., PSBMA-NaCl and PCBMA-NaCl) are subsequently pre-
pared, with the same amount of water. Generally, the water in
the hydrogels can be classified in the following three states:
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Fig. 4. The Raman fine spectra of (a) PSBMA and (b) PCBMA hydrogels. (c) The area
ratio summaries of the bound, intermediate, and free water in the PSBMA and the
PCBMA hydrogels. (d) FTIR spectra of the PSBMA and the PCBMA hydrogel.

Free water, intermediate water and bound water [33]. The ac-
tivity of water in the hydrogels can be assessed by differential
scanning calorimetry (DSC) tests. A significantly lower freezing
point is obtained for the PSBMA-NaCl (—20.9°C) compared to the
PCBMA-NaCl (-12.4°C), confirming that the activity of water in
the PSBMA-NaCl is lower than in the PCBMA-NaCl (Fig. 3d). This
is due to the strong APE of PSBMA in the NaCl salt. The zwitte-
rionic groups of polymer chains combine free/intermediate water
and transform into bound water when exposed, increasing the pro-
portion of bound water, thus reducing the overall water activity of
the hydrogel. Besides, the PSBMA-NaCl hydrogel has an ionic con-
ductivity of 75.9-11.4 mS/cm over a wide range of temperatures
from 25°C to —20°C (Fig. S1 in Supporting information), higher
than the PCBMA-NaCl (69.2-0.9 mS/cm) hydrogel, via the lower
freezing point of PSBMA-NaCl hydrogel than the PCBMA-NaCl hy-
drogel.

Raman spectroscopy is used to further analyze the distribution
of water in hydrogels. The Raman peak at 3236 cm~! corresponds
to the bound water, which is directly related to the hydration in-
duced by ions (Na* and Cl~) and the zwitterionic groups [25]. Be-
sides, the peak of 3397 cm~! is linked to the intermediate water
that interacts weakly with the ions or polyacrylamide molecules
[34]. Furthermore, the peak at 3498 cm~! is associated with free
water that is not bound by hydrogen bonding networks or hydra-
tion [35]. The relative content of free water in the PSBMA-NaCl
(18.1 %) is lower than that of the PCBMA-NaCl (25.6 %), but the
relative content of bound water (35.1 %) in the PSBMA-NaCl is
higher than that of the PCBMA-NaCl (29.6 %) (Figs. 4a-c), which
implies partial free water and intermediate water are transformed
into bound water in the PSBMA-NaCl. This result demonstrates the
activity of water in the PSBMA-NaCl is significantly lower than that
in the PCBMA-NaCl. Besides, FTIR spectra also verifies this (Fig. 4d).
These results demonstrate that the APE of hydrogel is stronger, the
activity of water in the hydrogel is lower, which renders the freez-
ing point of hydrogel lower and is consistent with the results of
DSC test.

The calculation of the charge density of the cationic and an-
ionic groups in SBMA and CBMA can prove their self-association
state in water (Table S1 in Supporting information). Compared
to CBMA, SBMA has a more symmetrical charge distribution and
closer charge density of its cationic and anionic groups, which is
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Fig. 5. Snapshots of MDS systems for the SBMA molecules: (a) Water and (b) 0.5 mol/L NaCl solution. Snapshots of MDS systems for the CBMA molecules: (c) Water and (d)
0.5 mol/L NaCl solution. (e) RDFs between the oxygen atoms of sulfonic and carboxylic groups with Na*. (f) RDFs between nitrogen atoms of trimethyl ammonium groups
with CI-. RDFs between nitrogen atoms and oxygen atoms of the (g) SBMA and (h) CBMA in water and 0.5 mol/L NaCl solution.

more conducive to the formation of stable intramolecular ion pairs
or intermolecular associated structures, thereby reducing system
energy and promoting self-association [36]. The effect of NaCl on
the spatial distribution of zwitterionic chains in water or salt is
confirmed through MDS. 3D snapshot for the system of SBMA in
water obtained from MDS shows a self-association state (Fig. 5a),
while the proportion of self-association of SBMA decreases and the
dispersibility of SBMA improves after the introduction of NaCl (Fig.
5b), proving the salt-responsive behavior of SBMA. On the contrary,
the 3D snapshot for the system of CBMA in water presents a rela-
tively dispersed state (compared to SBMA) (Fig. 5¢), and almost no
significant changes in dispersibility are observed after the intro-
duction of NaCl (Fig. 5d), which also implies that the response of
CBMA to NaCl is not obvious. The obtained radial distribution func-
tions (RDFs) once again validate the salt-responsive behavior of
SBMA and CBMA. The higher peak values in Figs. 5e and f indicate
that SBMA has a stronger interaction with Na* and Cl~ ions com-
pared to CBMA, laying the foundation for its strong APE. Addition-
ally, the RDFs stemmed from SBMA indicate the self-association of
SBMA in NaCl is significantly weakened compared to in water (Fig.
5g), which confirms that SBMA transforms from its original self-
associating state to a dispersed state. This means that more zwit-
terionic groups are exposed, more unbound water molecules are
hydrated, and the activity of water is reduced, which also reveals
the mechanism of APE regulating the freezing point of PSBMA. In
contrast, the RDFs originated from CBMA in NaCl or water show
almost no change (Fig. 5h), demonstrating the CBMA hardly re-
sponses to NaCl. These results provide a theoretical basis for how
APE regulates the freezing point of zwitterionic hydrogels, not lim-
ited to the PSBMA.

In summary, the APE of zwitterions was used to regulate the
freezing point of zwitterionic hydrogel in this work for the first
time. Sulfonic-based SBMA and carboxylic-based CBMA zwitteri-
onic hydrogels were prepared, and their ion specificity and salt-
responsive properties were studied. PSBMA exhibited strong APE
in NaCl, while PCBMA showed almost no response to NaCl. Ben-
efiting from the strong APE of SBMA, the proportion of free wa-
ter in PSBMA is lower, while the proportion of bound water is
higher compared to PCBMA. Therefore, the overall water activity
is lower than PCBMA, which endues PSBMA with a lower freezing
point. MDS revealed the mechanism of APE regulating the freezing
point of zwitterionic hydrogel, that is, in NaCl salt, the zwitteri-

onic groups exposed from the original self-association state, thus
increasing hydration by allowing these groups to establish strong
hydrogen bonding with water molecules during the volume expan-
sion process of zwitterionic polymer in salt. The overall water ac-
tivity is decreased in the hydrogels. This work provides profound
and meaningful guidance for the development of the anti-freezing
zwitterionic hydrogels.
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