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1. Introduction

Freezing-induced ice—polymer structuring enables
tough, additive-free hydrogels under extreme
cold conditions

¢ Athena B. Santi,?
@ and Jie Zheng () *@

Jialun Wei, (22 Dong Zhang, (2 ° Yung Chang,
Amanda Gomez,® Lijin Wang,® Gabriela Romero Uribe

Designing hydrogels that retain mechanical robustness under subzero conditions remains a major
challenge for applications in bioengineering, soft robotics, and extreme-environment systems. In this
study, we introduce a fundamentally new strategy for creating tough frozen hydrogels by transforming
ice — traditionally regarded as a brittle and damaging phase - into a functional, load-bearing
component. Through the in situ formation of ice crystals within a fully physically crosslinked double-
network (DN) hydrogel, ice is redefined from a transient structural template to an intrinsic reinforcing
phase. The resulting frozen hydrogels exhibit remarkable stretchability, flexibility, and fracture resistance,
even at cryogenic temperatures as low as —196 °C. Unlike conventional approaches that rely on
nanofillers or cryogel templating followed by ice removal, this additive-free method harnesses
directional freezing to achieve uniform ice—polymer structuring. Mechanistically, embedded ice crystals
act as sacrificial energy-dissipating domains, enhancing toughness via interfacial debonding, microcrack
deflection, and crack path redirection. This approach circumvents the dispersion and interfacial
limitations of nanocomposites and establishes a scalable design paradigm for next-generation ice-
reinforced soft composites capable of operating under extreme thermal conditions.

network as water migrates to the crystals, generating internal
stresses that damage the polymer skeleton and reduce mechan-

Hydrogels, as soft and water-rich materials (50-90% water)
comprising three-dimensional polymer networks, exhibit varied
functions - such as stimuli-responsiveness,"” ionic/electronic
conductivity,>* antifouling properties,>® tunable mechanical
strength,”® low immunogenicity,” and cell/tissue biocomp-
atibility,’®'" enabling applications in soft actuators,">"* wear-
able electronics,'*"® tissue scaffolds,'® energy devices'”'® and
drug delivery."®*° At or near room temperature, conventional
hydrogels generally perform well; under subzero conditions
(<0 °C), however, high-content water molecules confined in
polymer networks tend to crystallize into small ice crystals that
embrittle the polymer networks®' and consequently degrade
key functions, such as conductivity, transparency, elasticity,
and flexibility,?>>* thereby limiting their uses in cold environ-
ments. Mechanistically, ice growth dehydrates the polymer
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ical performance.*® Accordingly, polymer-water interactions at
subzero temperatures are central to hydrogel performance -

1516 _ yet remain

governing both structure and mechanics
underexplored.

Nevertheless, freezing is not necessarily detrimental to
hydrogel structure or function. Under controlled conditions,
several studies have demonstrated that water crystallization can
be harnessed to engineer beneficial microstructures within
hydrogels,”®?® offering a versatile strategy for tailoring hydro-
gel properties. Freeze-induced phase separation is a commonly
used approach to prepare cryogels>*° and ice-templated
gels.** In these systems, freezing-thawing cycles play a dual
role: redistributing polymer chains and using ice crystals as
physical templates. During the freezing process, phase separa-
tion occurs as water begins to crystallize. By tuning parameters
such as the cooling rate and freezing direction, the morphology
of ice crystals - size, orientation, and distribution - can be
modulated to form ordered and controllable architectures.**°
These crystals impose spatial constraints that guide the polymer
network into defined geometries, effectively “templating” the
developing structure. Upon thawing, the ice crystals melt and
are removed, leaving behind an interconnected porous matrix.
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This engineered porosity greatly enhances several functional
properties of the hydrogel, including increased permeability,*”*®
faster swelling kinetics,”® and improved mechanical robust-
ness.””?

In traditional cryogels and ice-templated hydrogels, ice
crystals primarily act as transient templates. Once the desired
porous architecture is formed, the ice is removed during
thawing, leaving behind a structured polymer network.
However, from a composite materials perspective, ice has the
potential to serve a dual role — not only as a structural template
but also as a reinforcing filler. Building on this concept, we
hypothesize that if the underlying polymer network is suffi-
ciently robust and tough, it can withstand the internal stresses
caused by polymer dehydration during freezing. In such a
system, rather than being melted and discarded, ice crystals
can be retained within the hydrogel matrix. In this frozen state,
the ice phase may function analogously to reinforcing fillers —
such as particles or short fibers - commonly used in composite
materials.*>*® Hypothetically, retaining ice crystals within the
tough polymer matrix (rather than melting them) could con-
tribute to mechanical reinforcement through mechanisms such
as interfacial energy dissipation, localized microcracking, or
crack deflection. These processes could collectively enhance
fracture resistance and toughness under mechanical deforma-
tion, offering a new paradigm in the design of subzero-tolerant
hydrogels.

Unlike conventional nanoscale fillers, ice crystals could offer
a uniquely effective strategy for reinforcing hydrogels - with
perfect in situ dispersion, seamless compatibility, and tunable
architecture achieved without added chemicals or complex
processing. Conventional strategies to reinforce hydrogels
typically rely on nanoscale additives such as carbon-based,*'
metallic,>** or cellulose-derived****> particles and fibers.
While these fillers can improve mechanical strength, their uses
often come with intrinsic challenges: poor dispersion due to
hydrophobicity or agglomeration, phase separation during
gelation or swelling, and weak interfacial interactions that limit
efficient stress transfer. As a result, these nanofiller hydrogels
frequently introduce heterogeneities and yield only modest or
inconsistent mechanical gains.

To test our hypothesis that ice crystals can simultaneously
serve as structural templates and reinforcing nanofillers to
enhance hydrogel mechanics, we designed and synthesized a
fully physically crosslinked double-network (DN) hydrogel
composed of gelatin as the first network and poly(N-acryloyl
glycinamide) (pNAGA) as the second network. The DN archi-
tecture was chosen because its tightly crosslinked network
structure offers a more uniform and constrained mesh environ-
ment, which facilitates homogeneous nucleation and disper-
sion of ice crystals, resulting in more effective reinforcement at
the nanoscale. Critically, the fully physical crosslinking of both
networks - gelatin via thermally reversible triple helices and
PNAGA via hydrogen bonding - distinguishes this DN system
from other tightly crosslinked architectures. Whereas densely
crosslinked covalent networks are inherently brittle under
freeze-induced stresses because chain scission is irreversible,
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the non-covalent junctions in our DN hydrogel serve as sacri-
ficial, reformable crosslinks that enable progressive energy
dissipation while preserving backbone integrity. Moreover,
the two networks fulfill complementary mechanical roles —
gelatin providing structural elasticity and pNAGA providing
load-bearing toughness — a hierarchical division of labor that
a single tightly crosslinked network cannot achieve regardless
of crosslink density. Unlike conventional strategies that rely on
external nanoscale fillers — often requiring surfactants, surface
functionalization, and complex dispersion techniques - our
approach leverages water, an intrinsic component of hydrogels,
as the precursor to an in situ reinforcing phase. Through
controlled freezing, water is converted into uniformly distrib-
uted ice crystals that act both as physical templates during
phase separation and as embedded reinforcements within the
tough polymer matrix. Although bulk ice is macroscopically
brittle due to its polycrystalline structure and defect-prone
morphology,’® we hypothesize that when confined within a
robust DN network, these crystals act as sacrificial, energy-
dissipating domains. Toughening mechanisms such as loca-
lized ice fracture, interfacial debonding, and crack deflection at
the ice-polymer interface help resist catastrophic failure. As a
result, gelatin/NAGA DN hydrogels exhibited superior mechan-
ical properties at subzero temperatures compared to those at
room temperature. In addition, the hydrogel’s well-defined
subzero transition enables two representative low-temperature
demonstrations: a fluorescence-based temperature indicator
and a supercooled, cytocompatible matrix for cell culture and
preservation. This unexpected performance demonstrates the
reinforcing role of ice crystals when embedded within a tough,
physically crosslinked matrix. Fundamentally, this study offers
a new perspective on the role of ice - not as a transient phase to
be eliminated, but as a functional and tunable reinforcement
component that enhances toughness through controlled micro-
cracking and interfacial energy dissipation. Technically, our
approach introduces a simple yet effective method for hydrogel
reinforcement by leveraging water’s natural phase transition
to form in situ ice fillers without additives, surfactants, or
post-synthesis processing. Together, these insights expand
the conceptual and practical knowledge for designing high-
performance hydrogels for cold-environment applications.

2. Materials and methods

2.1. Materials

Gelatin (type A, gel strength ~300 g cm™?), N-acryloyl glycinamide
(NAGA, 98%) and 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropio-
phenone (12959, 99%) were purchased from Sigma-Aldrich Inc.
8-Anilinonaphthalene-1-sulfonic acid (ANS) was purchased from
Fisher Scientific. Deionized water was purified by a Millipore
water purification system, obtaining a resistivity of 18 MQ cm.
Uppsala 87 malignant glioma cell line (US7MG) was purchased
from ATCC. Complete DMEM culture medium was prepared by
supplementing DMEM (Corning) with 10% fetal bovine serum
(FBS, Corning) and 1% penicillin-streptomycin (Gibco).

This journal is © The Royal Society of Chemistry 2026
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2.2. Hydrogel synthesis

The synthesis method was adapted from a one-pot method
previously reported.”” Gelatin (0.8 g), NAGA (3.84 g), 1-2959
(67.3 mg) and water (10 mL) were added to a tube, and heated
to 60 °C for 20 min to obtain a clear precursor solution. The
precursor was injected into a mold, which was made with two
pieces of glass slides separated by a 1 mm PTFE spacer. The
glass slides were covered with a PET thin film for easier
demolding. The sample was then put into a 2 °C refrigerator
for 1 hour to create the first gelatin network. Then, the mold
was placed under UV light (UVP Crosslinker CL-1000L) for
90 min to form the second network. The obtained sample
was carefully sealed with plastic wrap and stored in a 2 °C
refrigerator. Before mechanical testing, the sample was taken
out for at least 15 min to reach room temperature.

2.3. Frozen hydrogel preparation

Basically, the as-prepared samples were placed flat into freezing
environments with a constant temperature to create the ice
crystals. Plastic wrap was used to prevent ice growth from
moisture in the air. For the freezing time effect shown in
Fig. 4, the sample was promptly removed after the designated
freezing period and immediately tested. For the freezing tem-
perature effect shown in Fig. 5, the sample was placed in
freezers (—25 °C and —40 °C), a dry ice-alcohol bath (—78 °C)
and liquid nitrogen (—196 °C), for a sufficient duration to
ensure reaching a fully frozen state.

2.4. Mechanical tests

All mechanical tests were performed on a universal tensile test
machine (Instron 3345, MA). The sample was cut from a sheet
with 1 mm thickness, into a dumbbell shape with a width of
4 mm and gauge length of 10 mm. Pure shear tests were
conducted on notched samples (10 mm x 20 mm, 1 mm
thickness), with a 5 mm edge notch in the center created by a
sharp knife. All tests were performed at a constant stretching
rate of 100 mm min " unless otherwise specified.

To avoid any ambiguity regarding the thermal state of
the samples, we explicitly differentiate the preparation tem-
perature, testing environment, and specimen temperature. The
preparation (freezing) temperature was precisely controlled
at —20, —40, —78, or —196 °C to tune ice-crystal size and
morphology. Although all mechanical tests were conducted
under room-temperature ambient conditions, the specimen
temperature during testing was the critical parameter. Samples
were transferred directly from the freezer or cold bath to pre-
cooled detachable grips (—40 °C) and tested within 10-15 s of
removal. Real-time thermal imaging (FLIR E54) in Fig. S1
confirmed that even ~1 min after mounting, the central gauge
region and gripped ends remained well below 0 °C (typically
—40 °C to —5 °C in the gauge section). Noticeable surface
warming occurred only after necking or fracture — well after
the key mechanical events (yielding, ice fracture, strain hard-
ening) had taken place. Thus, the reported ultra-high strength,
toughness, and ice-templated sacrificial mechanisms faithfully
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represent the intrinsic behavior of the frozen state rather than
that of a partially or fully thawed hydrogel.

2.5. Infrared thermal imaging

The temperature changing profile of the frozen hydrogels was
recorded using a thermal imaging camera (FLIR E54). The
as-prepared samples were first cut into disks of 10 mm in
diameter and 1 mm thickness, and then the same procedure
was used to prepare the frozen hydrogels. Frozen samples
were then taken out and an IR video was recorded at room
temperature.

2.6. Scanning electron microscopy

The morphologies of the frozen hydrogels were characterized
using a scanning electron microscope (JEOL 7401). The frozen
hydrogels were fully freeze-dried. A thin layer of platinum was
sputtered onto the sample for better contrast.

2.7. Optical microscopy

The microscopic morphology of the hydrogels frozen at differ-
ent temperatures was examined using an optical microscope
(Echo Revolve4 Microscope). Hydrogels were first frozen at
different temperatures to form frozen hydrogels. After freezing,
the samples were thawed at room temperature, and their sur-
face and internal morphologies were immediately observed.
The pore structures visualized correspond to regions previously
occupied by ice crystals.

2.8. Fluorescence and temperature sensing measurements

80 uM of ANS was dissolved in the precursor solution prior to
hydrogel fabrication. DN hydrogels were synthesized following
the same preparation procedure described above, yielding
homogeneous ANS-loaded samples. Fluorescence measure-
ments were performed on hydrogel specimens (1 mm thick)
placed in a temperature-controlled cold environment at —55 °C.
The samples were cooled from room temperature, during
which fluorescence images were recorded under a handheld
UV LED (365 nm, 5 W). The temperature profile during cooling
was monitored using an IR thermal imaging camera in
real time.

2.9. Cell viability study

U87MG cells were seeded in a 35 mm culture dish at a density
of 1.5 x 10° cells per mL. Cells were cultured for 48 h at 37 °C
and 5% CO, before viability analysis. The gelatin/pNAGA DN
hydrogels were synthesized directly in a 35 mm culture dish
with a composition of Cgeiatin = 120 mg mL ™! and Cyaga =3 M.
The thickness of the discs was controlled at 0.5 mm and they
were sterilized using UV for 30 min before application. Three
experimental groups were prepared: (i) control: cells cultured in
fresh culture medium. (ii) Control-FT: cells cultured in medium
and undergone one freeze-thaw cycle. (iii) Hydrogel-FT: cells
covered with a gelatin/pNAGA DN hydrogel disc prior to the
freeze-thaw cycle. For the freeze-thaw cycle, cell culture med-
ium (with or without hydrogel overlay) was placed at 4 °C for
30 min and —20 °C for 1 h, then thawed at room temperature

J. Mater. Chem. B
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for another 30 min. Cell viability was assessed using a LIVE/
DEAD staining kit (Invitrogen) following the manufacturer’s
instructions. Samples were washed with PBS and stained for
15 min at room temperature. Fluorescence images were col-
lected using a fluorescence microscope (Nikon Eclipse Ti,
Andor Zyla sCMOS). The percentage of viable cells was quanti-
fied by counting live (green) and dead (red) cells in Image].

3. Results and discussion

3.1. One-pot fabrication of gelatin/pNAGA double-network
hydrogels in the as-prepared and frozen states

As a proof of concept, we designed and synthesized gelatin/
PNAGA double-network (DN) hydrogels using a one-pot, heat-
ing-cooling-photopolymerization process.*® In Fig. 1a, all com-
ponents - including gelatin, N-acryloyl glycinamide (NAGA,
monomer), Irgacure 2959 (photo initiator), and water - were
mixed in a single vessel and heated to 60 °C for approximately
20 minutes to yield a homogeneous, transparent solution.
At this elevated temperature, gelatin chains were fully solubi-
lized. The solution was then gradually cooled to 2 °C in 1 hour,
during which the gelatin underwent a sol-to-gel transition,
forming triple-helix structures that established the physically
crosslinked first network. This was followed by ultraviolet (UV)

View Article Online
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irradiation for 1.5 hours, initiating the free-radical polymeriza-
tion of N-acryloyl glycinamide (NAGA) and resulting in the
formation of the second network. Notably, this DN hydrogel
system does not involve any chemical crosslinkers. Instead,
both networks are physically crosslinked: the first via gelatin’s
reversible triple helices, and the second via strong hydrogen
bonding between the amide groups in pNAGA chains.*® This
fully physical gelatin/pNAGA DN hydrogel provides a robust
and dynamic framework ideal for testing our ice-based reinfor-
cement strategy at subzero temperatures.

For comparison, the as-prepared hydrogel sample was placed
in a controlled subzero environment at —25 to —196 °C to induce
freezing. As shown in Fig. 1b, differential scanning calorimetry
(DSC) analysis confirmed that, under a cooling rate of 5 °C min",
water within the hydrogel crystallized at approximately —20 °C to
—25 °C, forming ice crystals. Ice formation in the polymer network
is governed by a phase separation process, wherein water mole-
cules aggregate and solidify, leading to progressive dehydration of
the surrounding polymer chains. As the ice crystals grow, they
exert compressive forces on the polymer matrix, inducing greater
chain entanglement and enhancing network density through
intensified intermolecular interactions. Throughout this freezing
process, the physically crosslinked networks are able to dynami-
cally adapt to the expansion of the ice phase, effectively mitigating
localized stress concentrations that would otherwise arise from

qst an
Network Network Frozen
Cooling UV 90min -40°C
Q gelatin =< Triple helix of gelatin AL pNAGA [] Water
12959 ® NAGA = H-bonds Oo Ice crystals
(b) (c)
16+
DN: gelatin/pNAGA ili
o coilin
T e ciing NNV
2 SN: pNAGA
3 sf
[
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Fig. 1

(a) Schematic illustration of the synthesis process of gelatin/pNAGA double-network hydrogels in both the as-prepared and frozen states.

(i) A precursor solution containing gelatin, N-acryloyl glycinamide (NAGA), and a photoinitiator was heated to 60 °C and subsequently cooled to 2 °C to
induce (ii) physical gelation of gelatin via a sol-to-gel transition, forming the first network. (iii) Upon exposure to UV light for 90 minutes, NAGA
polymerized to form the second network, resulting in the DN hydrogel. (iv) The as-prepared DN hydrogel was then frozen to generate uniformly
distributed ice crystals. (b) Differential scanning calorimetry (DSC) curves of single network (SN) and DN hydrogels, measured at a cooling rate of —5 °C
min~t. The crystallization peak of water was observed between —30 °C and —20 °C. (c) Optical images of the frozen DN hydrogels under large
mechanical deformation, showing excellent ductility through coiling, folding, and knotting without fracture.
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water crystallization. This structural adaptability is key to main-
taining mechanical robustness in the frozen state. Optical images
shown in Fig. 1c further illustrate the exceptional ductility of the
frozen hydrogel, which remains flexible under large deformations.
The material can be coiled, folded, or even knotted without
fracture, demonstrating its outstanding toughness and structural
integrity when frozen.

3.2. Enhanced mechanical properties of the frozen DN
hydrogels tuned by network composition

To assess the mechanical reinforcement provided by freezing,
we systematically compared the mechanical properties of the
as-prepared and frozen gelatin/pNAGA double-network (DN)
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hydrogels by independently varying the compositions of both
networks. Representative stress-strain curves illustrating
the effects of pNAGA and gelatin content are shown in Fig. 2a
and d, respectively, with the corresponding summaries of
mechanical parameters presented in Fig. 2b, ¢, e and f.

We first investigated the role of the pNAGA network by
varying the concentration of NAGA (Cnaga) from 1 M to 4 M.
In the as-prepared hydrogels, the maximum strain initially
increased from 9.4 mm mm ' at 1 M to 15.7 mm mm " at
3 M, followed by a decrease to 11.5 mm mm™ " at 4 M. This non-
monotonic trend reflects a balance between network extensi-
bility and stiffness: increasing the NAGA concentration up to
3 M enhances polymer chain density and stretchability through

( ql 3 RT'cgelaxin
o ---0
S - = -0
= 2} —
0 - - -120
g - — =160
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2 1r 0
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Fig. 2 Tensile mechanical comparison between gelatin/pNAGA hydrogels at room temperature (RT) and in the frozen state (FRZ). (a) Representative
stress—strain curves of the as-prepared (dashed lines) and frozen (solid lines) hydrogels with varying concentrations (Cyaga = 1-4 M). Corresponding (b)
maximum tensile strain and (c) tensile stress as a function of Cyaga. (d) Representative stress—strain curves of the as-prepared (dashed lines) and frozen
(solid lines) hydrogels with varying gelatin concentrations (Cgeatin = 0-160 mg mL™Y). Corresponding (e) maximum tensile strain and (f) tensile stress as a
function of Cgelatin- Error bars represent standard deviation (n = 3).
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additional hydrogen bonding. However, further increasing the
concentration to 4 M likely introduces excessive physical cross-
linking, which restricts chain mobility and limits deformation.
In parallel, frozen hydrogels, prepared at —40 °C, displayed a
similar trend in strain, with a maximal strain of 17.5 mm mm™*
at an intermediate Cyaga Of 3 M. Notably, across the entire
concentration range of 2 M to 4 M, frozen hydrogels consis-
tently outperformed their as-prepared counterparts in terms
of maximum strain. This enhancement is attributed to ice-
driven energy dissipation mechanisms: during deformation,
embedded ice crystals undergo microfracture and interfacial
debonding, absorbing mechanical energy and shielding the
polymer network from localized failure. At the lowest concen-
tration (1 M), however, the frozen hydrogel showed a reduced
strain capacity compared to that at higher concentrations. This
is likely due to insufficient network density to accommodate
the stresses introduced by ice growth and fracture.

In terms of stress and modulus, both properties improved
steadily with increasing Cnaga for both the as-prepared
and frozen hydrogels, with the frozen hydrogels consistently
exhibiting superior performance. Specifically, as Cyaga
increased from 1 M to 4 M, the stress of the as-prepared
hydrogels rose from 0.4 MPa to 1.7 MPa, while the corres-
ponding frozen hydrogels exhibited higher stress values ran-
ging from 0.75 MPa to 2.25 MPa. Such stress enhancement
reflects two synergistic effects: (1) improved network entangle-
ment and hydrogen bonding in the DN structure, and
(2) mechanical reinforcement from ice crystals, which demand
additional energy for fracture and interfacial disruption during
tensile loading. The modulus was also consistently elevated
in the frozen hydrogels (Fig. S2). Compression tests further
confirmed this trend, where frozen hydrogels exhibited consis-
tently higher stress compared to the as-prepared counterparts
across Cnaca values (Fig. S3). This is attributed to freeze-
induced phase separation, which dehydrates and compacts
the polymer matrix, forming a denser and more glass-like
network. Additionally, since ice exhibits a much higher intrinsic
modulus than liquid water, its incorporation as a dispersed solid
phase further contributes to stiffness. The synergistic interaction
between ice and polymer results in a hybrid material with
markedly improved modulus and stress-bearing capacity.

To further evaluate the structural contributions of the first
network, we investigated the effect of gelatin concentration
(Cgelatin) On the tensile behavior of both the as-prepared and
frozen gelatin/pNAGA DN hydrogels. In both hydrogel states,
increasing Cgelatin from 0 to 160 mg mL 'ledtoa general rise in
tensile stress, with only moderate effects on strain (Fig. 2b, c, e
and f). For the as-prepared hydrogels, the maximum tensile
strain remained relatively stable in the range of 20-
25 mm mm " at lower gelatin concentrations (0-80 mg mL ™),
while the tensile stress increased gradually, reaching approximately
2 MPa at the highest gelatin concentration of 160 mg mL . Frozen
hydrogels exhibited a comparable strain range but consistently
demonstrated higher tensile stress, with values increasing to
2.3 MPa at 120 mg mL ™" and up to 2.5 MPa at 160 mg mL .
These results suggest that while gelatin concentration contributes
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to improved stress-bearing capacity, its impact on extensibility is
limited - likely due to the relatively short and reversible nature of
gelatin’s triple-helix crosslinking. Importantly, frozen hydrogels
again outperformed the as-prepared samples across all tested
gelatin concentrations. The stress enhancement is attributed to
the formation of ice crystals, which act as embedded reinfor-
cing domains. These crystals increase stiffness (Fig. S4)
through physical confinement and enhance toughness by pro-
moting energy dissipation via localized ice fracture and inter-
facial sliding during tensile loading.

At first glance, however, the mechanical enhancement
achieved by varying the gelatin concentration is notably less
pronounced than that observed with changes in pNAGA
content. This difference reflects the distinct roles of the two
networks: the gelatin network primarily provides a structural
scaffold and basic elasticity, while the pNAGA network - rich in
hydrogen-bonding motifs - forms a denser, more load-bearing
phase. As a result, increasing Cnaca introduces a more signifi-
cant increase in polymer—polymer interactions and crosslink-
ing density, leading to greater improvements in both stress and
strain. In contrast, the gelatin network reaches a mechanical
plateau due to the saturation of physical crosslinking and its
weaker interchain forces.

To assess operational robustness, we performed freeze-thaw
cycling on the gelatin/pNAGA DN hydrogels, alternating
between room temperature (RT) and —40 °C freezing tempera-
ture (FRZ) states for five cycles, and we performed tensile tests
after each state change (Fig. 3). To isolate the effect of cycling from
dehydration, samples were sealed during testing, and mass was
monitored (Am < 0.2% across cycles). As shown in Fig. 3a, the
stress—strain curves after each cycle nearly overlap in both RT and
FRZ states, indicating highly reversible and reproducible mechan-
ical behavior. Quantitatively, at RT the tensile stress remains 1.25-
1.39 MPa, fracture strain 14.4-15.2 mm mm *, and modulus
0.10-0.22 MPa; in the FRZ state the stress is 1.44-1.55 MPa, strain
10.3-11.4 mm mm ', and modulus 2.3-3.3 MPa (Fig. 3b). A slight
increase in tensile stress over the first few cycles in both states
suggests incremental optimization of hydrogen-bonded domains
during repeated ice formation, after which mechanical properties
stabilize. These data demonstrate that the ice-enabled reinforce-
ment is reversible and reproducible over multiple RT <> FRZ
transitions, with no cumulative degradation in strength, extensi-
bility, or modulus in either state.

The dynamic, reversible nature of the physical crosslinks -
gelatin triple helices and pNAGA hydrogen bonds - is essential
for the ice-based toughening mechanism. During freezing,
these non-covalent junctions can reorganize to accommodate
volumetric expansion from ice crystallization; during deforma-
tion, they serve as sacrificial bonds that dissipate energy while
preserving backbone integrity. To examine what happens when
covalent crosslinks are introduced, we prepared DN hydrogels
containing varying concentrations of the chemical crosslinker
MBAA (0-0.5%) and compared their tensile performance at
both room temperature and —40 °C (Fig. S5).

The results clearly demonstrate that covalent crosslinking
suppresses the freezing-induced reinforcement. At 0% MBAA

This journal is © The Royal Society of Chemistry 2026
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higher modulus and stress, but lower strain than RT, demonstrating state-dependent reinforcement. (b) Extracted mechanical strain (green), stress
(orange), and modulus (purple) vs. cycle demonstrate reversible, reproducible oscillation between the two states, confirming robust, reversible

reinforcement without cumulative drift.

(purely physical crosslinking), frozen hydrogels exhibit a tensile
strain of ~22 mm mm™ " - substantially exceeding the RT value
of ~18 mm mm ' - confirming the ice-enabled toughening
effect (Fig. S5b). However, as C_MBAA increases, both strain
and stress decline sharply under both conditions (Fig. S5b and
c), and the enhancement gap between frozen and RT states
progressively narrows. At 0.5% MBAA, strain collapses to
~3 mm mm ' regardless of temperature, indicating that the
permanent covalent junctions restrict chain mobility and sup-
press the large-scale network reorganization required for effec-
tive ice-polymer structuring. In other words, the covalent
crosslinks prevent the polymer matrix from dynamically adapt-
ing to ice formation, thereby eliminating the sacrificial energy-
dissipation mechanisms that underpin the freezing-induced
reinforcement.

3.3. Freezing-induced ice morphology and network
reorganization in DN hydrogels

To better understand the freezing-induced toughening mecha-
nisms of DN hydrogels, particularly in relation to ice formation
and phase behavior, a series of systematic experiments were
conducted using gelatin/pNAGA hydrogels prepared at Cyaga =
3 M and Cgelaiin = 80 mg mL™ ', which exhibited optimal
mechanical performance in prior tests. These studies aimed
to evaluate how different freezing parameters influence the
mechanical properties and energy dissipation capacity of fro-
zen hydrogels. Specifically, two experimental conditions were
designed: (1) maintaining a constant freezing temperature
while varying the freezing duration to investigate the temporal
development of ice crystals within the network, and (2) expos-
ing the hydrogels to different subzero environmental tempera-
tures to achieve varying cooling rates, thereby examining how
temperature gradients affect the phase separation behavior
between ice and the polymer matrix.

First, to examine how freezing time affects mechanical
reinforcement, Fig. 4a shows stress-strain curves of gelatin/

This journal is © The Royal Society of Chemistry 2026

PNAGA DN hydrogels, prepared at a fixed composition of
Cnaca = 3 M and Cgelaiin = 80 mg mL™" and frozen at —40 °C
for varying durations (5, 10, 15, 20, and 30 minutes). As the
freezing time increased from 5 to 20 minutes, tensile stress rose
steadily from approximately 0.75 MPa to a peak of ~2.2 MPa,
indicating progressive reinforcement of the network (Fig. 4b).
This trend suggests that longer freezing durations allow for
more extensive ice crystal growth and polymer phase reorgani-
zation, promoting stronger physical interactions between the
ice and polymer network. Strain, on the other hand, remained
relatively stable in the range of 15-20 mm mm " across all time
points, with a slight increase at 15 minutes. The peak mechan-
ical performance observed at 20 minutes suggests an optimal
balance: sufficient ice-polymer phase separation and network
densification are achieved without introducing excessive crys-
tallinity or inhomogeneity. Beyond this point, particularly at
30 minutes, the tensile stress slightly declined, possibly due to
overgrowth or coarsening of ice crystals, which may disrupt
uniform load distribution or introduce stress concentration
sites. These findings suggest that an optimal freezing duration
exists (~20 minutes under —40 °C in this case), where ice
formation is sufficient to reinforce the network without com-
promising structural homogeneity.

To probe the energy dissipation mechanisms of frozen DN
hydrogels, cyclic tensile loading-unloading tests were con-
ducted on samples frozen at —40 °C for varying durations (0,
5, and 30 minutes). The resulting stress—strain loops are shown
in Fig. 4c, while the extracted energy values - both total and
dissipated - are summarized in Fig. 4d. As freezing time
increased, the area enclosed by the hysteresis loop (represent-
ing dissipated energy) expanded substantially, indicating
enhanced internal energy dissipation. Specifically, the hydrogel
frozen for 30 minutes exhibited a much broader loop
than those frozen for shorter durations or not frozen at all.
Quantitative analysis in Fig. 4d shows that the dissipated
energy increased markedly with freezing time, rising from

J. Mater. Chem. B
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Fig. 4 (a) Tensile stress—strain curves of frozen gelatin/pbNAGA DN hydrogels prepared at Cnaca = 3 M and Cgelatin = 80 mg mL~* and frozen at —40 °C
for varying durations (5—-30 minutes). (b) Corresponding maximum tensile stress (blue) and strain (red) as a function of freezing time. (c) Cyclic tensile
loading—unloading curves of gelatin/pNAGA DN hydrogels frozen at —40 °C for different durations (0, 5, and 30 minutes). (d) Corresponding total energy
(blue) and dissipated energy (red) extracted from stress—strain loops in (c), along with the energy dissipation ratio (green line, right axis). Error bars
represent standard deviation (n = 3) in (b) and (d). (e) Schematic illustration (top) and SEM cross-sectional images (bottom) showing the phase separation
and directional ice growth in the gelatin/pNAGA DN hydrogels after freezing for different durations. Ice crystals grow vertically due to a surface-to-core
temperature gradient, forming columnar morphologies and inducing dehydration-driven polymer densification. Scale bars = 100 um. (f) Infrared (IR)
thermal images showing the thawing behavior of frozen DN hydrogels at room temperature following freezing at —40 °C for 0, 5, and 30 minutes. Longer
freezing times resulted in larger ice crystals, which melted more slowly due to reduced surface-area-to-volume ratios.
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approximately 65% of total loading energy in the unfrozen
sample to nearly 91% after 30 minutes of freezing. For compar-
ison, Fig. S5 presents the cyclic loading-unloading behavior of
DN hydrogels tested at room temperature. The total energy
input also increased over time, suggesting that the frozen
samples became not only more dissipative but also stiffer and
more resistant to deformation. Again, this progressive enhance-
ment in energy dissipation is attributed to the growing con-
tribution of ice crystals embedded within the polymer network.

Additional cyclic tests under varying strain levels further
confirmed the superior energy-dissipation capacity of the fro-
zen DN hydrogels (Fig. S6 and S7). As shown in Fig. S6, the
mechanical responses under successive loading-unloading
cycles with increasing maximum strain (from 1 to 5 mm mm ™)
reveal a clear evolution of dissipative behavior. In the initial
low-strain cycles (1 and 2 mm mm '), large hysteresis loops
were observed (Fig. S6a), indicating substantial energy absorp-
tion. However, the loop area progressively decreased in later
cycles (3-5 mm mm '), suggesting that most sacrificial energy-
dissipating mechanisms were activated early in the loading
history. Quantitatively, the energy dissipation ratio exhibited a
distinct two-stage trend: it remained high (~80%) during the
first two cycles (1-2 mm mm™ '), corresponding to the fracture
of rigid ice domains, and then decreased to a steady range of
50-58% at higher strains (3-5 mm mm™"') (Fig. Séb). This
transition implies that irreversible ice-crystal fracture domi-
nates the early deformation stage, while subsequent loading
increasingly depends on the recoverable elasticity of the poly-
mer network, resulting in a reduced proportion of dissipated
energy at higher strains.

As shown in Fig. S7a, the first cycle exhibits pronounced
stress softening and an extraordinarily large hysteresis loop,
with total toughness of 8.2 MJ m > and a dissipation ratio
(dissipated energy/total input energy) of 90%. This exception-
ally high energy dissipation is attributed to widespread micro-
fracture of sacrificial ice domains and interfacial debonding
during the initial deformation. From the second cycle onward,
both total toughness (~1.75 MJ m™>) and dissipated energy
drop sharply and then stabilize, yielding a dissipation ratio of
~47%-50% that remains essentially constant through cycles
3-5, with nearly overlapping stress-strain curves (Fig. S7b). The
marked reduction in stiffness and hysteresis between the first
and second cycles, followed by near-perfect recovery of the
stress—strain loop shape in subsequent cycles, is a hallmark
of the Mullins effect typically observed in filled elastomers and
soft materials containing sacrificial microstructures. This char-
acteristic Mullins-like softening therefore indicates that the
vast majority of fracture-susceptible ice crystallites and weak
ice-polymer interfaces are irreversibly damaged in the very first
cycle. Subsequent cycles are governed by reversible dissipation
mechanisms (viscoelastic rearrangement of hydrogen bonds
and interfacial friction/sliding at reformed ice-polymer inter-
faces) with negligible additional permanent damage. Notably,
the stabilized dissipation ratio of the frozen hydrogel after the
first cycle closely matches that measured for the same hydrogel
in its unfrozen state under identical cyclic conditions,
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confirming that the residual energy-dissipation capacity origi-
nates primarily from the polymeric network rather than from
intact ice reinforcement.

To visualize the microstructural and thermal evolution
associated with freezing, both scanning electron microscopy
(SEM) and infrared (IR) imaging were employed. These tools
provide complementary insights into ice crystal morphology,
polymer rearrangement, and melting behavior as functions
of freezing time. As shown in Fig. 4e, SEM images of cryo-
fractured hydrogel cross-sections - corresponding to different
freezing durations - reveal the progressive growth of vertically
aligned ice crystals. These structures exhibit a characteristic
columnar morphology, resulting from the vertical temperature
gradient during unidirectional freezing. Such directional
growth is consistent with ice-templating mechanisms observed
in freeze-cast hydrogel systems.’®”>> The growth of ice crystals
induces local phase separation: water is expelled from polymer-
rich domains, leading to progressive dehydration and densifi-
cation of the polymer matrix. This dehydration triggers struc-
tural rearrangement of polymer chains, forming a denser,
aligned network adjacent to the ice domains. As freezing
proceeds toward equilibrium, a more compact, polymer-rich
layer forms near the core. Similar dehydration-driven reorgani-
zation has been observed in dynamic hydrogel systems.>® To
further verify the evolution of ice morphology, IR thermo-
graphic imaging was conducted during the melting process
under ambient conditions (Fig. 4f). Hydrogels frozen for 0, 5,
and 30 minutes were rapidly quenched in liquid nitrogen to
preserve the ice morphology and then allowed to thaw at room
temperature. The thermal maps reveal slower melting in sam-
ples with longer freezing times - consistent with larger average
ice crystal size and reduced surface-area-to-volume ratio. These
results indicate that prolonged freezing promotes the for-
mation of larger, more stable ice domains, which persist for
longer during thawing and contribute to enhanced mechanical
stiffness and energy dissipation during deformation.

Together, these combined microstructural and macroscopic
observations confirm that extended freezing time promotes the
growth and integration of ice domains within the polymer
network, enhancing phase separation and enabling energy-
dissipating mechanisms - such as microcrack formation, inter-
facial sliding, and crack deflection - that collectively reinforce
the toughness of frozen DN hydrogels.

In parallel, we also investigated the role of freezing tem-
perature on ice crystal formation and hydrogel mechanics of
gelatin/pNAGA DN hydrogels, which were frozen at —25 °C,
—40 °C, —78 °C, and —196 °C, followed by tensile tests (Fig. 5a
and b) and cyclic loading-unloading tests (Fig. 5¢ and d).
Because the hydrogel samples were placed directly into preset
constant-temperature environments, the effective cooling rate
scales with the magnitude of the temperature differential
between the sample and its surroundings; thus, lower freezing
temperatures correspond to faster cooling rates, establishing a
direct link between environmental temperature, freezing kinetics,
and the resulting ice morphology. As shown in Fig. 5a, lowering
the freezing temperature slightly reduced the maximum tensile
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Fig. 5 (a) Stress—strain curves of frozen gelatin/pNAGA DN hydrogels prepared at Cnaca = 3 M and Cgetatin = 80 mg mL~! and various freezing
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images (bottom) showing the phase separation and ice crystal morphology of the gelatin/pNAGA DN hydrogels frozen at different temperatures (—25 °C
to —196 °C). Scale bars = 20 um. (f) Infrared thermal images showing the thawing behavior of frozen hydrogels at room temperature after equilibration at
—40 °C. Samples with smaller ice crystals (from lower freezing temperatures) melted more rapidly due to higher surface-area-to-volume ratios.
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stress of the hydrogels - from ~2.0 MPa at —25 °C to ~1.8 MPa at
—196 °C. This stress reduction is attributed to the formation of
smaller ice crystals at lower temperatures, which apply more
uniform but less concentrated compressive force on the polymer
matrix. Because smaller crystals exert less localized mechanical
compression, the network experiences reduced rearrangement
and densification, leading to modest reinforcement compared
to larger ice domains formed at higher freezing temperatures.
Tensile strain exhibited a non-monotonic trend (Fig. 5b). Hydro-
gels frozen at —25 °C had the lowest strain (~9 mm mm ), likely
due to the restriction of crack propagation by large, aligned
ice crystals that promote brittle failure. The strain peaked at
~12 mm mm " for samples frozen at —40 °C, where interme-
diate crystal size allowed for localized energy dissipation and
improved fracture resistance. Further reductions in freezing tem-
perature (—78 °C and —196 °C) led to slightly lower strains
(~11 mm mm™"), likely due to reduced polymer rearrangement
and chain entanglement, which limit the deformability of the
network despite the presence of finer ice crystals. Cyclic loading—
unloading tests (Fig. 5¢) under a fixed strain (500%) revealed a
clear increase in hysteresis loop area with decreasing temperature.
Quantitative analysis of energy dissipation and total toughness
(Fig. 5d) confirmed that lower freezing temperatures resulted in
significantly greater energy dissipation - increasing from a total
toughness of ~2.1 MJ m~ at room temperature to ~11.2 MJ m >
at —78 °C. Notably, the ratio of dissipated to total energy
approached ~92% at the lowest temperatures, highlighting the
dominant contribution of interfacial mechanisms to energy
absorption.

As shown in Fig. 5e, SEM images of freeze-fractured cross
sections reveal a dramatic reduction in average ice crystal size
with decreasing freezing temperature - from approximately
50 um at —25 °C to ~4 pm at —196 °C. This trend supports
classical nucleation theory,> which predicts that faster cooling
induces higher nucleation rates, resulting in a greater number
of nucleation sites and consequently smaller crystals due to
limited growth time. At —25 °C and —40 °C, larger and more
isolated ice domains are evident, producing well-defined pore
structures. In contrast, samples frozen at —78 °C and —196 °C
show a finer, more homogeneously distributed porous network,
indicating widespread nucleation and constrained crystal
growth. Complementary optical microscopy after thawing also
revealed pore structures reflecting ice crystal size and distribution
at different freezing temperatures (Fig. S8). The corresponding
thermal behavior during thawing was monitored via IR imaging
(Fig. 5f). All samples were equilibrated to —40 °C prior to thawing
to ensure uniform initial conditions. As thawing proceeded at
room temperature, samples with smaller ice crystals (formed at
lower freezing temperatures) exhibited more rapid temperature
recovery. This is attributed to their higher surface-area-to-volume
ratios, which promote faster heat exchange and ice melting.
In contrast, samples with larger ice domains (—25 °C and
—40 °C) showed slower thermal responses, consistent with slower
melting kinetics and greater thermal inertia.

Together, these results demonstrate that freezing tempera-
ture strongly influences both the microscale morphology of ice

This journal is © The Royal Society of Chemistry 2026
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crystals and the macroscale thermal and mechanical response
of frozen hydrogels. Rapid freezing at lower temperatures leads
to the formation of finer and more uniformly distributed ice
crystals, which increase the ice-polymer interfacial area and
generate more fracture initiation sites. These microstructures
enhance sacrificial toughening mechanisms - such as inter-
facial delamination and ice crystal fracture - thereby signifi-
cantly improving energy dissipation and overall mechanical
toughness. Additionally, the ability to tune ice crystal size
through freezing rate has direct implications for tailoring not
only mechanical performance but also recovery time during
thawing in dynamic or temperature-variable environments.

3.4. Fracture mechanics and toughening mechanisms in
frozen DN hydrogels

The structural analyses above demonstrate that freezing reor-
ganizes the DN structure, generating ice-polymer architectures
capable of efficiently dissipating mechanical energy. To eluci-
date the underlying fracture mechanics and specific toughen-
ing mechanisms of these frozen DN hydrogels, we conducted a
comprehensive investigation integrating pure-shear testing,
fracture morphology analysis, and rate-dependent mechanical
characterization. First, we evaluate how ice crystal structure
influences fracture behavior using pure shear tensile tests on
notched gelatin/pNAGA DN hydrogels frozen at varying tem-
peratures (—25 °C to —196 °C), in comparison with the same
notched hydrogels at room temperature. In Fig. 6a, at room
temperature, the DN hydrogel - lacking ice crystals — exhibited
a typical crack blunting response during deformation. This
behavior is characteristic of physically crosslinked DN systems,
where dynamic hydrogen bonds enable local network reorga-
nization. Upon crack initiation, these reversible interactions
can temporarily dissipate energy and redirect stress fields,
effectively delaying crack propagation. In contrast, frozen DN
hydrogels displayed markedly different fracture behavior.
As freezing temperature decreased, the overall crack resistance
improved significantly. The maximum strain at break increased
from ~1.4 mm mm " at —25 °Cto ~6.2 mm mm " at —196 °C
(Fig. 6b). Optical images in Fig. 6¢ confirmed that at higher
freezing temperatures (e.g., —25 °C), the crack paths appeared
straighter and more unstable, while at lower temperatures (e.g.,
—78 °C and —196 °C), the crack paths exhibited more tortuous
trajectories, with clear signs of local crack deflection and
stretching zones. These trends can be directly linked to the
evolution of ice crystal morphology. As confirmed in earlier
sections, lower freezing temperatures yield smaller, more den-
sely distributed ice crystals (~4 pm at —196 °C vs. ~50 um at
—25 °C). This finer structure increases the number of crack-
bridging sites and promotes energy-dissipating mechanisms
such as interfacial debonding and microcrack redirection.
These effects collectively enhance fracture resistance and delay
catastrophic crack propagation.

Collectively, we hypothetically summarize three primary
fracture modes along with crack propagation in frozen
double-network (DN) hydrogels: (i) fracture of ice crystals,
(ii) delamination at the ice-polymer interface, and (iii) fracture
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Fig. 6 (a) Tensile stress—strain curves of cracked gelatin/pNAGA DN hydrogels frozen at different temperatures. (b) Extracted maximum tensile stress

(blue) and strain (red) at failure. (c) Optical images showing crack propagation behavior during pure shear tests. At room temperature, cracks blunt due to
dynamic hydrogen bonding. In frozen hydrogels, lower freezing temperatures promote more tortuous, energy-dissipating crack paths due to finer, more
distributed ice crystals. (d) Schematic illustration of three primary fracture modes observed in frozen DN hydrogels during crack propagation: (i) fracture
of ice crystals, (ii) delamination at the ice—polymer interface, and (iii) fracture of the polymer network. As freezing temperature decreases, the size of ice
crystals reduces and their distribution becomes more uniform. Smaller crystals enhance crack redirection and energy dissipation by increasing interfacial
area and reducing stress localization, thereby enabling more stable and tortuous crack propagation and contributing to improved toughness.

of the polymer network (Fig. 6d). Each of these modes is
strongly dependent on the size, distribution, and interfacial
behavior of the embedded ice crystals - features that are in turn
controlled by freezing temperature and rate. During the frac-
ture of ice crystals (brittle ice phase), in hydrogels frozen at
higher subzero temperatures (e.g., —25 °C), large, polycrystal-
line ice domains are formed. These structures resemble bulk
ice, which is inherently brittle due to internal grain boundaries
and crystallographic defects.>>*® When a propagating crack
encounters such large crystals, they fracture catastrophi-
cally under localized compressive or shear stresses from the
stretched polymer matrix. Although this fracture absorbs some
energy, it does not sufficiently blunt or redirect the crack path.
Instead, stress concentration at the crack tip remains high, and
crack propagation proceeds in a fast and unstable manner —
resulting in brittle failure. Thus, while ice fracture contributes
to energy dissipation, large ice domains offer limited toughen-
ing benefit. For the ice-polymer delamination phase (inter-
facial toughening phase), as freezing temperature decreases
(e.g., —40 °C to —78 °C), ice crystal size decreases and the
interfacial area between the ice and polymer increases. In this
regime, ice-polymer interfaces begin to act as crack barriers.

J. Mater. Chem. B

When cracks in the polymer network reach the ice domains,
interfacial debonding can occur, redirecting or deflecting
crack paths. This redirection not only delays catastrophic
fracture but also activates interfacial energy dissipation
mechanisms - similar to toughening seen in fiber-reinforced
or layered composites. The delamination process is especially
important in frozen DN hydrogels where covalent crosslinks
are absent and network integrity depends on physical inter-
actions. As the crack attempts to pass through or around
the ice, local separation consumes energy and reduces crack
driving force. Finally, in the polymer network fracture phase
(toughening by sacrificial matrix), the final mode involves the
failure of the polymer matrix itself. In the absence of reinfor-
cing effects, cracks would propagate directly through the
network. However, when frozen at very low temperatures
(e.g., —196 °C), the hydrogel contains a dense distribution of
small ice crystals (~4 pm), which significantly alters crack
mechanics. Instead of a single dominant crack, the network
experiences distributed microcracking, crack tip shielding,
and multiple crack branching. These effects lead to a
reduction in effective stress concentration and promote a
“quasi-ductile” behavior in the frozen material. As seen in
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both mechanical tests and optical images, these samples show
higher strain at break and more gradual failure.

Overall, the toughening of frozen DN hydrogels arises not
from a single fracture mode but from the synergistic interplay
among ice crystal fracture, ice-polymer interfacial delami-
nation, and polymer network deformation. This interplay is
particularly effective in samples containing finely distributed
ice crystals and strong interfacial bonding. As the freezing
temperature decreases, crack propagation becomes increas-
ingly unstable in a favorable manner - characterized by crack
path redirection, growth of delamination zones, and enhanced
localized energy dissipation. These cooperative mechanisms
lead to notable improvements in fracture strain, crack deflec-
tion, and overall material toughness, as demonstrated in the
mechanical performance results. In practical terms, the com-
monly invoked toughening descriptors - interfacial energy
dissipation, localized microcracking, and crack deflection -
can each be mapped onto these three damage modes. Inter-
facial energy dissipation refers to the continuous consumption
of mechanical energy through sliding and debonding at ice-
polymer boundaries, which becomes increasingly significant as
interfacial area grows with finer ice crystals. Localized micro-
cracking describes the spatially distributed micro-damage
events that arise when numerous small ice domains and their
surrounding polymer matrix undergo concurrent failure, effec-
tively dispersing the stress concentration ahead of the crack tip.
Crack deflection refers to the forced redirection of the propa-
gating crack front around heterogeneous ice-polymer regions,
producing the tortuous fracture paths observed in Fig. 6c.
Together, these mechanisms are not independent but rather
coupled manifestations of the progressive shift from ice-
dominated brittle fracture to interface- and polymer-mediated
ductile toughening as ice crystal size decreases.

While the distinct crack morphologies and proposed frac-
ture modes (Fig. 6d) account for the observed toughness
enhancement, the underlying mechanisms - particularly inter-
facial delamination and polymer-network rearrangement - are
inherently time-dependent physical processes. Ice crystals frac-
ture rapidly and are largely insensitive to moderate variations in
loading rate, whereas interfacial delamination and hydrogen-
bond reorganization occur over longer timescales and are
therefore expected to exhibit pronounced rate dependence.’”®
To further validate the proposed toughening mechanisms and
delineate the respective contributions of the three fracture
modes, we systematically investigated the rate-dependent
mechanical behavior of frozen DN hydrogels using uniaxial
tension and pure-shear tests (Fig. 7). Under uniaxial tension
in Fig. 7a and b, increasing the stretching rate from 10 to
300 mm/min increases the apparent modulus from 0.05 MPa to
0.87 MPa, peak stress from 0.75 MPa to 1.7 MPa and reduces
the strain at break from 17 mm mm ' to 11 mm mm "
At 300 mm min ', the peak stress shows a slight decrease
relative to 200 mm min ' (~0.95-1.0 MPa), consistent with
early instability/necking that truncates stress development.
In pure-shear tests (Fig. 7d and e), the peak stress increases
from 2.1 MPa to 4.4 MPa, while the maximum stretch collapses,
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and crack morphology transitions from blunted/tortuous at low
rates to sharp/unstable at high rates (Fig. 7c). These trends
arise because ice-polymer interfacial sliding and H-bond reor-
ganization require time to operate; when the loading timescale
shortens, these sacrificial/relaxation pathways are curtailed,
producing higher stiffness but reduced crack tolerance.

Mechanistically, ice-enabled toughening in these DN hydro-
gels arises from three coupled processes: (i) microfracture of
confined ice domains, (ii) ice-polymer interfacial delamina-
tion/sliding, and (iii) viscoelastic/H-bond reorganization within
the polymer networks. These latter two are time-dependent;
when loading is fast, interfacial slip and network rearrange-
ment cannot keep pace, the process zone shrinks, stress is
carried more directly through the composite, and damage
localizes - yielding higher apparent stiffness but reduced crack
tolerance and more brittle failure. Under slow loading, inter-
facial sliding and H-bond exchange proceed, enabling stress
redistribution, crack deflection/blunting, and distributed
microcracking, which increase energy dissipation and delay
catastrophic propagation. Overall, these results confirm that
the reinforcement is rate sensitive and governed by rate-limited
interfacial and network dynamics.

3.5. Low-temperature functionalities of gelatin/pNAGA DN
hydrogels

During freezing, the DN hydrogel undergoes a distinct transition
driven by ice-polymer phase separation, resulting in reduced local
polarity, increased microenvironmental rigidity, and restricted
molecular mobility - conditions ideally suited for activating a
polarity-sensitive fluorescent reporter. Leveraging this intrinsic
behavior, we engineered an embeddable, calibration-free fluores-
cent indicator for low-temperature sensing by doping the hydrogel
precursor with the polarity-sensitive probe 8-anilino-1-naphth-
alenesulfonic acid (ANS, 80 uM). As shown in Fig. 8a, upon
cooling (e.g., to —40 °C), ice formation induces ice-templated
microphase separation: water crystallization expels solutes toward
polymer-rich regions and creates extended ice-polymer interfaces.
ANS molecules are thereby partitioned into more hydrophobic,
more rigid microenvironments, which restrict intramolecular
rotation and lower local polarity - two effects that strongly
enhance ANS emission.””®" The material thus switches from
weakly fluorescent (nearly no emission under 365 nm UV) at
room temperature to bright cyan in the frozen state. Simultaneous
infrared thermography shows a close correspondence between
surface temperature and fluorescence intensity over the cryogenic
window —10 °C to —50 °C, confirming high sensitivity without
external power or electronics. Because the switching arises from
controlled phase separation, both the threshold temperature and
the mechanical profile can be tuned via freezing rate and by
modest additions of salts/osmolytes. This simple, biocompatible
platform is immediately applicable as an embeddable cryogenic
temperature indicator or freeze-state patch for cryobiology, frozen-
sample logistics, soft robotics, and cold-chain monitoring.

In addition to serving as a temperature indicator, the sub-
zero physicochemical behavior of the gelatin/pNAGA DN hydro-
gel highlights its potential as a cytocompatible matrix for mild
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frozen at —40 °C. (a) Stress—strain curves at stretch rates of 10, 50, 100, 200, and 300 mm min
(green) versus stretch rate. (c) Optical views of crack propagation under pure shear at 10, 100, and 300 mm min~
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tortuous to sharp/unstable paths as rate increases. (d) Pure-shear stress—strain curves at the same stretch rates. (e) Strain at break (left axis) and peak
stress (right axis) versus stretch rate for pure-shear tests, indicating rate strengthening accompanied by a strong reduction in allowable stretch.

subzero applications. The hydrogel exhibits a significantly
depressed freezing point below —20 °C and thus remains
unfrozen and supercooled across a wide temperature window
from 0 °C to —20 °C, effectively preventing the formation of
damaging extracellular ice. Moreover, both gelatin and pNAGA
are inherently biocompatible, enabling the DN hydrogel to
function as a cell-friendly matrix suitable for biological use.
This property is expected to protect cells by inhibiting the
formation of harmful extracellular ice crystals, a primary cause
of cell death during conventional cryopreservation. To validate
this protective effect, we evaluated the viability of U87MG cells
subjected to a freeze-thaw challenge at —20 °C, comparing
conditions with and without the hydrogel overlay. As shown
in Fig. 8b and c, quantitative Live/Dead staining revealed a
clear contrast between the two groups. The Control-FT group,

J. Mater. Chem. B

exposed directly to the culture medium during freezing, exhib-
ited substantial cell death, with viability decreasing to approxi-
mately 75%. In contrast, cells in the Hydrogel-FT group
maintained a remarkably high viability of 98%, comparable
to the untreated control. This enhanced survival can be attrib-
uted to the synergistic protective effects of the DN hydrogel
network. First, the hydrogel functions as a supercooled, pro-
tective barrier that shields underlying cells from direct ice
nucleation and the osmotic stress associated with medium
freezing. Second, unlike liquid media, the gelatin-based net-
work provides a stable, biocompatible microenvironment that
preserves cell attachment and morphology during thermal
stress, preventing detachment commonly observed in freeze-
thaw cycles. Collectively, these results confirm that the gelatin/
PNAGA DN hydrogel is both cytocompatible and freeze-thaw

This journal is © The Royal Society of Chemistry 2026
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bars represent standard deviation (n = 3).
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tolerant, underscoring its potential as a physical matrix for mild
subzero biomedical applications, such as cryogenic interfaces,
low-temperature processing, and subzero cell preservation.

To evaluate whether the observed cytoprotective effect is
unique to the gelatin/pNAGA DN hydrogel or can also be
achieved by other hydrogel systems, we performed a compara-
tive study using four different hydrogels: the gelatin/pNAGA DN
hydrogel, the corresponding single-network (SN) hydrogels
(SN-gelatin and SN-pNAGA), and a conventional PEGDMA
hydrogel. Cell viability and recovery ratio were assessed over
1, 3, and 5 freeze-thaw cycles. The DN hydrogel consistently
exhibited the highest protective performance. Cell viability
remained above ~90% throughout all five freeze-thaw cycles
(Fig. 8d and e), indicating a stable and sustained cytoprotective
effect. In contrast, both single-network hydrogels showed a
rapid decline in protection, with viability decreasing to approxi-
mately 10-20% after five cycles. This stark difference can be
attributed to the distinct network architectures: the DN hydro-
gel exhibits an interpenetrating dual-network structure in
which gelatin triple helices and pNAGA hydrogen-bonding
domains cooperatively provide both dense mesh confinement
and dynamic stress redistribution, enabling the DN matrix
to suppress ice nucleation and restrict ice crystal growth more
effectively. Single-network hydrogels lack this cooperative con-
finement, resulting in greater susceptibility to ice formation
and consequently more severe mechanical and osmotic damage
to cells. DSC measurements (Fig. 1b) further support this
interpretation, showing that while all hydrogels exhibit crystal-
lization events in the —20 to —30 °C range, the DN hydrogel’s
tightly constrained network environment limits the extent
and rate of ice crystal growth. For the PEGDMA hydrogel, the
protective effect was even weaker - cell viability decreased
to nearly zero after several cycles, attributable to its rigid,
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covalently crosslinked network that lacks the dynamic adaptability
to accommodate volumetric changes during ice formation.

The recovery ratio data (Fig. 8f) further distinguish the DN
hydrogel from the other systems. The DN hydrogel maintained
a recovery ratio of ~55-60% across all five cycles, indicating
that cells not only survived but also retained attachment on the
culture surface. In contrast, SN-pNAGA and PEGDMA hydrogels
dropped to near zero after five cycles, and SN-gelatin declined
to ~35% - reflecting predominantly cell death rather than
adhesion effects, as corroborated by the correspondingly low
viability data in Fig. 8e. The moderate recovery ratio of the DN
hydrogel (below 100%) is likely related to partial cell adhesion
to the gelatin-containing surface, as gelatin inherently contains
RGD-like bioactive motifs that promote integrin-mediated cell
attachment. However, this adhesion does not progressively
worsen across cycles, and in practical cryopreservation scenar-
ios, gentle enzymatic treatment (e.g., trypsinization or collage-
nase digestion) could release adhered cells to recover the full
viable population. For future applications, the adhesion effect
could be further mitigated through surface modification with
anti-fouling coatings (e.g., zwitterionic or PEG-based layers) or
thermoresponsive release mechanisms exploiting the gelatin
network’s sol-gel transition upon mild warming. Overall, these
results demonstrate that the cytoprotective capability is specific
to the gelatin/pNAGA DN architecture and cannot be readily
replicated by conventional single-network or covalently cross-
linked hydrogels.

To place the mechanical performance of the gelatin/pNAGA
DN hydrogel in the broader context of antifreezing hydrogel
research, we compiled a comparative analysis against repre-
sentative systems reported in the literature, categorized by
composition: additive-free polymeric hydrogels,*®%*~¢”
gels,*®”> protein-assisted hydrogels,”®® ionic hydrogels,

organo-
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Fig. 9 Comparative performance maps of antifreezing hydrogels reported in the literature, categorized by composition: additive-free polymeric
hydrogels (red squares), organogels (blue circles), protein-assisted hydrogels (yellow triangles), ionic hydrogels (green inverted triangles), and
nanocomposite hydrogels (purple diamonds). This study is denoted by the red star. (a) Tensile strain versus operating temperature. (b) Tensile stress
versus tensile strain (log—log scale). The gelatin/pNAGA DN hydrogel achieves a combination of high extensibility and high stress that is competitive with
or exceeds additive-containing systems, despite relying solely on in situ ice reinforcement without external additives. All references are listed in Table S1.
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and nanocomposite hydrogels®'** (Fig. 9 and Table S1). As
shown in Fig. 9a, the majority of reported antifreezing hydrogels
operate within —40 to 0 °C with moderate extensibility below
1000% strain. In comparison, the present system achieves
~2200% strain at —40 °C and retains substantial stretchability
down to —196 °C - a cryogenic regime where very few hydrogels
have been tested. The stress-strain map (Fig. 9b) further shows
that the gelatin/pNAGA DN hydrogel occupies a performance
space combining high extensibility with high tensile stress
(~2 MPa) that most reported systems cannot access simulta-
neously. Notably, this performance is achieved entirely without
additives, solvents, or nanofillers, confirming that the ice-as-
reinforcement strategy introduced in this study represents a
fundamentally distinct and competitive design paradigm for
antifreezing hydrogels.

4. Conclusions

In this study, we have developed a new class of frozen
hydrogels in which in situ formed ice crystals function
simultaneously as structural templates and reinforcing fillers
within a fully physically crosslinked double-network (DN)
matrix. This design repurposes ice - from a brittle, damaging
phase into a functional toughening component - by con-
fining it within a robust polymer network that supports
mechanical reinforcement at subzero temperatures. By sys-
tematically tuning freezing parameters, including tempera-
ture and duration, we were able to control ice morphology,
polymer phase separation, and network densification, which
collectively governed the mechanical behavior of the resulting
hydrogels. Our findings reveal that freezing time influences ice
growth directionality and integration, with an optimal window
(~20 minutes at —40 °C) yielding maximal tensile strength and
energy dissipation. Freezing temperature, in turn, governs
nucleation and crystal size, where lower temperatures produce
finer ice domains (~4 pm at —196 °C) that enhance interfacial
area, promote tortuous fracture paths, and delay crack propa-
gation. Fracture analyses further identified three synergistic
toughening modes - ice crystal fracture, interfacial delamina-
tion, and polymer network deformation - that collectively
contribute to increased toughness through mechanisms such
as interfacial sliding, microcrack deflection, and distributed
crack branching.

Together, these results establish a freezing-induced tough-
ening mechanism, where ice-polymer interactions convert a
traditionally fragile phase into a sacrificial, energy-absorbing
material element. This strategy not only eliminates the need
for additives, surfactants, or post-synthesis processing but
also transforms ice from a design limitation into a perfor-
mance-enabling phase. Looking ahead, this ice-reinforcement
concept lays the foundation for a new generation of soft
composites that remain functional under extreme cold, with
potential applications in cryo-tolerant biointerfaces, soft
robotics, and adaptive materials for polar or extraterrestrial
environments.

This journal is © The Royal Society of Chemistry 2026
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