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Abstract Hydrogels have been widely used in tissue engineering and biomedical applications owing to their high water content and tunable
functionality. Nevertheless, high water content and loosely cross-linked networks restrict the mechanical properties of hydrogels and their practi-
cal applications. Herein, we present a facile approach for designing strong and tough bacterial cellulose/poly(vinyl alcohol) (BC/PVA) double-net-
work hydrogels involving immersing BC into PVA solutions and then freezing-thawing. The PVA chains encapsulate the BC nanofibers through
hydrogen bonding interactions and chain entanglement, infiltrate the fibrous network, and thereby enhance the densification of the BC/PVA hy-
drogel. Concurrently, repetitive freeze-thaw cycles facilitate the regulation of PVA chain conformation and promote PVA crystallization, which in-
creases the rigidity of the PVA segments. The resulted hydrogel demonstrates an exceptional tensile strength of (2.13+£0.03) MPa, a remarkable
toughness of (1.15+0.03) MJ-m~, and a high water content of up to 95%. Furthermore, the double-network hydrogels exhibit excellent biocom-
patibility. This study offers a practical strategy for the design of robust and tough hydrogels with potential utility in biomedical applications.
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INTRODUCTION

Hydrogels are 3D crosslinked polymeric networks with high wa-
ter content flexibility"”? Owing to their good
biocompatibility®=! and tunable functionality”, they are re-
garded as promising candidates for biomedical and bioelectri-
cal applications.”~'? Nevertheless, hydrogels demonstrate lim-
ited tensile strength and toughness attributable to their loosely
cross-linked networks arising from their high water content,
which severely restricts their applications.!''~"! Various strate-
gies have been explored to fabricate hydrogels with high me-
chanical performance, such as designing dual networks,!'¢~'¢!
constructing supramolecular or ordered architectures,!'”! form-
ing crystalline domains and phase separation,?°->"! and incor-
porating chain entanglements,>°-32 dynamic crosslinking sites,
and nanofillers.’*>** While the aforementioned strategies en-
able the fabrication of strong and tough hydrogels, they fail to
simultaneously ensure high water content.l*!

Bacterial cellulose (BC) hydrogels consist of an intercon-
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nected network of nanofibers with water content of up to
99%.3637] The abundance of hydroxyl groups enable BC to
form dimensionally stable hydrogel structures with excep-
tional structural integrity.[38 Furthermore, the high aspect ra-
tios and elevated Young's modulus of the nanofibers within
the network are beneficial for improving mechanical proper-
ties of BC-based hydrogels.3%4%1 However, owing to their high
crystallinity and rigid molecular chains, BC hydrogels general-
ly exhibit limited deformability, which restricts their practical
application. To address this limitation and fully exploit the po-
tential of BC hydrogels, researchers have developed double-
network (DN) hydrogels, in which BC is integrated with a sec-
ond, more ductile polymer network.38411 For instance, incor-
porating natural polymers such as gelatin and sodium algi-
nate into the BC matrix can significantly enhance the com-
pressive fracture strength and elastic modulus, reaching lev-
els comparable to those of articular cartilage.l*8! However, al-
though these combinations improve toughness, they often
rely on specific cross-linking agents. Therefore, the explo-
ration of polymers that offer both superior toughness and
strong interfacial compatibility with BC remains a priority.
Poly(vinyl alcohol) (PVA) is a promising candidate for BC-
based composite hydrogels because of its abundant hydrox-
yl groups that facilitate strong interfacial interactions with BC
nanofibers via extensive hydrogen bonding.[*!! Furthermore,
PVA chains can be adjusted to form crystalline domains,
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thereby enhancing the mechanical properties of
hydrogels.[9201 While numerous studies have reported the
mechanical performance of such composites, there is a lack of
research on the underlying microstructural evolution and its
contribution to mechanical reinforcement.

Here, we report a versatile freeze-thawing strategy to con-
struct BC/PVA composite hydrogel with highly tailored prop-
erties. By changing the number of freeze-thaw cycles to con-
trol PVA crystallinity, the mechanical performance, such as
modulus and strength, of hydrogels can be reasonably regu-
lated. Microstructural analysis indicated that the incorpora-
tion of PVA facilitated the significant densification of the dou-
ble-network architecture. The strong interfacial hydrogen
bonding between the BC nanofibers and PVA chains fostered
a synergistic interpenetrating network, ensuring efficient
stress transfer and enhanced energy dissipation during defor-
mation. Remarkably, the hydrogel maintained an exceptional-
ly high water content of up to 95% and exhibited excellent
biocompatibility, demonstrating promising potential for ap-
plications in biomedical materials.

EXPERIMENTAL

Materials

Bacterial cellulose sheets (BC) with 93% water content were pur-
chased from Cellubio. Prior to use, the BC sheets were im-
mersed in deionized water for 3 days to reach swelling equilibri-
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um, resulting in a final thickness of 2 mm. Subsequently, the
sheets were cut into dimensions of 3 cm X 6 cm for further use.
Poly(vinyl alcohol) (My=1.5%10°, 99+% hydrolyzed, Sigma-
Aldrich) was purchased and directly utilized without additional
purification steps. Deionized water was used as the solvent.

Preparation of BC/PVA Hydrogels
Initially, PVA solid particles and deionized water were added to
blue-capped reagent bottles, which were tightly sealed to pre-
vent water evaporation during heating. The mixtures were then
stirred in an oil bath at 110 °C for 10 h to form 2 wt%, 4 wt%, 6
wt% and 8 wt% PVA solutions. Five 3 cm x 6 cm BC sheets were
immersed in 200 mL of PVA solution in a sealed blue-capped
reagent bottle and heated with stirring at 110 °C for an addi-
tional 10 h to ensure that PVA diffused into the voids of BC. Sub-
sequently, BC sheets were removed from the PVA solution. The
samples were frozen at —20 °C for 12 h and then thawed at 25 °C
for 10 h to physically crosslink the PVA network. The freeze-thaw
cycle was repeated 1-6 times to obtain the BC/PVA cryogels.
The BC/PVA hydrogel was obtained by immersing the cryogels
in deionized water for full swelling.

The information of “Characterizations” is detailed in the
electronic supplementary information (ESI).

RESULTS AND DISCUSSION

Fabrication and Structure of BC/PVA Hydrogels
Fig. 1(a) depicts the strategy for fabricating a homogeneous

Freezing-thawing
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(a) Schematic illustration of the fabrication of BC/PVA hydrogel; (b) Optical images of BC and BC/PVA hydrogels; (c) Optical images of
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double-network BC/PVA hydrogel. First, the commercial BC
sheet was immersed in deionized water for three days until fully
swollen, resulting in a three-dimensional network structure. The
nanocellulose network was soft, and the water content was
>99%. Then, the BC hydrogel was soaked in a PVA solution and
heated at 110 °C under continuous stirring to accelerate PVA
polymer chain mobility. Owing to the water solubility of PVA
chains, PVA can diffuse into the nanocellulose network and be
evenly distributed throughout the network.*!! Subsequently,
the as-prepared composite was subjected to multiple freeze-
thaw cycles, involving freezing at -20 °C for 12 h followed by
thawing at 25 °C for 10 h. The freeze-thaw treatment induced
the aggregation and crystallization of PVA chains by forming
hydrogen bonds at the surface of the BC nanofibers. The abun-
dant surface hydroxyl groups on the BC nanofibers promoted
the ordered assembly of the PVA chains.[*? Repetitive freeze-
thaw cycles contributed to the construction of a more compact
PVA network.""! Finally, the sample was immersed in deionized
water to achieve equilibrium swelling and obtain the BC/PVA
hydrogel. The BC/PVA hydrogel maintained its shape with ex-
cellent dimensional stability, whereas the BC hydrogel was soft,
failing to preserve its structural integrity (Fig. 1b). When pressed
in the perpendicular direction of the BC hydrogel, water was
easily squeezed out from the hydrogel and failed to recover to
its initial state. The PVA hydrogel was elastic and could recover
its original shape. Owing to the integration of PVA, the BC/PVA
hydrogel exhibited a pronounced tolerance to external com-
pressive loads and retained partial hydration (Fig. 1c).

Mechanical Properties of BC/PVA Hydrogels
The mechanical properties of poly(vinyl alcohol)-based hydro-
gels are governed by the crystallinity of PVA, which is deter-
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mined by both the PVA concentration and the number of
freeze-thaw cycles.*! To systematically determine the optimal
PVA concentration and number of freeze-thaw cycles, tensile
tests were performed on a series of BC/PVA hydrogels prepared
under different conditions (Figs. 2a-2d). The tensile strain,
strength, toughness, and modulus data are collectively summa-
rized in heatmaps for a convenient comparative analysis (Figs.
2e-2h). The tensile strength of the BC/PVA hydrogels increased
with the number of freeze-thaw cycles up to five cycles and re-
mained essentially unchanged upon further increasing the
number of freeze-thaw cycles. The modulus exhibits a continu-
ous increase with increasing number of freeze-thaw cycles.
Scanning electron microscopy (SEM) images reveal that the
pore structure becomes increasingly pronounced after the sec-
ond freeze-thaw cycle, indicating that repeated ice crystal extru-
sion results in a denser network architecture (Fig. S1 in ESI). The
water content of the hydrogels progressively decreased with in-
creasing number of freeze-thaw cycles, further corroborating
this observation (Fig. 3). The XRD results indicate that the crys-
tallinity of BC/PVA hydrogels increases with increasing number
of freeze-thaw cycles (Fig. S2 in ESI). To quantitatively evaluate
the influence of hydrogel crystallinity on the mechanical prop-
erties, the evolution of crystallinity, tensile modulus, and
strength were integrated into a plot as functions of freeze-thaw
cycles (Fig. S3 in ESI). The results revealed a synchronized evolu-
tion among the crystallinity, Young's modulus, and tensile
strength. The characteristic peak at 1143 cm™, assigned to PVA
crystalline domains, progressively intensified with increasing
number of freeze-thaw cycles, corroborating this finding (Fig. S4
in ESI).

Based on a comprehensive analysis and comparison of all
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Fig. 2 Mechanical properties of BC/PVA hydrogels. (a—d) Tensile stress-strain curves of BC/PVA hydrogels prepared by freeze-thawing cycles at
various concentrations of PVA solutions; (e-h) The corresponding calculated strain, strength, toughness and modulus of BC/PVA hydrogels
prepared by freeze-thawing cycles at various concentrations of PVA solutions.

data, the optimal preparation parameters for the BC/PVA hy-
drogels were determined to be 6 wt% PVA concentration and
five freeze-thaw cycles, yielding a tensile strength of
(2.13+0.03) MPa, fracture strain of 84%+5%, toughness of
(1.15+0.03) MJ-m-3, and elastic modulus of (780+40) kPa. Un-
less otherwise specified, BC/PVA hydrogels were prepared
under these conditions, as mentioned in the following sec-
tion.

The PVA chains are inherently flexible and extensible,
whereas the BC nanofibers exhibit limited stretchability ow-
ing to their densely interconnected network architecture.
Therefore, the incorporation of PVA into the BC network was
conducive to enhancing the mechanical properties of the re-
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sulting BC/PVA composite hydrogel. Tensile tests were con-
ducted to study the mechanical properties of the BC, PVA,
and BC/PVA hydrogels (Figs. 4a and 4b, Table S2 in ESI). The
BC hydrogel exhibited a tensile strain of 60%. The PVA hydro-
gel demonstrated a higher fracture strain of up to 300%,
whereas the tensile strength was merely 0.30 MPa. The
BC/PVA hydrogels exhibited significantly enhanced mechani-
cal properties. Compared to the pure BC hydrogel, the com-
posite BC/PVA hydrogel exhibited a 0.4-fold increase in strain,
2.7-fold increase in strength, and 7.8-fold increase in modu-
lus. The incorporation of PVA into the BC network compen-
sated for the inherent lack of elasticity in BC, while simultane-
ously functioning as a reinforcing phase to enhance the
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Fig. 4 Mechanical properties of hydrogels. (a) Tensile stress-strain curves and (b) tensile modulus, strength and the calculated toughness of BC,
PVA and BC/PVA hydrogels; (c) Compressive stress-strain curves and (d) compressive modulus of BC, PVA and BC/PVA hydrogels. The compression
strain of hydrogels was set at 90%. The error bars denote standard deviations derived from three independent measurements.

strength and modulus of the BC/PVA hydrogel.*¥ The com-
pressive tests were also conducted on the hydrogels (Figs. 4c
and 4d). The results demonstrate that the BC/PVA hydrogel
possesses a higher compressive modulus than the BC and
PVA hydrogels. The interpenetration of PVA within the BC
network also endowed the hydrogels with superior resis-
tance to deformation.

The ability to resist crack propagation is one of the most
important factors in the practical application of hydrogel ma-
terials. The BC/PVA hydrogel exhibits the highest fracture en-
ergy of (2.29+0.14) kJ-m~2, which is markedly superior to that
of both the BC hydrogel and the PVA hydrogel (Figs. 5a, 5b

and Fig. S5, Table S2 in ESI). The presence of the PVA crys-
talline domains enhanced the notch resistance of the BC/PVA
hydrogel.2! Meanwhile, the energy dissipation of BC/PVA
was evaluated by cyclic loading-unloading tensile tests (Figs.
5c and 5d). Under successive cyclic loading with increasing
tensile strain, the energy dissipated by the hydrogel gradual-
ly increased. In addition, cyclic tensile tests were conducted
on the hydrogels at a fixed strain of 10% (Figs. 5e and 5f). The
results revealed that the sacrificial bonds within the hydrogel
network underwent progressive rupture during repeated cy-
cling. Nevertheless, the tensile strength remains at 0.12 MPa
even after 200 loading cycles, indicating that the BC/PVA hy-
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drogel maintained its ability to prevent material failure dur-
ing repeated deformation.

To further elucidate the mechanical properties of the
BC/PVA double-network hydrogel, rheological measure-
ments were conducted to characterize the frequency-depen-
dent evolution of the storage modulus (G') and loss modulus
(G") of the BC, PVA, and BC/PVA hydrogels (Fig. 6). The stor-
age modulus exceeded the loss modulus for all hydrogels, in-
dicating a solid-like viscoelastic behavior. Notably, the
BC/PVA hydrogels exhibited a higher storage modulus than
BC and PVA, suggesting that the integration of BC and PVA
enhanced the density of the physical crosslinks within the
BC/PVA hydrogel network. Specifically, the BC network
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formed a rigid scaffold through extensive hydrogen bonding
and chain entanglement, while PVA chains crystallized within
the BC fibrous network to serve as additional physical
crosslinking sites, thereby further elevating G'. Furthermore,
the BC/PVA hydrogel displays G' > G", and both modulus re-
main distinctly separated across a broad frequency range,
demonstrating the formation of interfacial interactions be-
tween the BC and PVA networks.

Mechanical Toughening Mechanism of BC/PVA
Hydrogels

To reveal the underlying mechanisms governing the exception-
al mechanical properties of the BC/PVA hydrogel, we compared
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Fig. 5 Mechanical properties of hydrogels. (a) Tensile stress-strain curves of unnotched and notched BC/PVA hydrogel. The black and red lines
correspond to unnotched and notched specimens, respectively. (b) The calculated fracture energy of BC, PVA and BC/PVA hydrogels. The error bars
denote standard deviations derived from three independent measurements. (c) Stress-strain curves during the loading-unloading process of
BC/PVA hydrogel at different strains (A=10%-50%) and (d) total and dissipated energy. (e) Stress-strain curves during 200 cyclic loading-unloading
process of BC/PVA hydrogel at 10% strain and (f) the corresponding tensile strength of different cycles.
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the microstructures of BC, PVA, and BC/PVA hydrogels. SEM im-
ages of the hydrogels after freeze-drying are shown in Figs.
7(a)-7(c). Clearly, BC is characterized by an ultrafine network
structure, whereas PVA displays a plate-like topography. The
BC/PVA hydrogel exhibited distinct porous architecture. Owing
to the hydrogen bond interaction between PVA and BC, PVA
encapsulates BC nanofibers and interconnects them to form an
integrated network. This interconnected network architecture

G’,G" (Pa)

—=— G'-BC -0~ G"-BC
— G-PVA - G"-PVA
—&- G-BC/PVA —-O- G"-BC/PVA

w (rad/s)

Fig. 6 The energy storage modulus G' and loss modulus G" of BC,
PVA and BC/PVA hydrogels.
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contributed to the enhanced mechanical performance of the
hydrogels. FTIR spectroscopy was employed to characterize the
evolution of intermolecular interactions within the hydrogel
network (Fig. 7d). The BC/PVA hydrogel displays a characteristic
peak at 1091 cm™ which corresponds to the stretching vibra-
tion of C—O in PVA, confirming the successful complexation
between PVA and BC. The —OH stretching peak shifted from
3305 cm™' in PVA to 3324 cm™' in BC/PVA, indicating the forma-
tion of hydrogen bonds between BC and PVA. The TGA results
revealed that the maximum decomposition temperature of
BC/PVA was higher than that of BC, indicating that the strong
interfacial interaction between PVA and BC contributed to the
enhanced thermal stability of the composite hydrogel (Figs. 7e
and 7f).

To investigate microstructural evolution, wide-angle X-ray
scattering (WAXS) was conducted on the BC/PVA hydrogel
subjected to predetermined tensile strains. According to the
WAXS results, BC displayed a diffraction peak at 22.7°, which
corresponds to the typical reflection plane of (200). The peak
at 19.3° arose from the (101) plane of PVA (Fig. 8a, Fig. S6 in
ESI). The azimuthal angle (p) plots of BC and PVA were charac-
terized by two sharp peaks, indicating a highly oriented mi-
crostructure (Figs. 8b and 8c). For both BC and PVA, the orien-
tation order parameter (f) exhibits a consistent trend (Fig. 8d
and Fig. S7 in ESI). It increases steeply within 0%-50% strain
and maintains the platform upon further deformation. Ac-
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stretching strains; (d) The orientation order parameter (f) of BC and PVA of BC/PVA hydrogel at different stretching strains.

cording to SEM and FTIR, PVA encapsulates BC nanofibers,
which are coupled with abundant hydrogen bonding interac-
tions. Hence, PVA and BC acted as integrated networks, un-
dergoing simultaneous elongation during the tensile process.
The interconnected integrated network facilitated efficient
stress transfer and effective energy dissipation. Meanwhile,
hydrogen bonds, regarded as sacrificial bonds, undergo rup-

a Control

1 day

3 days

5 days

ture and reformation during the stretching process, thereby
enhancing the mechanical properties of the BC/PVA hydro-

gel.

Biological Evaluation of BC/PVA Hydrogels
The cytotoxicity and biocompatibility of the BC/PVA hydrogel
were also evaluated to explore its potential biomedical applica-

BC/PVA
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Fig.9 Biocompatibility of BC/PVA hydrogel. (a) Fluorescence microscopy images of L-929 cells cultured with different hydrogels for different time
(scale bars, 200 pm); (b) Cell viability calculated from the live/dead assay (n=3: n is the sample size for each group).

tions.*! The cytocompatibility of the BC/PVA hydrogels was as-
sessed following the methodology reported in a previous study.
Fig. 9(a) presents the fluorescence images obtained from
live/dead staining assays for BC, PVA, and BC/PVA hydrogels.
Predominant green fluorescence, indicative of viable cells, was
observed following incubation with the hydrogel extracts. Fol-
lowing exposure periods of 1, 3, and 5 days, the BC/PVA hydro-
gel maintained >90% cell viability (Fig. 9b). These results cor-
roborate the outstanding biocompatibility of BC/PVA compos-
ite hydrogels, making them promising candidates for biomedi-
cal engineering applications."**”] Furthermore, the hydrogel
maintained a superior structural integrity in diverse physiologi-
cal environments (Fig. S8 in ESI), suggesting their suitability for
various biomedical platforms.

CONCLUSIONS

In summary, we have developed a facile method for the fabrica-
tion of the double-network hydrogels through multiple freeze-
thaw cycles. The synergistic effects of hydrogen bonding inter-
action and network densification collectively endow the BC/PVA
hydrogel with excellent mechanical performance, for example,
tensile strength of (2.13+£0.03) MPa, toughness of (1.1540.03)
MJ:m=3, and elastic modulus of (780+40) kPa. Moreover, the hy-
drogel had a high water content (up to 95%). The absence of
chemical crosslinking agents or additives endowed the BC/PVA
hydrogel with excellent biocompatibility. This methodology
represents a promising and versatile approach for the fabrica-
tion of strong and tough high-water content hydrogels tailored
for biomedical applications.
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This study proposes a strategy to fabricate strong and tough double-network hydrogels through multiple freeze-thaw cy-
cles. Network densification endows hydrogels with exceptional mechanical performance. Moreover, the hydrogel pos-
sessed a high water content (up to 95%) and excellent biocompatibility.
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