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ABSTRACT
Fabricating hydrogels with isotropically high tensile strength, stretchability, and toughness is crucial for applications in tissue
engineering, stretchable bioelectronics and soft robots. However, many toughening strategies, including mechanical training,
directional freezing, and solvent exchange, often induce anisotropy or fail to enhance all these metrics simultaneously. Herein, we
report a strategy to fabricate ultra-tough, isotropic poly(vinyl alcohol) (PVA)hydrogels by synergisticallymodulating polymer chain
mobility and physical crosslinking through sequential acidification, freeze-thawing, and salting-out. Acidification protonates
the hydroxyl groups, suppressing premature interchain hydrogen bonding and promoting network homogenization. Subsequent
salting-out deprotonates the hydroxyl groups to strengthen the interpolymer hydrogen bonds, forming crystalline domains that
act as strong, reversible physical crosslinks. The resulting hydrogel achieves a high tensile strength of 29.5 MPa, stretchability of
2683%, and record-high toughness of 424 MJ m−3 among isotropic hydrogels, even surpassing most anisotropic hydrogels in their
reinforced direction. This strategy offers a generalizable platform for engineering tough, isotropic hydrogels with broad potential
across bioengineering, additive manufacturing, and soft robotics.
1 Introduction

Hydrogels are 3D crosslinked networks swollen with water,
offering high biocompatibility and tunable mechanical proper-
ties, making them attractive for a wide range of applications,
including tissue engineering [1], drug delivery [2], and soft
robotics [3]. In particular, the structural and compositional
similarity of hydrogels to native biological tissues, such as high
water content and molecular-level flexibility, make them promis-
ing materials for tissue scaffolds and stretchable bioelectronics
[4–6]. However, the real-world application of conventional hydro-
gels is often impeded by its poor mechanical properties, includ-
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ing low tensile strength, stretchability, fatigue resistance, and
toughness.

To address these limitations, various toughening strategies have
been developed recently, including double network [7], mechan-
ical training [8], doping with nanofillers [9, 10], etc. Many of
these strategies have demonstrated substantial improvement in
toughness, enabling hydrogels to sustain large deformations.Nev-
ertheless, many strategies reported to achieve ultra-high tough-
ness (>100 MJ m−3) inherently result in anisotropic mechanical
properties, where the enhancement is confined to a preferred
direction. For instance, methods involving mechanical training
its use, distribution and reproduction in any medium, provided the original work is properly
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[8], stretch-induced chain alignment [11, 12], or directional
freezing [13] promote polymer chain alignment that concen-
trates load-bearing capability along the alignment axis. While
advantageous in specific scenarios, such anisotropy becomes
a critical disadvantage in applications where the hydrogel is
subjected to complex, multiaxial mechanical loading, such as
in wearable bioelectronics and flexible batteries [14, 15]. Specif-
ically, anisotropic hydrogels strengthened by aligned structures
are prone to fail under off-axis loads often due to interchain
debonding and lack of crack-arresting mechanisms. In contrast,
isotropic hydrogels provide uniform mechanical performance in
all directions, supporting structural integrity under dynamic,
multidirectional stress. For example, in stretchable bioelectronics
or soft energy storage devices, where hydrogels must maintain
conductivity and adhesion under multimodal loads like bending,
twisting, and stretching, isotropic toughness is essential for
their practical operation. Moreover, isotropic hydrogels such as
injectable hyaluronic acid or gelatin-based networks provide
uniform mechanical support and facilitate homogeneous cell
growth, making them valuable as scaffolds for cartilage and
bone tissue engineering where consistent mechanical cues and
nutrient transport in all directions are required [16]. To toughen
the hydrogel while maintaining its mechanical isotropy, can-
didate strategies include double-network architectures, where
a brittle sacrificial network dissipates energy while a ductile
network maintains integrity [7]; nanocomposite hydrogels, in
which embedded nanoparticles or fillers enhance strength and
toughness [9]; and slide-ring and other topological networks
that promote reversible mobility under strain [17]. While these
strategies have led to improvements in strength, toughness, or
extensibility individually, their toughness remain subpar (usually
less than 100 MJ m−3) compared to anisotropic counterparts.
Therefore, achieving a high level of simultaneous toughness,
stretchability, and isotropic mechanical performance in a single,
scalable aqueous processing route remains a major challenge.

To overcome this challenge, salting-out emerges as a promising
strategy due to its ability to promote network densification and
intermolecular bondingwithout introducing directional bias [18].
The salting-out process exploitsHofmeister effects, where specific
ions disrupt polymer-solvent interactions and drive phase sep-
aration, facilitating hydrogen bonding and crystallite formation
among polymer chains [19]. Specifically, anions with high charge
density strongly bind water molecules, forming thick and tightly
held hydration shells, which expels water away from the poly-
mer’s hydration layer,weakening polymer–water interactions and
promoting polymer-polymer interactions. These crystallites serve
as strong physical crosslinks that enhance energy dissipation
across the polymermatrix and significantly improve themechan-
ical properties. However, premature formation of hydrogen bonds
and chain aggregation can occur during the early stages of
the gelation process, which hinders development of a uniform
network and arrests the polymer chains in suboptimal configu-
rations. This leads to inhomogeneous network architectures with
localized stress concentrations, which ultimately compromise the
mechanical properties of the hydrogel [20].

To further improve the toughness of hydrogels without intro-
ducing mechanical anisotropy, alternative methods like solvent
exchange [21, 22] or synthesis of near-ideal networks [23, 24]
have been employed, focusing on homogenization of the polymer
2 of 15
network to prevent stress concentration. For example, polymers
like polyvinyl alcohol (PVA) are first dissolved in a good solvent
such as dimethyl sulfoxide (DMSO) to enhance polymer–solvent
interactions, preventing premature bonding between chains and
favoring homogeneous chain distribution, followed by immer-
sion in water to trigger phase separation and interpolymer
hydrogen bonding [25]. Similarly, ionic repulsion between pro-
tonated functional groups can prevent non-covalent bonding
between polymer chains and facilitate uniform dispersion of
polymers [26]. For instance, highly soluble short-chain chitosan is
integrated into a polyacrylamide hydrogel, which is subsequently
immersed in an alkaline solution to deprotonate the amide groups
in chitosan and eliminate ionic repulsions, inducing physical
crosslinking via hydrogen bonding, hydrophobic interactions and
crystallite formation [27]. In addition, such a strategy could be
applied to PVA by deprotonating its hydroxyl groupswith a strong
base to prevent hydrogen bonding and promote more extended
conformation, followed by reprotonation to drive nucleation
of fine crystallites [28]. In addition, near-ideal homogeneous
network has been synthesized from Tetra-PEG macromonomers
to minimize structural defects and improve mechanical proper-
ties [23]. Although these techniques have successfully improved
network uniformity, the achievable mechanical enhancement
still remains modest, possibly due to the insufficiently strong
intermolecular interactions. Consequently, it poses a significant
challenge to establish a uniformnetwork structure that is fixed by
strong crosslinking in order to achieve hydrogels with ultra-high
toughness.

In this work, we propose a novel strategy to fabricate tough and
mechanically isotropic hydrogels by synergistically modulating
polymer chain mobility and physical crosslinking throughout
the gelation process. This is achieved by manipulating the
interchain interactions via sequential steps of acidification,
freeze-thawing, and salting-out. Specifically, we acidify the PVA
precursor solution to protonate hydroxyl groups [29], thereby
weakening intermolecular hydrogen bonding, enhancing chain
mobility, and preventing premature aggregation in the solution.
This acid-mediated weakening of physical interactions causes a
homogenized chain distribution and facilitates the formation of
a uniform network architecture (Figure 1). A following freeze-
thawing step introduces minimal physical crosslinking to form
a gel and preserve its structural integrity in preparation for the
subsequent salting-out step. Upon immersion in specific salt
solutions, the previously protonated hydroxyl groups would be
deprotonated by the basic solution, restoring their ability to form
strong hydrogen bonds. Simultaneously, the salting-out process
occurs, leading to controlled crystallization, during which the
mobile chains densely pack into hydrogen-bonded crystalline
domains. These crystallites act as strong physical crosslinks,
effectively dissipatingmechanical energy and improving network
cohesion.

The resulting hydrogels exhibit exceptional mechanical perfor-
mance, achieving tensile strength of 29.5 MPa, stretchability
of 2684%, fatigue resistance of 4.46 kJ m−2, and toughness of
424MJm−3, well exceeding the benchmarks of isotropic and even
many anisotropic tough hydrogels in their reinforced direction.
More importantly, the mechanical properties are isotropic, mak-
ing the material suitable for demanding applications involving
multidirectional mechanical stress. We further demonstrate that
Advanced Materials, 2026
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FIGURE 1 Schematic diagram of fabricating strong and tough PVA hydrogel via acidification, freeze-thaw cycles, and salting-out. (a) Hydroxyl
groups in PVA can be protonated to destabilize the intermolecular hydrogen bonds between PVA chains, improving the chain mobility. (b) Synthesis of
PVA hydrogel with non-acidified and acidified precursor solution. PVA macromolecules are solvated in water to form a homogeneous solution, gelated
during freeze-thaw cycles, and toughened after salting-out in a sodium citrate solution.
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this method is generalizable to other polymer systems beyond
PVA, and is compatible with additive manufacturing techniques,
highlighting its potential as a versatile and scalable strategy
for future hydrogel-based devices. By integrating control over
both network uniformity and intermolecular interactions, this
approach paves a new way in the rational design of tough,
functional hydrogels.

2 Results and Discussion

Mechanically tough and strong hydrogels were synthesized via
a three-step process of precursor acidification (step I), freeze-
thawing (step II), and salting-out (step III). Briefly, in step I, a
stock solution of PVA was prepared by dissolving PVA powder in
90◦Cwater, which was subsequently diluted using water and 37%
HCl to produce a homogeneous precursor solution with desired
concentration of PVA and acid (Figure 1b). The precursor solution
underwent freeze-thaw cycles (−20◦C and room temperature) in
step II to form a soft and weak gel (termed as PVA-FT gel) with
slight physical crosslinking, during which the nucleation of ice
crystals during freezing promoted aggregation of polymer chains,
inducing formation of intermolecular hydrogen bonding between
hydroxyl groups in PVA macromolecules. Acidification of the
precursor weakens and decreases the number of hydrogen bonds,
increasing the chain mobility to facilitate chain rearrangement
to more uniform network structures. The protonation of PVA
molecules was confirmed using potentiometric titration, where
acidified PVA was titrated against a base solution. Two inflection
points were observed, corresponding to the neutralization of
Advanced Materials, 2026
excess acid and protonated PVA, respectively (Figure S1) [29].
During step III, the freeze-thawed gel is immersed in sodium
citrate solution to deprotonate the oxonium cations to restore
its ability to form hydrogen bonds, while yielding a salting-out
effect that causes strong physical crosslinking between polymer
chains, which fixes the highly uniform network structure. These
interactions lead to further aggregation of PVA, obtaining a strong
and tough hydrogel (termed as PVA-SO gel).

We investigated the influence of composition on the mechanical
properties of hydrogels fabricated using the acidification and
salting-out by varying the acid concentration, acid species, and
PVA concentration (Figure 2a–c). Samples with different acid
concentrations and species are denoted as mAcid-PVA, where m
is the molar amount of the acid per kilogram of the precursor
solution. For example, 1HCl-PVA represents a sample in which
1 kg of precursor solution contains 1 mole of HCl. Representative
stress-strain curves of hydrogels with a fixed PVA concentration
of 10 wt% acidified with HCl are plotted in Figure 2a, with
HCl concentration chosen as 0, 0.1, 0.5, 1, 1.5 and 2 mol kg−1
(calculated vs. weight of solution, unless specified otherwise),
and ultimate tensile strength, stretchability, and toughness are
summarized in Figure 2e–g. As the HCl concentration increases
from 0 to 1 mol kg−1, the ultimate tensile strength increases
by 73% from 15.4 ± 1.7 to 26.7 ± 2.1 MPa, while the toughness
shows a similar trend (143 ± 37 MJ m−3 at 0 mol kg−1 to 224 MJ
m−3 at 1 mol kg−1, representing a 57% increase), indicating the
effective strengthening and toughening of hydrogel via acidifica-
tion. Meanwhile, the stretchability improves slightly from 1555%
to 1650%. We hypothesize that this trend could be explained as
3 of 15
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FIGURE 2 Mechanical properties of PVAhydrogels. Representative stress-strain curves of PVAhydrogels fabricated using precursor solutionswith
(a) HCl concentration from 0 to 2 mol per kilogram of solution, (b) different acid species while nominal concentration of protons kept constant, and
(c) PVA concentration from 10 to 20 wt.%. (d) Representative stress-strain curves of PVA hydrogels synthesized using freeze-thaw cycles and directional
freezing (stretched in the parallel or perpendicular direction to the nanofibrils). (e-g) Summary of (e) tensile strength, (f) stretchability, and (g) toughness
of different PVA hydrogels. (h) Photographs of 1HCl-PVA-SO gel before and after stretching. The gel did not break when stretched to 1700% strain.
(i) Photograph of 1HCl-PVA-SO gel (100 mg) lifting a weight of 4 kg (∼40 000 times of body weight) without breaking. (j,k) Ashby diagrams of (j) tensile
strength vs. stretchability, (k) toughness vs. tensile strength, and (l) toughness vs. stretchability of hydrogel reported in this work and other reported
tough hydrogels and polymers [7, 8, 11–13, 15, 19, 25, 27, 31–77].
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follows. If no HCl is added, the large ice crystals formed during
freezing squeezed the PVA chains into condensed pore walls,
and hydrogen bonding between hydroxyl groups on PVA chains
will cause significant physical crosslinking in the PVA-FT gel,
resulting in local chain aggregation and crystallites. This leads
to highly nonuniform microstructure featuring large pores and
dense pore walls. By contrast, in acidified PVA solution, hydroxyl
groups will be protonated and form delocalized oxonium cations
(-OH2

+), shielding the partial negative charge on the oxygen
4 of 15
atom. Consequently, the protonation of PVA chains leads to
weaker and less hydrogen bonding and higher chain mobility
(Figure 1a). As a result, the PVA chains in the freeze-thawed
gel become highly flexible and evenly distributed without being
pinned by crystallites, enabling the formation of uniformnetwork
structures. Meanwhile, the amount of physical crosslinking is
large enough to ensure that the PVA-FT gel remains in the gelated
state when immersed in a salt solution instead of dissolving. A
higher concentration of HCl leads to a larger fraction of hydroxyl
Advanced Materials, 2026
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groups in PVA chains being protonated, causing less crystalline
regions to form that pins themotion of PVAmolecules in the PVA-
FT gel (Figure S2). Consequently, the polymer chains could freely
migrate, allowing for more crystallites to form in the salting-out
step. The ultimate tensile strength reaches a plateau at higher acid
concentrations of 1.5 and 2 mol kg−1, which can be attributed to
the fact that most hydroxyl groups have already been protonated
at an HCl concentration of 1 mol kg−1. The concentration of
1 mol kg−1 was chosen for further characterizations, because
at higher acid concentrations the FT gel would become very
soft and difficult to handle due to excessive suppression of
physical crosslinks, even though the toughness of SO gel reaches
maximum value at 1.5 mol kg−1. This behavior will be discussed
further in the subsequent sections.

Additionally, the anion species of acid plays a critical role in
affecting the interaction between polymer, water, and ions in the
solution, suggesting a complex coupling between protonation and
Hofmeister effect in both freeze-thawing and salting-out process
(Figure 2b,e). The HCl in PVA (10 wt%) precursor was replaced
with nitric acid (HNO3), hydrobromic acid (HBr), or sulfuric
acid (H2SO4) while keeping the nominal concentration of protons
constant at 1 mol kg−1. It has been previously reported that the
salting-out effect of anions has an order as follows: SO4

2−
> Cl−

> Br− ≈ NO3
−[18]. In agreement with this series, we observed

that the compression modulus of PVA-FT gels with different acid
species has the order of 0.5H2SO4>>HCl >HBr >HNO3 (Figure
S3). Despite the similar nominal salting-out strength of Br− and
NO3

−, we find that NO3
− leads to the greatest stretchability

and toughness of the SO gels. We assume that the weaker
hydration enthalpy of NO3

− (ΔHhyd = −314 kJ/mol) compared
with Br− (−348 kJ/mol) facilitates its partial insertion near
hydroxyl groups, modulating hydrogen bonding more modestly
[30]. It may enhance chain mobility and network rearrangement
without driving excessive dehydration or premature aggregation.
By contrast, Br− ismore strongly hydrated andmore prone to form
a dense, tightly associated network, which increases strength but
reduces extensibility (Figure 2e–g). According to the previous
hypothesis, the protonation should hinder the intermolecular
hydrogen bonding between PVA chains. However, strong salting-
out ions like SO4

2− with a high charge density and small
ionic radius, would strongly promote the interaction between
PVA molecules and induce aggregation, which contradicts the
effect of protonation. Moreover, such premature aggregation
is enhanced by the suppression of hydrogen bonding between
PVA and water in the acidic environment, which drives further
dehydration from the polymer chain. As a result, premature
formation of crystallites in PVA-FT gels with these strong salting-
out ions like SO4

2− would undermine the mobility of the chains,
preventing a uniform network structure. After salting-out in
sodium citrate solution, the 0.5H2SO4 gel exhibits much lower
mechanical properties than 1HCl gel or even non-acidified sam-
ples, possibly due to its highly non-uniform network structure.
On the other hand, strong acids with salting-in anions exhibit
higher mechanical properties than non-acidified samples, with
an order that agrees well with the Hofmeister series, supporting
the effectiveness of enhancing chain mobility for toughening
the hydrogel. Notably, the 1HNO3-PVA-SO sample achieves a
record-high toughness of 424 MJ m−3 among isotropic hydrogels.
In addition, the effect of PVA concentration was also studied.
Precursor solutions with PVA concentrations of 5, 10, 15, and
Advanced Materials, 2026
20 wt% were prepared while HCl concentration was fixed at
1 mol kg−1. PVA solution with a low concentration of 5 wt% did
not gelate after 4 freeze-thaw cycles and dissolved into a cloudy
solution when soaked into the sodium citrate solution. When
the PVA concentration increases from 10 to 20 wt.%, the tensile
strength, stretchability and toughness of the hydrogel exhibit a
non-monotonic trend (Figure 2c), which slightly decreased at
15 wt.% before rising again at 20 wt.%. This behavior can be
attributed to two effects. First, during the salting-out step, the
polymer chains condense into a homogeneous polymer-dense
phase, whose final polymer concentration and network structure
become similar regardless of the starting composition. Second,
at higher initial concentrations (15–20 wt.%), solution viscosity
rises sharply, which impedes homogeneous ion/acid diffusion,
chain rearrangement and uniform network formation, leading
to defects and reduced performance at 15 wt.%. At 20 wt.%,
the increased chain entanglements recover some mechanical
performance, but the workability is significantly compromised
by its high viscosity. For practical processing and balanced
mechanical performance, we selected 10 wt.% PVA for further
characterization unless otherwise specified.

We further explored the effect of freezing conditions on the
mechanical properties of the hydrogel. When no freezing was
conducted, directly adding the salt solution into the precursor
only yielded a turbid slurry, proving the necessity to include a
freeze-thaw process to form a lightly crosslinked gel to preserve
its macroscopic structure before salting-out. The freezing tem-
perature was changed from −5◦C to −80◦C (Figure S4). Gels
that underwent freeze-thaw cycles at −5◦C collapsed, attributed
to insufficient physical crosslinking. When freezing temperature
decreased from −20◦C to −80◦C, the tensile strength remained
stable, but the stretchability and toughness dropped significantly
(1650%, 224 MJ m−3 at −20◦C to 920%, 177 MJ m−3 at −80◦C).
This trend can be ascribed to the higher crystallinity of PVA-
FT gels frozen at lower temperatures, as the crystallites serve as
crosslinking points that prevent the motion of polymer chains,
counteracting the effect of acidification. Additionally, a control
hydrogel was prepared via directional freezing (DF) followed by
salting-out. During directional freezing, ice nucleation occurs
preferentially along an externally exerted temperature gradient
in a cooling bath to yield polymer nanofibrils that are aligned
with the temperature gradient. The DF hydrogel exhibits signifi-
cantly contrasting mechanical properties when stretched in the
direction parallel or perpendicular to the aligned nanofibrils—
the tensile strength, stretchability, and toughness of the DF gel
(10 wt.% PVA-1HCl) stretched in the parallel direction (17.0 MPa,
2312%, 243MJm−3, respectively) are higher than in the transverse
direction (10.0 MPa, 1002%, 72 MJ m−3, respectively), while no
orientation-dependence of mechanical properties is observed in
the hydrogels prepared via freeze-thawing. It is also noteworthy
that the acidified PVA precursor yields PVA-SO gels of greater
mechanical properties than our previously reported unacidified
hydrogel made via either freeze-thawing or directional freezing
(in the parallel direction). We demonstrate the superior mechan-
ical properties by showing that the 1HCl-PVA-SO gel can be
stretched to 1700% without fracturing (Figure 2h) and withstand
a load that is approximately 40 000 times of its own weight
(Figure 2i). Furthermore, this hydrogel shows tensile strength
comparable to state-of-the-art tough and strong hydrogels syn-
thesized with double network, dual crosslink, solvent-exchange,
5 of 15
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and so forth. The stretchability of our hydrogel is also higher than
most of these reported examples. Most importantly, our hydrogel
reaches record-high toughness among all hydrogels reported to
this date and easily surpasses that of synthetic rubbers and
tendons (Figure 2j–l).

To investigate the effect of protonation on the PVA in an
acidic environment and to support the hypothesis that proto-
nation may inhibit intermolecular hydrogen bonding between
PVA chains, we conducted reactive molecular dynamics (MD)
simulations using the ReaxFFC/H/O/Li/Na/K/Cl/I force field re-
parameterized based on previous reports [78, 79]. Specifically, to
explore the protonation mechanism of the PVA dimer, we placed
a PVA dimer with 20 -OH groups in both neutral (H2O) and
acidic (HCl solution) environments (Figure S5) and performed
an initial NVT (constant temperature and volume) equilibration
at 300 K for 2.0 ns. To study the morphological changes and
the evolution of the hydrogen bond network in the PVA dimer
during the freeze-thawing process, we carried out a second NVT
equilibration at 253 K for an additional 2.0 ns. Details of the
modeling and MD simulation are provided in Text S1.

In the first equilibration at 300 K, we observed decomposition
of HCl and proton transfer between H2O molecules, leading
to the formation of Cl− and H3O+ (Figure S6), followed by
subsequent proton transfer fromH3O+ to PVA-OHgroups to form
-OH2

+ and H2O (Figure S7). The protonation of PVA-OH groups
was also supported by a shift of the proton on methine group,
which hydroxyl group attached to, toward the high-field direction
with higher acid concentrations in the NMR (nuclear magnetic
resonance) spectra (Figure S8). During the second equilibration
at 253 K, the two chains of the PVA dimer remained aligned in
the neutral environment (H2O), whereas one chain tended to
coil in the acidic environment (HCl solution) (Figure 3a,b), with
an approximately 5.0 Å shorter head-to-tail distance (Figure 3c;
Figure S9). The degree of alignment between the two chains can
be further evaluated by analyzing the nearest C─C and O─O
distances (Figures S10 and S11). As shown in Figure S10a, the
C─Cnearest distances in the PVAdimer equilibrated inH2Owere
more evenly distributed along the carbon backbone (< 6.0 Å).
In contrast, the C─C nearest distances in the HCl solution are
significantly larger at the two chain ends, exceeding 6.0 Å or even
reaching 8.0 Å, consistent with the higher degree of curling of the
PVA dimer. In comparison, the nearest O─O distances (Figure
S10b) show no significant difference between the neutral and
acidic cases, as the ─OH groups have higher mobility relative
to the carbon backbone. Reference lines at 3.4 Å were included
to identify O─O pairs that could potentially form intermolecular
hydrogen bonds between the two chains. The number of O─O
pairs falling below this cutoff was approximately the same in
both the neutral and acidic systems, suggesting that the geometric
availability for intermolecular hydrogen bonding was similar,
regardless of the potential weakening of bond strength due
to protonation of ─OH groups (Figure 3d). Quantification of
intermolecular hydrogen bonds between the two chains of PVA
dimer shows similar counts in H2O and HCl solutions when
accounting for bonds contributed by ─OH2

+ groups (Figure 3e).
At 2.0 ns, ∼37.5% of ─OH groups in the HCl solution were
protonated (Figure S12b), with∼50% of hydrogen bonds involving
–OH2

+ at the end of equilibration (Figure 3e; Figure S12c).
Based on these simulation results, we infer that the curling
6 of 15
of the PVA dimer in acidic environment was caused by the
weakening of intermolecular hydrogen bonds involving ─OH2

+

groups, resulting in higher chain mobility and a more uniform
distribution, as observed experimentally.

While ReaxFF using the Electronegativity Equalization Method
(EEM) [80] can provide reasonable qualitative insights and track
trends in charge transfer, polarization, and changes in the local
environment during reactions, high-level quantum mechanical
(QM) calculations are needed to obtain quantitative and more
accurate atomic charges for hydrogen bond analysis. To validate
our hypothesis that protonation weakens intermolecular hydro-
gen bonding„we performed non-periodic DFT calculations using
the Schrödinger Jaguar software package [81] to determine the
intermolecular hydrogen bond strengths between (1) two ─OH
groups, (2) one ─OH2

+ and one ─OH (with ─OH2
+ initially as

acceptor), (3) one ─OH2
+ and one ─OH (with ─OH as acceptor),

and (4) two ─OH2
+ groups (Figure S14a,c,e,g).

To exclude interactions from nearby atoms of the PVA chains
and solvent molecules, we employed dry C3H7OH dimers with
different protonation states as the initial geometries for ReaxFF
and DFT minimizations. A comparison of the intermolecular
hydrogen bond strengths obtained from ReaxFF and DFT cal-
culations is presented in Figure 3f. For Case 1, the hydrogen
bond strength between the two neutral─OHgroups showed good
agreement between ReaxFF and DFT. For partially protonated
dimers (Cases 2 and 3), both methods indicated a comparable
or stronger hydrogen bond than in the neutral case, due to
emergence of a symmetric proton-sharing geometry according
to DFT minimizations (Figure S15a). In Case 4, the ReaxFF
result suggested an extremelyweak interaction, with aminimized
distance greater than 40.0 Å (Figure S14), whereas the DFT
calculation yielded a positive interaction energy due to strong
repulsion.

It should be noted that these calculations using dry dimers
capture the intrinsic intermolecular hydrogen bond strength
between a pair of ─OH/─OH2

+ groups, but fail to account
for proton transfer events, hydration, solvation dynamics, and
associated chemical processes in an aqueous environment. These
effects were assessed using Mulliken charge of the shared proton
as a function of the number of surrounding H2O molecules,
ranging from 1 to 9. As the number of H2O molecules increased,
a solvation shell began to form, stabilizing the oxygen lone pairs.
Simultaneously, the proton became increasingly delocalized, as
indicated by a decreasing Mulliken charge (Figure 3g), leading
to the weakening and eventual disruption of the hydrogen bond.
When 8 or more H2O molecules were present, we observed
complete proton transfer, resulting in the formation of a Zundel-
type hydrated proton (Figure S15b). In conclusion, hydrogen
bonding between ─OH and ─OH2

+ groups are unstable in an
aqueous environment. Overall, these results reveal the disruption
of hydrogen bonding networks caused by solvation of protonated
hydroxyl groups, which facilitates higher PVA chain mobility in
acidic solution compared to neutral conditions, ultimately con-
tributing to the softening of FT gels and ultimately enhancement
of SO gels, as will be discussed in following sections.

We further developed an association model to support the
hypothesis of weakened interactions in acidified PVA precursors
Advanced Materials, 2026
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FIGURE 3 Structural characteristics and hydrogen bonding of PVA dimers in neutral and acidic environments fromReaxFF andDFT calculations.
(a,b) Molecular structures of PVA dimers in (a) H2O and (b) HCl solution extracted from ReaxFF NVT simulations at 253 K and 2.0 ns. (c) Head-
to-tail distances of PVA dimers in H2O and HCl solution during the simulations at 253 K over 2.0 ns. (d) Schematic illustration of intermolecular
hydrogen bonds, including those contributed by protonated hydroxyl groups, for the PVA dimer in HCl solution from the simulation at 253 K and 2.0 ns.
(e) Time evolution of intermolecular hydrogen bonds, including those contributed by protonated hydroxyl groups, for PVA dimers in H2O and HCl
solution during the simulations at 253 K over 2.0 ns. The solid curves represent averages over three samples run with the same simulation setup for
2.0 ns, and the transparent background curves indicate the standard deviations of those three samples. (f) Comparison of hydrogen bond strengths for
Cases 1–4 using ReaxFF and DFT. (g) Mulliken charge variation of the shared proton in the C3H7OH dimer configuration as the number of surrounding
H2O molecules increases from 0 to 9. (h,i) Number of hydrogen bonds per Flory-Huggins cell between (h) PVA-PVA molecules and (i) PVA-water
molecules according to association modeling.
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addressing the number of hydrogen bonds between different
species. In the model, the mixture is represented on a Flory–
Huggins lattice (Text S2), where each species carries donor
and acceptor sites that define the possible hydrogen bonds.
Acidification is captured by treating PVA as a binary mixture of
neutral hydroxyl and protonated sites, with the latter reducing
the available bonding capacity. As acid concentration increases,
the number of PVA–PVA hydrogen bonds diminish, weakening
Advanced Materials, 2026
interpolymer associations (Figure 3h). Meanwhile, the number of
PVA-water hydrogen bonds would increase, which enhances the
dispersion of PVA molecules in the solution (Figure 3i).

To experimentally elucidate the strengthening and toughening
mechanism, we carefully examined each fabrication step at the
multiple length scales. First, the influence of acidification dur-
ing dissolution on polymer chain conformation is investigated.
7 of 15
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FIGURE 4 Investigation of the tougheningmechanism andmicrostructure. (a) Optical images of PVA-FT gels. Left to right: 0HCl, 0.1HCl, 0.5HCl,
1HCl, 1.5HCl, 2HCl. Scale bar: 1 cm. (b) Compressive modulus of PVA-FT gels. (c) Optical images of PVA-SO gels. Left to right: 0, 0.1, 0.5, 1, 1.5, 2HCl.
Scale bar: 1 cm. (d) Transmittance of PVA-SO gels. (e) SEM images of PVA-SO gels. Left to right: 0, 0.1, 0.5, 1, 1.5, 2HCl. Scale bar: 200 nm. (f) Volume
distribution of pore size of PVA-SO gels measured by mercury intrusion porosimetry. (g) Crystallinity of PVA-FT and PVA-SO gels with different acid
concentrations measured using DSC. (h) Representative SAXS diagrams of SO gels. (i,j) FLIM images (upper left: fluorescence channel; upper right:
phosphorescence channel) and phasor diagrams (bottom) of (i) 0HCl-PVA-SO and (j) 1HCl-PVA-SO gels.
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Optical images of 0, 0.1, 0.5, 1, 1.5 and 2HCl-PVA-FT gels and
respective compression moduli are summarized (Figure 4a,b).
When no acid is present, the hydrogel exhibits a translucent
pattern (Figure 4a) resulting from the crystalline domains yielded
during the freeze-thaw process, where ice crystals cause the
chains to aggregate and crystallize. A higher concentration
of HCl in the precursor solution results in more transparent
and softer PVA-FT gels, supporting that crystallite formation
during freeze-thaw cycles is hindered by the addition of HCl,
attributed to the suppression of hydrogen bondingwhen hydroxyl
groups are protonated, as suggested by the MD simulations. In
short summary, the acidification step homogenized the network
distribution in the aqueous solution, and the freeze-thaw step
introduced a minimal amount of physical crosslinks to fix such
chain conformation and maintain the shape of the hydrogel to
prepare it for the final salting-out step. As PVA macromolecules
are allowed to move more freely due to less crystallites in
acidified PVA-FT gels, it is expected that the chains will be
more evenly distributed, which has a profound effect on the
pore structure of PVA-SO gels in step III. Specifically, a similar
trend of transparency for PVA-FT gels is observed, as 0HCl-
PVA-SO appears opaque while 2HCl-PVA-SO gel is translucent
(Figure 4c). UV–vis spectroscopy measurements confirm the
much lower transmittance of 0HCl-PVA-SO gel (∼8% at 500 nm)
8 of 15
than 1HCl-PVA-SO gel (Figure 4d), suggesting less scattering of
visible light in the hydrogel, which further indicates that the pore
size might be smaller than the wavelength of visible light. The
transmittance decreases for samples with higher acid concentra-
tions, which is possibly attributed to the wrinkles generated in
the excessively soft FT gels during salting out. Scanning electron
microscopy (SEM) images (Figure 4e) of 0HCl-PVA-SO gel shows
that it has an average pore diameter of approximately 500 nm. By
contrast, 1, 1.5, and 2HCl-PVA-SO gel has a much smaller pore
size of 10–20 nm and a uniform network structure. The trend of
pore size is supported by mercury intrusion porosimetry (MIP)
measurements, where the pore diameter at peak normalized
volume decreases as the acid concentration increases (Figure 4f).
The trend in pore size is consistent with our previous hypothesis:
acidified PVA chains have higher flexibility such that they diffuse
and rearrange more freely in the PVA-FT gel. Consequently, their
network structures are more evenly distributed, which are fixed
during salting-out, leading to smaller pores. Interestingly, despite
the distinct pore size distributions of gels with different acid
concentrations, MIP reveals that the porosity (volume fraction
of voids in a bulk gel) of these gels is extremely close to each
other (∼88%) (Figure S16). This observation is in agreement with
the fact that the polymer dense phase precipitated from a phase
separation should have a stable composition regardless of the
Advanced Materials, 2026
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composition of the parent phase. In conclusion, the salting-out
step further densifies and fixes the chain conformation to yield
an isotropically tough hydrogel.

Second, we verified if the high chain mobility brought by
acidification can contribute to the strong physical crosslinking
during the salting-out process. Differential scanning calorimetry
(DSC) detects endothermic peaks in the range of 200◦C –
250◦C, which is assigned to the melting of PVA crystals. When
HCl concentration increases up to 1 mol kg−1, the crystallinity
of PVA-FT gels calculated from DSC curves becomes lower,
verifying that HCl impedes crystallite formation. At higher
HCl concentrations, the crystallinity decreased, which might be
attributed to incomplete deprotonation during salting out. Since
the high flexibility of acidified PVA molecules should allow for
better packing of chains in the salting-out process, a decreasing
trend of crystallinity of PVA-FT gels is observed—all PVA-SO
gels have improved crystallinity compared to their PVA-FT gel
counterparts, while a higher HCl concentration translates to
higher crystallinity in PVA-SO gels (Figure 4g; Figure S17). Such
trend was supported by water content tests (Figure S18), which
shows that FT gels with higher initial acid concentrations, after
washing away the acid, have higher water content due to less
physical crosslinks. Meanwhile, the trend is reversed for SO gels,
with a higher initial acid concentration leading to lower water
content that reached a plateau at 1 mol kg−1, suggesting higher
crosslink density, which is consistent with our hypothesis that
acid facilitates crystallite formation during salting out. SAXS
results indicate a right shift in the peak scattering vector with
higher HCl concentration, suggesting a smaller average distance
between crystals, and thus a higher density of physical crosslinks
(Figure 4h; Figure S19). The crystalline regions are visualized
using fluorescence lifetime imaging microscopy (FLIM) with
phasor approach. A chromophore Bis-BrNpA was doped into
the hydrogel; it exhibits only fluorescence in solution, but emits
both fluorescence and phosphorescence when confined within
crystalline regions. The 0HCl-PVA-SOand 1HCl-PVA-SO samples
exhibit similar brightness in the fluorescence channel (400–
470 nm), revealing similar fluorescence lifetime of 1.21 and 1.25 ns,
respectively (Figure 4i,j, upper left). Meanwhile, the acidified
sample shows greater brightness in the phosphorescence channel
(510–580 nm), with a longer lifetime of 6.48 ns compared to
5.99 ns of non-acidified sample, indicating a larger density of
crystals and a strong intermolecular interaction in the crystalline
region (Figure 4i,j, upper right). Additionally, the phasor diagram
of the acidified gel shows a smaller phosphorescence cluster,
suggesting a more uniform distribution of distance between
crystalline regions (Figure 4i,j, bottom), conducive to the stress
distribution among polymer chains. Furthermore, to rule out the
effect of any potentially formed chemical crosslinking under heat
or strongly acidic environments [82–84], we compared the NMR
spectra of a low-molecular weight PVA (Mw = 9000) dissolved
at room temperature and a high-molecular-weight PVA (Mw
= 89000) dissolve at 90 ̊C (Figure S20). In case of chemical
crosslinking, the signal for methine hydrogen should be shifted,
while for both samples it appeared at a chemical shift of 3.94 ppm,
indicating minimal chemical crosslinking occurred even when
PVA was dissolved at an elevated temperature. Additionally, we
immersed PVA-SO gel in DMSO at room temperature after wash-
ing away the salt with water, which completely dissolved after 6 h
Advanced Materials, 2026
(Figure S21), indicatingminimal chemical crosslinks have formed
during the whole fabrication process that could potentially
contribute to the mechanical performance.

To further confirm the toughening mechanism via improving
chain flexibility, control samples were prepared by replacing HCl
with salts with strong salting-in effects including magnesium
chloride (MgCl2), copper chloride (CuCl2), and iron chloride
(FeCl3). Salting-in ions improve the solubility of polymer macro-
molecules in water by disrupting the hydrogen bonding between
water molecules. Therefore, it is anticipated that these salts
should have a similar effect of improving the chain flexibility of
PVAmolecules in PVA-FT gel. Due to the strong salting-in effect,
1MgCl2-PVA precursor failed to gelate after 4 freeze-thaw cycles.
For other precursors with salt added except 1FeCl3, the PVA-
SO gels were toughened to different extents compared to the gel
without acid or salts (Figure S22), which supports the proposed
strategy of network homogenization before salting-out. However,
for the 1FeCl3-PVA-SO sample, the high concentration of Fe3+
ions formed dark brown Fe(OH)3 precipitates in the hydrogel
matrix when it came in contact with the basic sodium citrate
solution. Therefore, the hydrogel is severely embrittled by the
precipitate particles, leading to poor mechanical properties.

We further studied the reversibility of the acidified hydrogel
under cyclic loading. A relatively large hysteresis was observed,
indicating large energy dissipation during deformation, which is
assigned to the breaking of a large amount of sacrificial bonds
(hydrogen bonds) (Figure 5a,b). We also confirmed that these
hydrogen bonds are partially recoverable by stretching the hydro-
gel for multiple cycles with progressively larger strains (Figure
S23a). We observed that the loading curve of each new cycle does
not follow the unloading curve of the previous cycle, indicating
that some of the physical crosslinks have reformed and contribute
to strength recovery. By estimating the recoverable fraction as
the overlapping area between two consecutive loading-unloading
loops divided by the area of the prior loop, we found that approx-
imately 30% of these interactions recover over the timescale of
the test (Figure S23b). To further utilize the reversibility of the
physical crosslinks, we conducted cyclic tensile tests with 5 min
of resting at stress-free state between each cycle (Figure S24).
The sample exhibited consistent stress-strain curves after the
first conditioning cycle and minimal residual strain after each
resting process, demonstrating good reversibility and consistently
large toughness, making it particularly useful for applications
with non-continuous large loading. The fatigue resistance of
the material is also crucial for real-life applications where it is
often subjected to dynamic loads. Notably, the 1HCl-PVA-SO gel
reaches a high fatigue threshold of 4.46 kJ m−2 (Figure 5c). To
validate the fatigue threshold, a notched sample was cycled at
an energy release rate of 4.10 kJ m−2 for 5000 cycles, and no
crack propagation was observed (Figure 5d). Furthermore, we
demonstrate that our strengthening and toughening strategy can
be generalized to other polymers with protonatable functional
groups. Gelatin is used as a model polymer, which contains
primary amine groups from arginine moieties that can be readily
protonated. We are able to improve the tensile strength by 408%
(0.42 to 2.13 MPa) and toughness by 768% (0.20 to 1.74 MJ m−3)
by increasing HCl concentration from 0 to 1 mol kg−1 (Figure 5e,f;
Figure S25).
9 of 15
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FIGURE 5 Fatigue resistance and generality of acidified hydrogel. (a) Stress–strain curves of 1HCl-PVA-SO gel under cyclic loading to 50% strain
from 1 to 500 cycles. (b) Mechanical hysteresis of the 1HCl-PVA-SO gel from under cyclic loading to 50% strain from 1 to 500 cycles. (c) Fatigue resistance
of 1HCl-PVA-SO gel. (d) Validation of the fatigue threshold at 4.10 kJ m−2 for 1HCl-PVA-SO gel using the single-notch test. Photos are taken at the first
and the 5000th cycle. Scale bare: 2 mm. (e) Representative stress-strain curves of 10 wt.% 0, 0.1, 0.5, and 1HCl-Gelatin-SO hydrogels. (f) Toughness of
10 wt.% 0, 0.1, 0.5, and 1HCl-Gelatin-SO hydrogels. (g) Schematic of poly(vinyl alcohol methacrylate) (PVAMA) photocrosslinked under 385 nm light.
(h) Photograph of printed PVAMA hydrogel with UCLA pattern. Scale bar: 1 mm. (i) Photograph of printed PVAMA hydrogel with grid pattern. Scale
bar: 1 cm. (j) Optical microscope image of printed PVAMA hydrogel. Scale bar: 500 µm. (k) Photo of the PVAMA hydrogel net after salting-out. (l) Time
lapse image of the PVAMA hydrogel net surviving the impact of a 50 g weight dropped from a 10 cm height.
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To better utilize the toughened hydrogel as a structural material,
it is often necessary to modify the material into a predesignated
shape. Herein, by incorporating photo-crosslinkable functional
groups like methacrylate into the polymer, we are able to
print tough hydrogels using the same acidification strategy with
arbitrary shape via digital light processing (DLP) (Figure 5g,h).
For example, a pattern of UCLA logo can be printed using a
methacrylate derivative of PVA (PVAMA) as shown in Figure 5g.
Similarly, a fishnet structure can be printed featuring a line width
as narrow as 0.36 mm with clear boundaries (Figure 5i,j). After
freeze-thawing and salting-out the printed 1HCl-PVAMA sample
(Figure 5k), the hydrogel fishnet (∼ 1 g) can survive the impact of
a 50 g weight dropping from a 10 cm height, successfully show-
casing its remarkable tensile strength and toughness (Figure 5l).

3 Conclusion

In this study, we developed a three-step process of protonation,
freeze-thawing, and salting-out to achieve superior mechanical
properties (tensile strength, stretchability, and toughness) in
isotropic PVA hydrogel. Guided by the MD simulation, it was
elucidated that during the fabrication, protonation improves PVA
10 of 15
chain flexibility by suppressing hydrogen bonding to create highly
homogenized chain conformation during freeze-thaw cycles,
which can be fixed by strong physical crosslinking via salting-out.
The ultrahigh toughness of our hydrogel primarily derives from
its exceptional extensibility, which enables unique opportunities
in soft, deformable systems, such as stretchable actuators, adap-
tive skins, and wearable elastic substrates, where materials often
must accommodate large mechanical deformations repeatedly
without rupturing and have adequate modulus to make it easy
to actuate and conform through deformation. Beyond PVA, such
a strategy can be applied to other polymers with protonatable
functional groups, including gelatin, opening possibilities for
broader applications like medicine, soft robotics, and additive
manufacturing. We also recognize that while the salting-out
strategy endows PVA hydrogels with exceptional mechanical
robustness, their high residual ion content and susceptibility to
dehydration remain important challenges for practical applica-
tion. These factors may limit direct biomedical use and long-term
environmental stability. Future work will focus on mitigating
these issues through the incorporation of biocompatible salts
and design of water-retentive or encapsulated structures [85–91],
thereby extending the applicability of this tough yet versatile
hydrogel system.
Advanced Materials, 2026
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4 Experimental Section

4.1 Materials and Instruments

Poly(vinyl alcohol) (PVA) (weight-average molecular weight
(Mw) of 89–98 kDa; degree of hydrolysis of 99%), methacrylic
acid (99%), hydroquinone, and sodium citrate tribasic dihydrate
were purchased from Sigma–Aldrich. Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (TPO-Li) was purchased from CPS
Polymers. Glutaraldehyde (50 v%), hydrochloric acid (36.5–
38 wt.%), sodiumhydroxide, nitric acid (68–70wt.%), sulfuric acid
(95–98 wt.%), phosphoric acid (85 wt.%), lithium chloride, lithium
iodide, and phosphate buffer solution, triethylamine, and acetone
were purchased from Fisher Scientific.

The universal mechanical tester model used for tensile and cyclic
testing is the UniVert from CellScale. The dynamic mechanical
analyzer used for compression tests is the DMA 850 from TA
Instruments. The differential scanning calorimeter used for crys-
tallinity measurements was the DSC 250 from TA Instruments.
The mercury intrusion porosimeter used for pore size and poros-
ity analysis was the PoreMaster 33 fromAnton Paar. The scanning
electron microscope model used for morphology imaging was
the Supra 40VP from ZEISS. The UV–vis spectrophotometer
used for absorbance and optical measurements was the UV-
3101 PC from Shimadzu. For directional freezing experiments,
the cooling bath system referenced was model PSL1810 from
EYELA. Non-periodic density functional theory (DFT) calcula-
tions were performed using the Schrödinger Jaguar 10.4 software
package.

4.2 Fabrication of Hydrogel

The acidification step is completed during the preparation of the
precursor solution. Specifically, 15, 17 and 23 wt.% PVA stock
solutions were prepared by dissolving PVA powder in deionized
water at 90◦C with vigorous stirring. The stock solutions were
cooled to room temperature and then diluted to 5, 10, 15, 20 wt.%
precursor solutions using water and desired amount of acid or
salting-in salt. The precursor solutions were thoroughly mixed,
and air bubbles were removed by centrifugation. 10 wt.% gelatin
precursor solution was prepared similarly by diluting a 15 wt.%
stock solution of gelatin (maintained at 50◦C to prevent prema-
ture gelation) with water and acid. 1.5 m sodium citrate solution
is prepared by dissolving sodium citrate tribasic dihydrate powder
in deionized water by vigorously stirring.

The freeze-thawing step was completed by casting PVA precursor
solution into petri dishes, which were frozen at −20◦C for 5 h.
The frozen solution was then brought to room temperature to
thaw for approximately 15 min until all ice crystals disappeared
to complete one freeze-thaw cycle. The freeze-thaw cycle was
repeated four times unless otherwise noted, after which the
precursor solution gelated into a mechanically weak PVA-FT
hydrogel. Last, the salting-out step was done by immersing
the PVA-FT gel in 1.5 m sodium citrate solution for 72 h to
obtain a strong and tough PVA-SO hydrogel. Gelatin hydrogel
was prepared using the same procedure using gelatin precursor
solution.
Advanced Materials, 2026
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To fabricate the PVAhydrogel via directional freezing, a precursor
solution is injected into an acrylicmold that is thermally insulated
on the sides using insulation tape and thermally conductive on a
glass bottom. The container was lowered into a −80◦C ethanol
cooling bath (PSL1810, EYELA) at an immersion rate of 1 mm
min−1. The directionally frozenPVA solutionwas soaked in a 1.5m
sodium salt solution for 72 h to complete the salting-out process.

4.3 Potentiometric Titration of Acidified PVA
Solution

25 g 1HCl-PVA solution with a PVA concentration of 10 wt.%
was prepared as described above. The solution had a density of
1.05 g cm−3, translating to a total volume of 23.8 mL and an acid
concentration of 1.05 m. An HCl solution with the same volume
and concentration was used as a control. The 1HCl-PVA and HCl
solution was titrated against 1 m NaOH, and the pH variation
against NaOH volume was recorded using a pH meter (FiveEasy
Plus pH meter, Mettler Toledo).

4.4 Mechanical Testing

For tensile testing, hydrogels were cut into dog-bone shaped
specimenswith a gaugewidth of 1.5mm. The thickness andwidth
of each specimen were measured with a caliper. The stress–strain
data were obtained using amechanical tester (Univert, Cellscale).
The specimens were stretched at a strain rate of 7.5% s−1. The
cyclic tensile test was conducted with the rectangular-shaped
sample with a gauge width of 1.5 mm. The thickness and width
of each specimen were measured with a caliper. The loading and
unloading strain rates were both 7.5% s−1. The sample was soaked
in a salt solution bath during the whole test.

For compression testing, hydrogels were cut into circular spec-
imens with a diameter of approximately 15 mm. The stress-
strain data were obtained using a dynamic mechanical analyzer
(DMA850, TA Instruments). The specimens were compressed at
a strain rate of 8% min−1.

4.5 SEM Characterization

All hydrogel samples were immersed in DI water for 24 h to
remove the salt from the gels. Afterward, the gel was frozen
by liquid nitrogen and cracked by a rubber hammer to create
un-damaged cross-sections. The samples were then freeze-dried
using a freeze dryer (FreeZone, Labconco). The freeze-dried
hydrogels were sputtered with gold with cross-sections upward
before carrying out the imaging using SEM (Supra 40VP, ZEISS).

4.6 UV–vis Spectroscopy

Hydrogels after the salting-out process were cut into samples of
approximately 0.5 × 2 cm and placed into polystyrene cuvettes
filled with 1.5 m sodium citrate solution to prevent dehydration
and precipitation of salt crystals. The UV–vis spectra of the
samples immersed in the sodium citrate solution were measured
11 of 15
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using a spectrophotometer (UV-3101 PC, Shimadzu), with salt
solution of the same concentration used as a reference.

4.7 Mercury Intrusion Porosimetry

After salting-out, all hydrogel sampleswere immersed inDIwater
for 24 h to remove the salt followed by freeze drying. Pore size
distribution and porosity of the dried samples were measured
using a mercury intrusion porosimeter (PoreMaster 33, Anton
Paar) in the intrusion mode under the pressure range of 0.0015
to 231 MPa.

4.8 Differential Scanning Calorimetry

The crystallinities of hydrogelsweremeasured using a differential
scanning calorimeter (DSC250, TA Instruments). Prior to the
DSC measurements, the amorphous parts of the hydrogels were
crosslinked and fixed using glutaraldehyde. The samples were
soaked in a solution consisting of glutaraldehyde (50 wt.%), HCl,
and water (volume ratio of glutaraldehyde: HCl: water = 10:1:60).
Then, the samples were immersed in a large amount of DI water
for 24 h to remove the unreacted glutaraldehyde and hydrochloric
acid. The samples were further freeze-dried and measured with
DSC. The samples were weighed and heated from 50 to 250◦C
at a ramp rate of 20◦C min−1. The heat flow curve would show
an endothermic peak between 200◦C and 250◦C that corresponds
to the melting of PVA crystalline domains. Integration of this
endothermic peak gives the enthalpy of melting of crystalline
domains (Hc). The crystallinity can be calculated as𝑋𝑐 = 𝐻𝑐 ∕𝐻

0
𝑐 ,

where 𝐻0
𝑐 = 138.6 J g−1 is the enthalpy of the fusion of 100 wt.%

crystalline PVA measured at the equilibrium melting point, 𝑇0𝑚.

4.9 Fatigue Tests

The single-notch method was used to measure the fatigue
resistance of hydrogels. Fatigue testing was conducted in a bath
of 1.5 m sodium citrate solution. The notched samples had an
initial crack length (c0) smaller than 1/5 of the width (L0) of the
sample. The cyclic stress–strain curves were measured using a
mechanical tester (Univert, Cellscale). The energy release rate
(G) was calculated using G = 2kcW, where k was empirically
determined to be 𝑘 = 3∕

√
𝜀 + 1, cwas the crack length andWwas

the strain energy density of an unnotched sample with the same
dimensions and stretched to the same strain. W was integrated
from the loading curve of the unnotched sample after 250 cycles
when the stress–strain curve became stable.

4.10 Synthesis of PVAMA

To synthesize the methacrylate derivative of PVA, 20 g of PVA
and 40 mg of hydroquinone were dissolved in 180 mL of DI at
−20◦C, followed by cooling to room temperature and addition of
10 mL methacrylic acid and 10 mL HCl. The reaction proceeded
at 60◦C for 24 h, which was then neutralized with 15 mL of
triethylamine. The solution was diluted with 10 times DI water
and added dropwise to acetone to precipitate the PVAMA. The
12 of 15
precipitate was further washed with acetone and filtered, before
drying under vacuum to remove the residual solvents.

4.11 NMR Characterization

1H NMR analysis was performed using a 400MHz Bruker AV400
spectrometer. Precursor samples with various acidification ratios
were prepared bymixing 0.2 g corresponding precursor with 1mL
D2O.

4.12 Fluorescence Lifetime Imaging Microscopy
(FLIM)

FLIM imaging was performed with a Leica TCS-SP8-MP Imaging
System in a phasor plotting approach. The experiment was
conducted with a two-photon laser light source at 780 nm. The
samples were prepared in the same procedure but use a precursor
with 0.5 wt.% chromophore which was synthesized according
to the reported method [92]. During the imaging, the samples
were sandwiched between two slides of cover glass and sealed to
prevent water evaporation.

4.13 DLP Printing of PVAMAHydrogels

The precursor used for printing consists of 3 wt.% PVA, 7 wt.%
PVAMA, 0.1 wt.% TPO-Li, and 1 mol kg−1 HCl dissolved in
water. The home-made printer was fabricated using a DLP-
based PRO4500 UV light (385 nm) projector manufactured by
Wintech Digital System Technology Corporation, a Thorlabs,
Inc motorized translation stage, and optical accessories from
Thorlabs, Inc. The power density of the projected UV light on the
focal planewasmeasured to be 2.34mWcm−2 using an ultraviolet
light meter. A top-down configuration was used for DLP printing.

4.14 Water Content Measurement

The hydrogels were immersed in water for 24 h to remove the
acid and salt, before they were freeze-dried using a freeze dryer
(FreeZone, Labconco). The weight before (mw) and after (md)
freeze drying was recorded, and the water content was calculated
as (mw- md)/mw × 100%.
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