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ABSTRACT: Hydrogels are able to mimic the flexibility of biological
tissues or skin, but they still cannot achieve satisfactory strength and
toughness, greatly limiting their scope of application. Natural wood can
offer inspiration for designing high-strength hydrogels attributed to its
anisotropic structure. Herein, we propose an integrated strategy for
efficient preparation of ultrastrong hydrogels using a salting-assisted
prestretching treatment. The as-prepared poly(vinyl alcohol)/cellulose
nanofiber hybrid hydrogels show distinct wood-like anisotropy, including
oriented molecular fiber bundles and extended grain size, which endows
materials with extraordinarily comprehensive mechanical properties of
ultimate breaking strength exceeding 40 MPa, strain approaching 250%,
and toughness exceeding 60 MJ·m−3, and outstanding tear resistance.
Impressively, the breaking strength and toughness of the reswollen
preoriented hydrogels approach 10 MPa and 25 MJ·m−3, respectively. In vitro and in vivo tests demonstrate that the reswollen
hydrogels do not affect the growth and viability of the cells, nor do they cause the inflammation or rejection of the mouse
tissue, implying extremely low biotoxicity and perfect histocompatibility, showcasing bright prospects for application in
artificial ligaments or tendons. The strategy provided in this study can be generalized to a variety of biocompatible polymers
for the fabrication of high-performance hydrogels with anisotropic structures.
KEYWORDS: Hydrogel, High strength, Orientation, Cellulose nanofiber, Hybrid

INTRODUCTION
Hydrogels can perfectly simulate natural tissues and are
considered as viable candidates for biomedical and bioengin-
eering applications such as soft actuators,1 artificial muscles,2

and artificial ligaments,3 due to their 3D network structure,
ideal flexibility, and water content similar to that of biological
tissue. Further, the abundant ions in hydrogels ensure their
wide application in energy storage.4,5 A series of natural-
polymer-based hydrogels prepared by Hu’s group offered
surprising electrochemical behavior for use in Zn batteries.6−8

Unfortunately, most of the hydrogels demonstrate low tensile
strength and are easily damaged, seriously limiting their further
applications.9,10 Recently, several key strategies have been
developed for the fabrication of high-strength hydrogels,
mainly through construction of dual networks,11,12 composit-
ing of nanomaterials,13,14 and synergy of multiple interac-
tions.15 The hydrogels constructed by these methods exhibit
improved mechanical strength, but despite this, the material
still has difficulty reaching a breaking strength of 10 MPa.

Natural wood is both strong and light, which allows its usage
for a range of constructions, and has a profound impact on

human life.16 The broad range of applications of natural wood
benefits from its outstanding comprehensive properties,
including low density, impressive strength, and high tough-
ness,17,18 arising from its anisotropic structure.19 The oriented
arrangement of numerous fibers consisting of lignin, cellulose,
and hemicellulose contributes decisively to the extremely good
mechanical strength.20 Similarly, some human tissues, such as
muscles and ligaments, also display a highly parallel-aligned
fibrous structure that endows the tissue with unparalleled
mechanical strength and toughness, ensuring a life full of vigor
and vitality in various organisms.21,22 Therefore, it is deduced
that creating highly ordered structures in hydrogel networks
using appropriate strategies would be an effective way to obtain
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high-strength hydrogels. Recently, methods to prepare
anisotropic hydrogels with oriented structures and improved
mechanical performance have been reported.23,24 Among
them, the wood template method has provided hydrogel
products with superior strength (>20 MPa) and perfectly
oriented structure.25,26 For example, lignin in wood can be
removed with oxidizing agents to create directionally aligned
channels. These channels can be completely filled with
hydrophilic polymers, such as polyacrylamide or poly(vinyl
alcohol) (PVA), and form a strong composite hydrogel with
cellulose bundles. The breaking strength of these composite
hydrogels can easily reach or exceed 20 MPa due to the
directionally aligned cellulose fibers. However, the elongation
at break of such composite hydrogels hardly exceeds 50% due
to the inherent rigidity of the cellulose bundles, resulting in a
poor toughness.25,27 Therefore, it is still a far-reaching and
challenging endeavor to develop a reasonable strategy to
accomplish the preparation of a hydrogel with both strong
strength and high toughness.

Some salt solutions can significantly enhance the interaction
between macromolecular chains and transform them to a
tighter, more stable aggregated state via a salting-out-induced
process,28 which is known as the Hofmeister effect.29 This
behavior is dominated by anions, and the precipitation ability
of different anions to macromolecular chains is ordered as
CO3

2− > SO4
2− > S2O3

2− > H2PO4
− > F− > CH3COO− > Cl−

> Br−.30 In addition, the stress stretching process can induce
directional alignment of molecular chains and endow hydrogels
with anisotropic structures, which can also improve the
mechanical performance of the material. Herein, taking
inspiration from natural wood, we develop a type of
anisotropic poly(vinyl alcohol)/cellulose nanofiber (PVA/
CNF) hybrid hydrogel by combining salting-out treatment
with a preorientation strategy. The PVA with a large number of
hydroxyl groups could be easily transformed into a gel state
and smoothly form a large number of strong hydrogen-
bonding cross-linking points with CNF. Fixation of the
prestretched hydrogel molecular chains by the salt solution
was applied to achieve a stable anisotropic oriented structure
and to obtain exceptional mechanical properties of ultrahigh
breaking strength (∼40 MPa) and ideal toughness (∼60 MJ·
m−3). Contrary to the reported oriented wood hydrogels, the

main body and backbone of PVA/CNF hydrogels were the
flexible PVA molecular chains rather than the nonstretchable,
directionally aligned natural wood fibers, offering a high
elongation at break of the material. Moreover, the fully swollen
hydrogels still maintained satisfactory mechanical properties,
including strong strength and high toughness, and showed little
cytotoxicity, which was a prerequisite for their application in
both artificial ligaments and muscles.

RESULTS AND DISCUSSION
Figure 1 depicts the clear anisotropic structure of wood and
the manufacturing and preparation processes of oriented PVA/
CNF hybrid hydrogels. Through a combined prestretching−
salting-out fixation strategy, the randomly oriented PVA
molecular chains underwent sufficient alignment while the
salt solution fixed the oriented molecules and formed stronger
molecular bundle fibers together with the CNF. Briefly, the
PVA/CNF mixture solution was converted to a gel state by a
simple freeze−thaw cycle. The hydrogel was then prestretched
and fixed, followed by complete immersion in sodium sulfate
solution. The free PVA molecular chains and CNF were
oriented under tensile stress, and the degree of molecular chain
orientation could be well controlled by deformation variables.
Subsequently, large amounts of ions could induce the
deposition and aggregation of oriented polymer molecules,
which led to the formation of thick bundles of PVA/CNF
molecular fibers. Both the salting-out treatment and CNF can
change the mechanical properties of hydrogels to some extent.
As shown in Figure S1, the breaking strength of PVA hydrogels
subjected to one freeze−thaw cycle was only 200 kPa, and the
breaking strength of the hydrogels increased significantly with
a longer soaking time, finally reaching 6.4 MPa after 24 h of
soaking. By continuously increasing the soaking time, the
breaking strength of the PVA hydrogel no longer increased
significantly; therefore, 24 h was determined as the optimal
soaking time. Subsequently, the CNF was introduced into the
PVA hydrogel to investigate its effect on the mechanical
properties of the material. It is clearly found that the breaking
strength of PVA hydrogels showed a volcano-like trend as the
CNF content increased, and 1 wt% CNF resulted in the
optimal comprehensive mechanical properties (Figure S2).
This is mainly because CNF has a large aspect ratio (Figure

Figure 1. Schematic illustration of fetching to the PVA/CNF hydrogel. (a) Anisotropic structure of wood. (b) Preparation process of the
PVA/CNF hydrogel (freeze−thaw cycle). (c) Preparation method and internal structure of oriented PVA/CNF.
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S3) and a large number of hydroxyl groups which enhance
intermolecular interactions (hydrogen bonds and molecular
entanglement), thereby improving the strength of the hydro-
gel.31 This is widely known as the nanoenhancement effect of
CNF. The slight decrease in breaking strength due to high
CNF content (1.2 wt%) may be caused by the imperfect
dispersion of CNF, leading to an increase in microdefects
within the hydrogel. Similarly, the mechanical properties of the
PVA/CNF hydrogel were further improved after 24 h of
soaking, and the hydrogel containing 1 wt% CNF (PVA/
1CNF/0) could still exhibit a maximum breaking strength of
about 20 MPa (Figure S4). More attractively, the orientation
behavior pushes the mechanical properties of the hydrogels to
an amazing level. From Figure 2a, the anisotropic PVA/CNF
hydrogel constructed by this method displayed a breaking
strength of more than 40 MPa and an elastic modulus of 30
MPa along the orientation direction. What’s more, the
elongation at break of the hybrid hydrogel exceeded 250%

(Figure 2a,b), which was much higher than that of general
wood-based high-strength hydrogels (<20%).25,32 The break-
ing strength and modulus of anisotropic PVA/CNF hydrogels
showed a clearly positive correlation with the prestretching
deformation. Compared to the unstretched treated samples,
the 30% prestretched samples (PVA/1CNF/30) resulted in a
hydrogel strength of 25.3 MPa with a 26% improvement in
strength. The breaking strength of the hydrogel exceeded 40
MPa when the prestretch deformation was expanded to 100%
(PVA/1CNF/100), witnessing a change of 110%. Moreover,
the PVA/1CNF/100 anisotropic hydrogel presented a high
toughness of 61.8 MJ·m−3. These surprisingly high values far
exceed the values in the relevant works (Figure 2c).9,25,32−39

Macroscopically, the anisotropic PVA/1CNF/100 hydrogel
had the appearance of a white opaque solid, resulting from the
combined effect of the salt solution and prestretching. In the
prestretching process, the curled macromolecular chains were
gradually transformed into a directionally stretched state.

Figure 2. (a) Stress−strain curves of PVA/1CNF/y hydrogels with different prestretched deformation variables. (b) Breaking strength and
modulus of PVA/1CNF/y hydrogels with different prestretched deformation variables. (c) Elongation at break and breaking strength of
strong hydrogels in some representative literature reports. (d) Digital photos of anisotropic PVA/1CNF/100 hydrogel in original and
fractured states. (e) Optical micrograph of the original PVA hydrogel and anisotropic PVA/1CNF/100. (f) SEM images of the original PVA
hydrogel and anisotropic PVA/1CNF/100 hydrogel. (g) Schematic diagram of the change in the molecular chain during the preparation of
anisotropic PVA/1CNF/100 hydrogel. (h) Interaction between CNF and PVA molecular chains.
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Meanwhile, the CNFs were entangled and wrapped by PVA
molecular chains to form anchor points, which further
facilitated the directional stretching of macromolecules during
the prestretching process. Subsequently, the salt solution
induced hydrophobic aggregation of the oriented macro-
molecular chains, which contributed to the formation of
oriented molecular fibrils and caused the transition from
translucent to white opaque hydrogels.37,40 Notably, the tensile
fracture showed a clear fibrous morphology (Figure 2d), which
could be proven by the SEM image of the fracture section
(Figure S5), indicating the formation of a large number of
oriented macromolecular bundles inside the hydrogel. The
original PVA hydrogel (PVA/0CNF/0) (Table S1) had a
homogeneous gel-like morphology, while the 100% pre-
stretched hydrogel (PVA/1CNF/100) exhibited a distinctly
oriented arrangement of fibrous structures inside (Figure 2e).
The large difference in SEM images likewise confirmed the
phenomenon of oriented alignment of macromolecular chains

within the hydrogel. After freeze-drying, the pristine PVA
hydrogels showed a continuous and uniform porous network
structure on the inside with no amorphization (Figure 2f). In
contrast, the surface of PVA/1CNF/30 with 30% prestretching
deformation emerged with characteristic directionally arranged
wrinkles, implying the onset of formation of directional fiber
bundles inside the hydrogel (Figure S6). As the prestretching
deformation increased, the orientation structure became
increasingly evident and the molecular fiber bundles were
aligned more and more closely, gradually converging to the
parallel state, which manifested that the macromolecules inside
the hydrogel became more ordered (Figure S6). From the
longitudinal cross-sectional SEM images, compactly arranged
continuous fiber bundles could be observed more clearly, and
their lengths exceeded 500 μm (Figure 2f), which was
attributed to the ordered aggregation of a large number of
PVA molecular chains. This distinct oriented structure shares
striking resemblances with the internal structure of wood and

Figure 3. (a) Stress−strain curves of S/PVA/xCNF/0 hydrogels with different CNF contents. (b) Effect of prestretching behavior on the
mechanical properties of S/PVA/1CNF/y hydrogels with different prestretch deformation variables. (c) SEM images of the S/PVA/1CNF/
100 hydrogel. (d) Schematic diagram of the stretching experiment in the oriented and nonoriented directions. (e) Stress−strain curves of
anisotropic PVA/1CNF/100 hydrogel along both oriented and nonoriented directions. (f) Notch test stress−strain curve of original and
anisotropic hydrogels. (g, h) Schematic diagrams of notch expansion during stretching of original PVA/1CNF/0 (g) and anisotropic PVA/
1CNF/100 (h) hydrogels.
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supports the hydrogel’s superior properties (Figure S7). The
formation of molecular fiber bundles in hydrogels is described
in Figure 2g. After the freeze−thaw cycle, the free molecular
chains were partially immobilized by hydrogen bonding,
leading to the conversion of the solution into a gel state.
Also, the connection between CNF and PVA molecular chains
became stronger because of the formation of hydrogen bonds
(Figure 2h). Subsequently, during the prestretching process,
the molecular chains in the hydrogel underwent directional
alignment under the action of external forces. Most
importantly, the salt solution could induce the aggregation of
adjacent oriented macromolecules into bundles and immobi-
lize them, causing the emergence of molecular fibers (Figure
2g). In this process, the CNF dispersed in the hydrogel could
be regarded as anchor points, and a large number of PVA
molecular chains would wrap around the CNF surface and
form longer molecular nanofibers, which contributed to the
increase in molecular fiber bundle aspect ratio (Figure 2h). We
analyzed the effects of CNF introduction and preorientation
effects on the internal molecular structure of the hydrogels
using FTIR. The FTIR spectra of PVA, PVA/1CNF/0, and
anisotropic PVA/1CNF/100 hydrogels are plotted in Figure
S8. It can be seen that the PVA and PVA/1CNF/0 hydrogels
show an obvious C−O stretching vibration absorption peak at
1100 cm−1, a C−H stretching vibration absorption peak near
2950 cm−1, and an O−H stretching vibration absorption peak

at 3000−3400 cm−1.41−43 Importantly, there was no significant
change in the peak positions among different samples,
indicating that CNF and PVA were not connected by chemical
bonds. However, the addition of CNF shifted the vibrational
absorption peak of O−H in the material compared to the pure
PVA hydrogel, demonstrative of the formation of hydrogen
bonds between PVA and CNF.44 Besides, the peak positions of
the preoriented hydrogel did not move, manifesting that the
prestretching treatment did not change the bonding structure
inside the hydrogel.

The super swelling ability of a hydrogel, as a soft material, is
the signature feature. A large amount of water enters the
hydrogel network during the swelling process, leading to a
sharp decrease in the mechanical properties of the hydrogel
and hindering its application in tissue engineering. The salt-
solution-soaked PVA/CNF hydrogels were put into deionized
water to analyze the changes in mechanical properties of
different samples after swelling. From Figure 3a, it was found
that the reswollen hydrogels showed an unavoidable decrease
in strength, with a maximum strength of 5 MPa for PVA/
1CNT/0 hydrogels. In addition, the CNF content continued
to influence the mechanical behavior of PVA/CNF hydrogels,
and the breaking strength gradually increased with the increase
in CNF content. In contrast, the prestretched samples after
swelling exhibited significantly higher breaking strength and
toughness. As seen in Figure 3b, the strength and toughness of

Figure 4. (a) 2D WAXD patterns of PVA/1CNF/y hydrogels with different prestretched deformation. (b) 2D SAXS patterns of PVA/1CNF/
y hydrogels with different prestretched deformation. (c, d) Correlation of the azimuthally integrated intensity distribution of (c) 2D WAXD
and (d) 2D SAXS patterns with prestretched deformation. (e) 1D WAXD profiles of different PVA/1CNF/y hydrogels.
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the reswollen anisotropic PVA/1CNF/100 hydrogel (S/PVA/
1CNF/100) could still reach 10 MPa and 25.8 MJ·m−3,
respectively, which far superseded the unoriented sample.
Microstructure analysis confirmed that the swollen anisotropic
hydrogel appeared to have a distinctive porous-like structure,
indicative of the expansion of the internal network.
Importantly, the orientation structures inside the hydrogel
did not disappear, which was responsible for maintaining the
excellent mechanical properties (Figure 3c).

As with the wood, the mechanical behaviors of the
anisotropic hydrogel were significantly different in the vertical
and horizontal directions. To investigate the anisotropy of the
mechanical properties, the anisotropic PVA/1CNF/100 hydro-
gel specimens were cut in the oriented and nonoriented
directions, and the tensile strength of the prepared samples was
measured. Clearly, the breaking strength and modulus of the
anisotropic PVA/1CNF/100 hydrogel were 8.1 and 9.4 MPa
in the nonoriented direction and 40.1 and 30.0 MPa in the
oriented direction, respectively (Figure 3d,e and Figure S9). As
expected, the breaking strength and modulus of the material in
the oriented direction were significantly higher than the
corresponding values in the nonoriented direction, which was a
result of the oriented alignment of the molecular bundles.
Impressively, even with pre-existing cracks, the anisotropic
hydrogel of PVA/1CNF/100 could still reach an elongation at
break of about 200%, which was nearly 78% of the elongation
of intact samples. In contrast, although the elongation at break
of the notched unoriented sample (PVA/1CNF/0) was also
close to 200%, this value was only 52% of the elongation of the
corresponding intact sample (Figure 3f). This result proved
that the presence of the oriented structure could effectively
improve the crack-blocking ability and tear resistance of the
hydrogel. From a fracture perspective, disordered macro-
molecular chains wound around each other and prevented

sliding between the polymer molecules, which resulted in a
rapid expansion of energy dissipation radially throughout the
whole network and certainly in the lateral direction of notch
extension and deteriorated the rate of notch expansion (Figure
3g). In contrast, the large number of molecular fiber bundles
inside the oriented hydrogel helps the gel resist stronger
external stresses,45,46 and in addition, sliding between oriented
fiber bundles occurred more easily compared to that of
disordered macromolecular chains wound around each other,
which effectively slowed the rate of notch expansion and raised
the tearing energy of the material (Figure 3h).

To confirm the orientation behavior of the macromolecules
in the samples, 2D WAXD (Figure 4a) and 2D SAXS (Figure
4b) analyses were performed on the oriented and nonoriented
hydrogels. To avoid signal interference from large amounts of
sodium sulfate crystals, fixture-fixed hydrogels were first soaked
with sufficient cold deionized water to remove sodium sulfate
and then completely dried at 35 °C. From Figure 4a, the
diffraction intensity of the original PVA/1CNF/0 hydrogel
showed a clear isotropy. In contrast, the diffraction intensity of
the prestretched samples (PVA/1CNF/30, PVA/1CNF/60,
and PVA/1CNF/100) exhibited a significant anisotropy, and
the regular diffraction rings gradually changed to diffraction
arcs with the increase of prestretched deformation. Moreover,
the azimuth angle of the hydrogel sample at 90° and 270°
increased gradually with the prestretching deformation and
became more and more sharp (Figure 4c). These clearly
signaled the appearance of orientation alignment inside the
hydrogel.47 Further, the 2D SAXS pattern of the original PVA/
1CNF/0 hydrogel was distinctly isotropic, as evidenced by the
almost identical scattering intensity in all directions (Figure
4b). In contrast, the prestretched samples (PVA/1CNF/30,
PVA/1CNF/60, and PVA/1CNF/100) exhibited an elliptical
shape with a significantly stronger scattering signal along the

Figure 5. (a) Contour map of the 2D SAXS data, with colors indicating the scattering intensity in the equatorial direction. (b) Change of the
long period of lamellar crystals with prestretching deformation. (c) Schematic diagram of the structural changes of PVA/1CNF/100
hydrogel during prestretching.
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axis perpendicular to the stretching direction than parallel to
the stretching direction, and the eccentricity of the spot
increased with increasing prestretching deformation (Figure
4b). Figure 4d shows the azimuth angle integration curves
(101 crystal planes) of the different 2D SAXS patterns. The
azimuthal intensity located at 90° demonstrates a significant
positive correlation with the prestretched shape deformation.
Therefore, it is proved that when the hydrogel samples were
stretched, the polymer molecular chains indeed underwent an
oriented arrangement and formed anisotropic permanent
structures in parallel to the stretching direction under the
action of salting-out precipitation.

As seen in the 1D profile of 2D WAXD patterns (Figure 4e),
the diffraction peaks at 11.2°, 18.6°, and 39.3° on the curves
correspond to the 100, 101, and 111 crystal planes of PVA,
respectively.48 The peak positions of the individual crystal
planes were not affected by the prestretching process,
manifesting the stable crystallite even during the stretching
process. However, it is worth noting that the intensity of the
strong diffraction peak at 18.6° corresponding to the 101
crystal plane decreased gradually with increasing prestretch
deformation, suggesting a slight change in the internal
structure of the hydrogel. The integral calculations confirmed

that the prestretching treatment significantly affected the
crystallinity of the material, and there was a negative
correlation between the crystallinity of the material and the
prestretching deformation (Figures S10 and S11). Distinctly,
the 1D scattering intensity distribution profile in the equatorial
direction displayed a distinct peak around 0.7 nm−1, and the
intensity became progressively stronger with the increase of the
prestretching deformation (Figure 5a and Figure S12). It is
validated that the periodic molecular bundles were presented
inside the hydrogel, and the prestretching process could
promote the formation of the molecular bundle.49 In addition,
the effect of prestretching treatment on the long period of
lamellar crystals (L) was analyzed using Bragg’s law, L = 2π/
qmax. It is easily noticeable from Figure 5b that the long period
of the material crystal increased from 8.46 to ∼10 nm. It is
indicated that the coiled molecular chains between the lamellar
crystals perpendicular to the stretching direction formed
partially by the freezing action were straightened under the
prestretching effect, which in turn led to the changes in mutual
distances and long periods of lamellar crystals (Figure 5c).50,51

The biocompatibility of the as-developed fully swollen S/
PVA/1CNF/100 hydrogel was assessed in light of its
promising application as an artificial ligament. Cell survival

Figure 6. Biocompatibility assessment. (a) Cell culture on blank and hydrogel substrates. (b) Morphology of HUVECs on blank and
hydrogel substrates. (c) Fluorescent images of live/dead assay after culturing HUVECs onto the hydrogel for 72 h. (d) Schematic diagram of
the gel implantation process. (e) Digital photos of the hydrogel at the time of implantation. (f) Inflammation test involving implanting the
hydrogel into mouse subcutaneous tissue. (g) Hematoxylin and eosin (H&E) staining after breeding for 0 and 21 days.
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and growth status are two of the most important indicators to
evaluate the biocompatibility of materials. Here, human
umbilical vein endothelial cells (HUVECs) were evaluated
for cell morphology, live/dead double staining, and prolifer-
ative capacity. According to ISO 10993-12, we seeded
HUVECs on hydrogels and selected PBS buffer as a blank
control (Figure 6a). After 72 h, the morphology of the
HUVECs on the hydrogel was spread widely, displaying visible
actin filaments with angular structures that spread laterally with
distinct cytoplasmic extensions. The cell morphologies of the
hydrogels were almost the same as those of the control group
(Figure 6b). Viability observations showed that only a few
dead cells could be detected on the surface of the hydrogel,
which was consistent with the phenomenon observed on the
blank control substrate (Figure 6c). These results clearly
suggested that the hydrogel did not have an adverse impact on
cell growth, namely, a very limited cell toxicity.52,53 Further,
the swollen hydrogel was implanted into the subcutaneous
tissue of KM mice to evaluate the organism’s rejection and
inflammatory response to the sample (Figure 6d,e). As can be
seen in Figure 6f, even after 21 days of breeding, no abnormal
inflammatory reactions, including dysplasia and necrosis, were
observed in the subcutaneous tissues of KM mice surrounding
the hydrogel. Further, the results of tissue section analysis
(hematoxylin and eosin (H&E) stained) showed no significant
changes in the mice tissue structure after 21 days, and no
obvious neutrophils and lymphocytes that were common in
injured tissues were found, which coincided with the
experimental phenomenon in the blank control group and
implied a good state of tissue health (Figure 6g). The above
analysis strongly demonstrated the ideal biocompatibility of
the S/PVA/1CNF/100 hydrogels and their promising
prospects for application in the field of tissue engineering.

CONCLUSIONS
In summary, we demonstrated a natural-wood-inspired
comprehensive strategy of prestretching−salting-out fixation
to successfully complete the preparation of ultrahigh strength
and supertough hybrid hydrogels with oriented structures. Due
to the anisotropic structure and dense bundles of molecular
fibers, the optimized oriented PVA/CNF hydrogels showed a
surprising tensile strength of ∼40 MPa, an excellent
longitudinal elastic modulus of 30 MPa, and an incredible
toughness of over 60 MJ·m−3, with overall mechanical
properties superior to those of most of the strong hydrogels
that have been reported so far. Moreover, the tightly arranged
molecular fiber bundles could be retained after sufficient
swelling and endowed the swollen samples with a breaking
strength of close to 10 MPa and a toughness of 25 MJ·m−3. In
vitro, the swollen PVA/CNF hybrid hydrogel showed ideal
nontoxicity and did not inhibit cell proliferation and
differentiation at all. In vivo, the swollen hybrid hydrogel had
a perfect histocompatibility. This hydrogel, with outstanding
mechanical properties and good biocompatibility, offers
widespread applications in the field of biological tissue
engineering (e.g., artificial ligaments). Importantly, this simple
preparation method could be extended to a variety of other
polymer-based hydrogels to propel the application of otherwise
weak hydrogels into robotics, bioengineering, and other fields.

EXPERIMENTAL SECTION
Materials. PVA (average polymerization degree: 1750 ± 50) was

purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,

China). Sodium sulfate (99%) was purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Cellulose
nanofiber (CNF) was purchased from NanoFC Technology Co., Ltd.
(Zhongshan, China). All of the reagents and raw materials were used
without any purification.
Preparation of Pure PVA Hydrogels. PVA was added to a

round-bottom flask containing some deionized water, and a 20 wt%
PVA solution was obtained after continuous stirring at 92 °C for 1.5
h. Subsequently, after centrifugation at 2000 rpm, the bubble-free
PVA solution was poured into a Teflon mold. After cooling to room
temperature, the mold was transferred to a freezer (−20 °C) for 6 h.
Next, the mold was thawed at room temperature for 6 h to obtain
pure PVA hydrogel. Finally, the PVA hydrogel was immersed in 20 wt
% sodium sulfate solution to investigate the effect of soaking time on
the mechanical properties of the hydrogels.
Preparation of Anisotropic PVA/CNF Hydrogels. Gelatinous

CNF (solid content of 4.5 wt%) was added to deionized water and
emulsified continuously in a high-speed wall breaker for 5 min (12000
rpm). Subsequently, the mixture was dispersed using an ultrasonic cell
disruptor for 30 min to obtain CNF dispersions with different
concentrations. Then, PVA was mixed into the CNF dispersion,
followed by continuous stirring at 92 °C for 1.5 h to ensure complete
dissolution of the polymer, and the final PVA concentration was 20 wt
%. After the air bubbles in the system were removed by a centrifugal
process (2000 rpm, 2 min), the clear mixture was poured into a
Teflon mold and kept at −20 °C for 6 h. Subsequently, the frozen
hydrogel was thawed at room temperature for 6 h to form a
preliminary PVA/CNF hydrogel. The obtained PVA/CNF hydrogels
were prestretched to different tensile deformations and subsequently
immersed in a 20 wt% sodium sulfate solution at 30 °C for 24 h to
obtain preoriented PVA/CNF hydrogels. In term of the CNF content
x (x = 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2 wt%) and prestretching deformation
of y (y = 0, 30, 60, 100%), the as-obtained samples were denoted as
PVA/xCNF/y, as listed in Table S1. The as-obtained PVA/xCNF/y
hydrogels were immersed in sufficient deionized water for 24 h; the
deionized water was changed every 6 h to ensure that the hydrogels
could undergo adequate ion exchange and sufficient swelling. Finally
the swollen preoriented PVA/xCNF/y hydrogels were obtained and
named S/PVA/xCNF/y.
Characterization. The chemical structure of the sample was

analyzed by a Fourier transform infrared (FTIR) spectrometer
(EQUINOX55, Bruker, Germany) in the region of 4000−600 cm−1.
The mechanical behavior of the sample was evaluated by an electronic
tensile testing machine (Dongri, China). Test specimens were cut into
dog-bone shapes and tested at a constant tension speed of 50 mm·
min−1. For mechanical defect testing, the sample notch width was
25% of the sample width. The microstructure images were taken with
a scanning electron microscope (SEM) (Quanta 200F, FEI, USA) and
transmission electron microscope (TEM) (HT7700, Hitachi, Japan).

2D small-angle X-ray scattering (2D SAXS) and 2D wide-angle X-
ray diffraction (2D WAXD) patterns were collected by a Rigaku
small-angle X-ray scattering system (NANOPIX, Rigaku, Japan), and
the test distances for SAXS and WAXD experiments were 1803 and
64 mm, respectively. The scattering and diffraction data were analyzed
using Fit2D software. 1D scattering profiles were obtained by sector
integration of the 2D SAXS and 2D WAXD pattern, and the module
of the scattering vector (q) was calculated by the following formula:

q
4 sin=

where λ is the X-ray wavelength (0.154 nm) and θ is the scattering
angle (radian angle). From the 1D integration curve, the long period
of the lamella (L) inside the material could be calculated on the basis
of Bragg’s law:

L
2

qmax

=

where qmax is the value of q at the maximum scattering intensity.
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Biocompatibility Evaluation. Biocompatibility was evaluated
according to the following methods. Approximately 1 × 104

HUVECs/mL were seeded onto the hydrogels for 72 h. Then
samples were rinsed twice in PBS buffer and fixed in 4%
paraformaldehyde at room temperature for 15 min. Samples were
then permeabilized in 0.5% Triton X-100 for 5 min, washed three
times in PBS buffer, and stained with FITC-phalloidin (ab235137,
Abcam, UK) for 30 min and 4′,6-diamidino-2-phenylindole for a
further 5 min in the dark. FITC-phalloidin (red) and nuclei (blue) on
scaffolds were examined using fluorescence microscopy (Olympus,
Japan). HUVECs were seeded on the hydrogel at 1 × 104 cells/mL
and incubated for 24 h. Cell cytotoxicity on the hydrogel was detected
using a live/dead double-staining kit (KeyGen, China). Cells were
stained with 2 μm calcein-AM and 8 μm propidium iodide (PI) for 15
min. Live cells were green by calcein-AM staining, whereas dead cells
were red from PI staining. Stained specimens were observed and
imaged using fluorescence microscopy (Leica, Germany). The
inflammation test was conducted by implanting the hydrogels into
subcutaneous back tissue of anesthetized KM mice. All animal studies
were approved by the Animal Care and Use Committee of China
Medical University (IACUC-2022099). Animals were sacrificed at 21
days postsurgery. The whole tissue plus hydrogel was harvested and
fixed in 4% paraformaldehyde for histological analyses. After the
process of dehydrating, impregnating, embedding by paraffin, and
slicing, the pathological sections of each group were evaluated by
H&E staining (Beyotime, China), and images were captured with a
light optical microscope (Olympus, Japan).
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