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% Check for updates Well-orchestrated integration of multiple contradictory properties into a sin-

gle material is crucial for dynamic soft tissue defect repair but remains chal-
lenging. Bioinspired by diaphragm, we have successfully developed a robust
super-structured porous hydrogel with anisotropic skeleton and asymmetric
porous surfaces via integrated molding. Thanks to synergistic toughening of
anisotropic structure and Hofmeister effect of amino acid, our hydrogel
achieves high tensile strength (22.2 MPa) and elastic modulus (32.4 MPa)

for strong mechanical support, while maintaining excellent toughness

(61.9 M) m™) and fatigue threshold (5.6 k) m™) against dynamic stretching
during the early healing phase. The mechanical properties of hydrogel gra-
dually decrease during the late healing phase, minimizing its restriction on
physiological movements. In addition, diaphragm defect repair models on
female rabbits demonstrate asymmetric porous surfaces can simultaneously
prevent visceral adhesion and promote defect healing. Therefore, our hydro-
gel opens an attractive avenue for the construction of biomimetically hier-
archical materials to address the stringent requirements of dynamic tissue
defect repair.

Dynamic soft tissues undertake a variety of physiological movements
that are essential for maintaining life, including arterial pulsation,
diaphragmatic respiration, and intestinal peristalsis. The successful
completion of these intricate physiological movements relies on the
precise coordination of multidimensional mechanical and biological
performances of dynamic soft tissues'™*. Despite their diversity,
dynamic soft tissues share some common structural features®®. For
example, a mechanical support layer containing anisotropic muscle
fibers exhibits excellent strength and fatigue resistance for ceaseless
physiological movements while maintaining adequate stretchability;

asymmetric layers located on two sides of the mechanical support
layer fulfill different biological functions’'?. These characteristics
highlight that trade-offs are critical in the properties of repair materials
for dynamic soft tissue defect, including balancing sufficient stiffness
for local mechanical support and high toughness for physiological
stretching™ ¢, as well as integrating asymmetric bioadhesive surfaces
for wound pro-healing and visceral anti-adhesion'"®, Furthermore,
their mechanical properties should optimally accommodate the
dynamic healing process” 2. With the regeneration of defective tis-
sues, the initially robust mechanical properties should gradually
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decrease to facilitate the restoration of unrestricted physiological
movements>**>,

Conventional hydrogels with high water contents and loose
crosslinking usually have limited mechanical properties for solving the
physiological movements of dynamic soft tissues®**°. Recently, var-
ious technologies such as freezing-thawing”, solvent-exchange®,
salting out”’, and annealing® have been used to alter the polymer
aggregation states to improve the mechanical performances of
hydrogels. On the other hand, natural hierarchical structures are
widely imitated to design multifunctional hydrogels with contra-
dictory mechanical and biological properties, such as high strength
and high toughness, as well as adhesion and anti-adhesion>**"*,
However, most multifunctional hydrogels with hierarchical structures
consist of double or multiple networks"***, and adjusting their poly-
mer aggregation states to meet the mechanical requirements of the
dynamic healing process is complicated. Therefore, to design single-
network hydrogels with hierarchical structures and comprehensive
mechanical properties that match specific biological tissues, manip-
ulating the spatiotemporal expression of interactions between poly-
mer chains during the “network construction” and “polymer
dissociation” processes of hydrogels may provide a promising way but
remains a formidable challenge.

Herein, bioinspired by a typical dynamic tissue (i.e., diaphragm),
we have developed a robust super-structured porous hydrogel for the
repair of dynamic soft tissue defect. By directional freezing-assisted
progressive solvent exchange process, the biomimetically structured
hydrogel with anisotropic skeleton and asymmetric porous surfaces is
constructed in an integrated manner. According to conceptions of
eutectic solvent and cononsolvency effect®®*, the thawing rate of the
frozen template is effectively reduced and sufficient hydrogen bonds
between polymer chains are formed before the template disappears in
our progressive solvent exchange method, leading to the maintenance
of anisotropic skeleton. The subsequent Hofmeister effect of amino
acid significantly enhances the aggregation of polymer chains to form
robust networks in hydrogel. Due to the synergistic toughening of
anisotropic skeleton and Hofmeister effect of amino acid, our hydro-
gel can achieve high tensile strength (22.2MPa) and high elastic
modulus (32.4 MPa) to provide strong mechanical support, while
maintaining excellent toughness (61.9 MJ m™) and high fatigue
threshold (5.6kJm™) to tolerate ceaseless physiological stretching
during the early healing phase of dynamic tissue defect. Moreover,
hydrophobic modification can slow down the disgregation of hydrogel
networks in a wet environment by retarding the absorption of water.
As a result, our hydrogel exhibits bioadaptive changes in tensile
strength and elastic modulus, which can effectively maintain
mechanical support and minimize the restriction of repair materials on
physiological movements during the late healing phase. Benefiting
from the asymmetric porous surfaces, our hydrogel can prevent visc-
eral adhesion based on its dense porous surface while promoting
defect healing based on its loose porous surface in the rabbit dia-
phragm defect repair model. Therefore, our strategy for the con-
struction of robust super-structured hydrogels provides an attractive
avenue for the development of biomimetic materials for dynamic soft
tissue engineering.

Results and Discussion

Synthesis of HAA-SPVA hydrogel

It is known that the construction of materials’ nano-micro-macro
multiscale structures often requires the combination of complex
processing techniques. As shown in Fig. 1, the feasibility of our inte-
grated molding method is demonstrated by using a robust super-
structured porous hydrogel (hydrophobic and amino acid-toughened
super-structured polyvinyl alcohol (HAA-SPVA) hydrogel) as a con-
ceptual example. The design of HAA-SPVA hydrogel is inspired by the
natural diaphragm, which has a highly ordered hierarchical structure,

including an anisotropic muscle fiber skeleton for incessant respira-
tory movements, a dense abdominal surface for visceral adhesion
prevention, and a loose mediastinal surface for cushioning protection
(Fig. 2a,b)*®*. For the preparation of HAA-SPVA hydrogel, the PVA/
dimethyl sulfoxide (DMSO) solution firstly undergoes directional
freezing to construct an anisotropic structure. The high freezing
temperature (18 °C) of DMSO makes it easier for PVA/DMSO solution
to form anisotropic PVA/DMSO frozen solid at -25 °C, instead of the
ultra-low temperature (normally below —60 °C) required by the tradi-
tional ice template method (Supplementary Fig. 1)**°*¢, Subsequently,
the anisotropic PVA/DMSO frozen solid is vertically placed along the
freezing direction and exposed to cold moisture at -20 °C for a top-
down progressive solvent exchange (Supplementary Fig. 2). Due to the
strong interaction between DMSO and water molecules, moisture
could be gradually sorbed on the surface of the PVA/DMSO frozen
solid and thaw the frozen DMSO to form a DMSO/water eutectic sol-
vent with a depressed freezing temperature. This process simulta-
neously triggers the progressive removal of the directionally frozen
DMSO template, the formation of hydrogen bond networks between
PVA chains via cononsolvency effect, and the dissolution of partial PVA
chains on the top surface, leading to an interesting integrated molding
of a super-structured porous PVA (SPVA) hydrogel with anisotropic
skeleton and asymmetric porous surfaces after hydration (Fig. 2c, d).
The top surface of freeze-dried SPVA exhibits a loose porous structure
with pore sizes ranging from 1.81 to 5.94 pm, which is similar
to extracellular matrix and conducive to cell adhesion and
proliferation*”*$, while the bottom surface exhibits a dense porous
structure with pore sizes ranging from 0.38 to 0.99 um (Supplemen-
tary Fig. 3). By contrast, when hydrophobic sellotape is used to cover
the top surface of the PVA/DMSO frozen solid, the multiscale structure
of SPVA hydrogel could not be constructed due to the obstruction of
progressive solvent exchange process (Fig. 2e). As shown in Fig. 2f,g,
there is a noticeable liquid PVA/DMSO/H,0 mixture on the top surface
of SPVA organogel after exposure to cold moisture for 24 h, and the
freezing temperature ultimately decreases from initially 18 °C for
DMSO to below —-60 °C for PVA/DMSO/H,0 mixture collected after
72 h, demonstrating the significant depression in freezing temperature
triggered by the combination of DMSO and H,O%. Furthermore, the
anisotropic structures of SPVA hydrogel are impaired by aggravating
the solvent exchange process with an increase of environmental
temperature (Fig. 2h and Supplementary Fig. 4). It could be explained
that the low ambient temperature reduces the thawing rate of the
frozen DMSO template and facilitates the formation of hydrogen
bonds between PVA chains. Sufficient hydrogen bonds are formed
between PVA chains via the solvent exchange process before the
template disappears, resulting in the maintenance of anisotropic
structure*®*°, The feasibility of this method is further demonstrated by
another super-structured porous hydrogel based on gelatin (Supple-
mentary Fig. 5). Finally, SPVA hydrogel is immersed in amino acid
solution (such as serine) after freeze-drying to enhance its mechanical
performances through the Hofmeister effect™, producing amino
acid-toughened SPVA (AA-SPVA) hydrogel, and further hydro-
phobically modified with long-chain alkylation to slow down its
mechanical withdrawal in the wet environment, eventually yielding our
HAA-SPVA hydrogel.

Characterization of mechanical properties

During the early healing phase of dynamic tissue defect, it is crucial for
repair materials to balance adequate stiffness for local mechanical
support with toughness for necessary physiological stretching?*.
However, a trade-off always exists between stiffness and toughness for
bioengineering materials'*">**. For example, commercial materials
widely used in clinical practice (e.g., polyester) have high tensile
strength but excessive stiffness (>1 GPa) and poor strain (<100%)*>%,
while most hydrogels have high water contents and stretchability but
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Fig. 1| Construction and structure of HAA-SPVA hydrogel. Schematic illustration
for preparation, morphological evolution, and formation of strong hydrogen bond
networks for a robust super-structured porous hydrogel towards the repair of
dynamic soft tissue defect. Directional freezing-assisted progressive solvent exchange
process in cold moisture at —20 °C results in the biomimetic structure of anisotropic
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skeleton and asymmetric porous surfaces. The subsequent immersion of amino acid
markedly enhances polymer chains aggregation to form robust networks, and
immersion of dodecylboronic acid for hydrophobic modification slows down the
disgregation of the networks in the wet environment, eventually providing our
hydrogel with ultra-high and dynamic bioadaptive mechanical properties.

low strength and fatigue resistance’**. Compared with SPVA and AA-
SPVA hydrogels, the tensile strength and elastic modulus of HAA-SPVA
hydrogel can reach exceptional 22.2 MPa and 32.4 MPa, respectively
(Fig. 3a and Supplementary Fig. 6a, b), indicating efficient robustness
against adverse tension caused by soft tissue movements”. Meanwhile,
the toughness and fracture strain of HAA-SPVA hydrogel is as high as
61.9 MJ m™ and 446%, respectively (Supplementary Fig. 6c,d). These
robust mechanical properties enable HAA-SPVA hydrogel at a cross-
section of 0.24 mm? to stably withstand a load of 5kg in vitro (Sup-
plementary Fig. 7). In terms of the strength, elastic modulus, and
toughness, HAA-SPVA hydrogel is superior to many previously repor-
ted strong and tough hydrogels, natural rubber, and human dynamic
soft tissues (e.g., aorta and small intestine) (Fig. 3b, ¢)*?03>#0435871,
Furthermore, the fatigue threshold of HAA-SPVA hydrogel can reach
up to 5.6 k] m™ (Fig. 3d and Supplementary Fig. 8), which is better than
that of many reported hydrogels (e.g., 0.3-2.7kJm?, normally
<1k) m™, Fig. 3e)>041-43626472°76 gy iogesting that HAA-SPVA hydrogel has
stable mechanical performance to tolerate the ceaseless physiological
stretching of dynamic soft tissues. It has been reported that the
mechanical properties of common human dynamic soft tissues such as
diaphragm, small intestine, aorta, and abdominal wall can reach high
tensile strength of 7.6 MPa, tensile modulus of 5.3 MPa, fracture strain
of 180% (Supplementary Table 1), and fatigue threshold of 1kj m™ 7778,
The mechanical properties of HAA-SPVA hydrogel comprehensively
exceed those of common dynamic soft tissues (Fig. 3f), demonstrating
that our hydrogel can be customized to meet the needs of a wide
variety of dynamic soft tissues. Therefore, during the early healing

phase of dynamic tissue defect, HAA-SPVA hydrogel could provide
strong mechanical support, while tolerating ceaseless physiological
stretching.

During the late healing phase when dynamic tissue regrows and
remodels, the initially strong mechanical properties of repair material
should gradually give way to release its restriction on physiological
movements, thus allowing the functional recovery of dynamic soft
tissue” . To meet the unique mechanical requirements for initial
robustness and gradual decline, AA-SPVA hydrogel was hydro-
phobically modified using dodecylboronic acid (Supplementary
Fig. 9). After soaking in phosphate buffer saline (PBS), the tensile
strength of HAA-SPVA hydrogel decreases from initial 22.2 MPa to 17.4,
10.0, and 8.5 MPa on the 1st, 14th, and 30th days, respectively (Fig. 3g),
while that of AA-SPVA hydrogel dramatically decreases from 23.1 to
3.0 MPa on the 1st day (Supplementary Fig. 10). This relatively slow
biomechanical withdrawal is achieved by hydrophobicity which
retards the absorption of water (Supplementary Fig. 11). Meanwhile,
the elastic modulus of HAA-SPVA hydrogel decreases from initial
32.4 MPa to 4.5 MPa after soaking in PBS for 14 days, resembling the
modulus of common dynamic soft tissues (Fig. 3f, h). The HAA-SPVA
hydrogel soaked in PBS for 14 days also shows good resilience under
cyclic tensile test (Supplementary Fig. 12), which contributes to the
recovery of unrestricted physiological movements. Thus, HAA-SPVA
hydrogel could adapt to the healing process of dynamic soft tissues via
timely changes in biomechanical properties.

The effect of the multiscale toughening approaches on our robust
hydrogels was investigated. It’s known that robust hydrogels can be
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Fig. 2 | Morphology and formation mechanisms of SPVA hydrogel. a-d Mac-
roscopic photos of natural diaphragm (a) and SPVA hydrogel (c), and scanning
electron microscopy (SEM) images of freeze-dried natural diaphragm (b) and
freeze-dried SPVA (d). SEM observation was repeated three times independently,
yielding similar results. e Distinct macroscopic features of SPVA hydrogel with (left)
or without (right) cold moisture exposure where half surface of the PVA/DMSO
frozen solid is covered by sellotape. f Transformation from PVA/DMSO frozen solid

into SPVA organogel containing thawed PVA/DMSO/H,0 solution on its top surface
after a 24 h progressive solvent exchange at 20 °C. g The freezing temperature
analysis of the thawed PVA/DMSO/H,0 solution after a 72 h progressive solvent
exchange at —20 °C. h Macroscopic photos of SPVA hydrogel obtained by solvent
exchange at different ambient temperatures of —20 °C, 0 °C, 7 °C, and 25 °C after
directional freezing.

constructed through the Hofmeister effect of specific ions**%
Immersion in salt solution has been widely used to enhance the
mechanical properties of hydrogels**>”*®, but the effective con-
centration of salt solution is generally required to be high, which is
harmful to human health and difficult to be used in bioengineering®.
Here, we find that biocompatible amino acids, important components
of the human body, can enhance the mechanical properties of our
hydrogel through the Hofmeister effect (Fig. 4a). SPVA hydrogel
shrinks significantly after immersion in specific amino acid solutions
(e.g., serine, lysine, glycine, arginine, and alanine) (Fig. 4b and Sup-
plementary Fig. 13a), and its elastic modulus is remarkedly increased
(Supplementary Fig. 13b). Considering the strong toughening effect
and biofriendly pH value (Supplementary Fig. 13c), the serine solu-
tion is used to prepare AA-SPVA hydrogel. With serine toughening, the
mechanical properties of SPVA can be greatly enhanced (Fig. 3a).
Moreover, the anisotropic skeleton is conducive to local pre-
concentration of polymer chains to further enhance the mechanical

properties and fatigue resistance’. Compared with AA-SPVA hydrogel
(perpendicular to the alignment) and amino acid-toughened isotropic
PVA (AA-IPVA) hydrogel, AA-SPVA hydrogel (parallel) shows superior
tensile strength (3.5 and 1.6 times, respectively) and fracture strain (6.4
and 2.5 times, respectively) (Fig. 4c), demonstrating the unique
synergistic toughening of amino acid and anisotropic skeleton.

As the main crosslinking points, crystallites play an important role
in determining the mechanical properties of PVA gel*". To further
quantify the evolution of crystallites during the toughening processes
of HAA-SPVA hydrogel, a series of experiments were conducted. The
results of 2D small-angle X-ray scattering (SAXS) (Fig. 4d) show the
largest scattering circle of HAA-SPVA hydrogel, demonstrating the
most significant phase separation caused by crystallization®. No peak
is found in the 1D-SAXS curves of isotropic PVA (IPVA) hydro-
gel, whereas SPVA, AA-SPVA, and HAA-SPVA hydrogels show obvious
peaks®’. The corresponding distances between crystalline domains for
SPVA, AA-SPVA, and HAA-SPVA hydrogels are 14.4, 8.4, and 9.4 nm,
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Fig. 3 | Biomechanical performances of SPVA, AA-SPVA, and HAA-SPVA
hydrogels. a Tensile stress-strain curves of SPVA, AA-SPVA, and HAA-SPVA
hydrogels. b, ¢ Ashby diagrams of elastic modulus versus tensile strength (b) and
elastic modulus versus toughness (c) of HAA-SPVA hydrogel, reported strong
and tough hydrogels, and human dynamic soft tissues. d Crack growth rate (dc/dN)
and the calculated energy release rate of SPVA, AA-SPVA, and HAA-SPVA hydrogels
soaked in PBS for 0 and 14 days. The fatigue threshold is the critical energy release

Tensile strain (%)

rate. e Comparison of SPVA, AA-SPVA, and HAA-SPVA hydrogels with the reported
anti-fatigue hydrogels in terms of fatigue threshold. f Comparison of elastic
modulus, fracture strain, tensile strength, and fatigue threshold between dynamic
soft tissues and HAA-SPVA hydrogel soaked for O and 14 days. g Tensile stress-
strain curves of HAA-SPVA hydrogel on the 0, 1st, 14th, and 30th days after soaking
in PBS. h Photos of HAA-SPVA hydrogel soaked for O and 14 days with same cross-
section and initial length lifting a 2 kg weight.

respectively (Fig. 4e, g), indicating higher crystalline density brought
by amino acid. In addition, the wide-angle X-ray scattering (WAXS)
curves (Fig. 4f) show obvious crystalline reflections at 26 =19.2°, cor-
responding to the typical reflection surface (101) of PVA®, The sizes of
crystalline domain of IPVA, SPVA, AA-SPVA, and HAA-SPVA hydrogels
are estimated to be 5.9, 6.8, 6.7, and 7.3 nm, respectively (Fig. 4f, g and
Supplementary Fig. 14). As shown in the attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectra (Fig. 4h), the peak at
1140 cm™ representing the fingerprint of the crystallinity for PVA
confirms similar results during the toughening process®*®*. The
increase of crystalline domain density is also evident from the gradual
decrease in water contents from SPVA to HAA-SPVA hydrogels (Sup-
plementary Fig. 15). These results demonstrate that the crystalline
domain density and the individual crystalline domain size of HAA-SPVA
hydrogel are significantly increased by our toughening strat-
egy. Therefore, the anisotropic structure with molecular tougheners

enables PVA chains to highly aggregate and crystallize, efficiently
promoting the excellent mechanical performances of HAA-SPVA
hydrogel.

HAA-SPVA hydrogel for dynamic soft tissue repair

Excellent biocompatibility is the first challenge for the application of
strong and tough hydrogels in bioengineering. The biocompatibility
was evaluated by cytotoxicity experiments in vitro and subcutaneous
implantation experiment in vivo. As shown in the fluorescence images
of live/dead assay (Fig. 5a) and quantitative analysis of cell counting kit-
8 (CCK-8) assay (Fig. 5b), L929 fibroblasts incubated without and with
HAA-SPVA hydrogel show similar cell morphology and proliferation on
the 1st, 2nd, and 3rd days, indicating good in vitro biocompatibility of
HAA-SPVA hydrogel. After 14 days of subcutaneous implantation in
rats, hematoxylin-eosin (HE) staining images show that both the con-
trol and HAA-SPVA hydrogel groups have few inflammatory cells
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Fig. 4 | Multiscale toughening mechanisms of HAA-SPVA hydrogel. a Formation
of hydrogen bonds between PVA chains induced by amino acid. b Comparison of
the thickness of SPVA rehydrated with water or AA-SPVA rehydrated with amino

acid solution. Observation was repeated three times independently, yielding similar
results. ¢ Tensile stress-strain curves of AA-SPVA hydrogel in the directions parallel

(Il) and perpendicular (L) to the alignment as well as AA-IPVA hydrogel. d-f SAXS
patterns (d), SAXS profiles (e), and WAXS profiles (f) of IPVA, SPVA, AA-SPVA, and
HAA-SPVA hydrogels. g The distance between crystalline domains (L) and the size
of crystalline domain (D) of IPVA, SPVA, AA-SPVA, and HAA-SPVA hydrogels. h ATR-
FTIR spectra of IPVA, SPVA, AA-SPVA, and HAA-SPVA hydrogels.

infiltration (Fig. 5¢). From further immunohistochemical staining ana-
lysis (Fig. 5¢, d), the expression of CD68 (marker for macrophage) and
IL-6 (an inflammatory factor) in the HAA-SPVA hydrogel group is
comparable to that in the control group receiving sham surgery
without implant. Therefore, our HAA-SPVA hydrogel has good bio-
compatibility both in vitro and in vivo.

To evaluate the bioadhesion of the asymmetric porous surfaces of
HAA-SPVA hydrogel, cell adhesion experiment was performed. The
reverse-fixed HAA-SPVA (denoted as rHAA-SPVA) hydrogel with its
dense porous surface used for seeding fibroblasts, and commercial anti-
adhesion Parietex composite (PCO) mesh were set as the control group.
As shown in Fig. Se, f, more L929 fibroblasts are attached to the loose
extracellular-matrix-like porous surface of HAA-SPVA hydrogel, while
only a few fibroblasts are observed on the dense porous surface of
rHAA-SPVA hydrogel and the anti-adhesion PCO mesh. Moreover, the
fluorescence staining images show that the cytoskeletons of 1929
fibroblasts are more extended in a filamentous arrangement on the

loose extracellular-matrix-like porous surface of HAA-SPVA hydrogel
than those on its dense porous surface (Supplementary Fig. 16). These
results clearly indicate that our HAA-SPVA hydrogel exhibits contra-
dictory bioadhesive properties because of its unique asymmetric por-
ous surfaces.

We further applied HAA-SPVA hydrogel to repair rabbit dia-
phragm defect to demonstrate its asymmetric bioadhesion and bio-
mechanical support for dynamic tissue repair in vivo (Fig. 6a). The
loose porous surface of HAA-SPVA hydrogel was sutured upon the
diaphragm with a 10 mm full-thickness defect to promote healing, with
the dense porous surface facing the abdominal cavity to prevent
visceral adhesion (Supplementary Fig. 17). The rHAA-SPVA hydrogel
and commercial anti-adhesion PCO mesh were also applied for com-
parison. On the 14th day after surgery, no pneumothorax or hernia is
observed, demonstrating the stable mechanical support by HAA-SPVA
hydrogel. To clarify the anti-adhesion effect, photos of visceral adhe-
sions (Fig. 6b) and corresponding quantitative scorings (Fig. 6¢) for
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implantation in rats for 14 days. d Quantitative analysis of CD68 and IL-6 (n=3
independent samples; Student’s ¢ test; two-tailed P=0.829 and 0.934 for CD68 and
IL-6, respectively; error bars = SD; data are presented as mean + SD).

e, f Fluorescence images (e) and quantitative analysis (f) of L929 fibroblasts incu-
bated on the asymmetric porous surfaces of HAA-SPVA hydrogel and PCO mesh
(n=3 independent samples; ANOVA followed by Tukey’s multiple comparisons;
*** adjusted P<0.001; error bars = SD; data are presented as mean + SD).

different groups are shown. Minimal visceral adhesion formation is
found in the HAA-SPVA hydrogel group with an average adhesion score
of 0.6, compared with mild adhesion in the anti-adhesion PCO mesh
group with a score of 1.6, and moderate visceral adhesion in the rHAA-
SPVA hydrogel group with a score of 5.0, suggesting excellent anti-
adhesion effect through the dense porous surface of HAA-SPVA
hydrogel. Defect healing was further evaluated with histology on the
14th day (Fig. 6d). Benefiting from its loose porous surface and better
tissue compliance, the HAA-SPVA hydrogel group shows more col-
lagen deposition (Fig. 6e) and neovascularization (Fig. 6f) at the site of
defects, which demonstrates a higher degree of tissue healing®.
Therefore, our HAA-SPVA hydrogel has achieved the integration of
contradictory tissue adhesion behaviors (i.e., anti-adhesion and pro-
healing) and biomechanical support through multiscale structural
regulation.

In summary, we have developed a robust super-structured porous
hydrogel through a unique directional freezing-assisted progressive
solvent exchange method. By further toughening with amino acid, the
designed hydrogel mimics multiscale biological prototype of dynamic
soft tissues and correspondingly achieves multiple combinations of
contradictory properties, including excellent mechanical properties of

high strength, stiffness, toughness and fatigue resistance, as well as
biological properties of anti-adhesion and pro-healing. Meanwhile,
slow mechanical withdrawal through hydrophobic modification
enables our hydrogel to provide biomechanical adaptability to meet
the needs at different healing phases of tissue defect. Therefore, it is
foreseeable that our strategy for strong and tough multiscale biomi-
metic hydrogels will broaden the prospect for the design and practical
application of hydrogels in soft tissue engineering.

Methods

Ethical approval statement

All animal experiments were reviewed and approved by the Animal
Ethics Committee of Guangzhou Huateng Biomedical Technology Co.,
Ltd. (license number: C202302-11 for rats and HTSW23010 for rabbits).

Materials

DMSO (99%), PBS (0.01M, pH 7.4), and anhydrous ethanol were pur-
chased from Shanghai Macklin Biochemical Technology Co., Ltd.
(China). PVA (degree of polymerization ~1700, degree of alcoholysis
98-99 mol%) and L-amino acids (=99%) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (China). Dodecylboronic

Nature Communications | (2025)16:3198


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58062-4

HAA-SPVA
Biomechanical
support

HAA-SPVA
Anti-adhesion

Masson

CD31

HAA-SPVA
Pro-healing

Fig. 6 | Asymmetric bioadhesion and biomechanical support of HAA-SPVA
hydrogel in vivo. a Efficacy of HAA-SPVA hydrogel in repairing diaphragm defect
in vivo (the rabbit cartoon was created with Biorender.com). b The visceral adhe-
sion formation with different treatments (PCO mesh, rHAA-SPVA, and HAA-SPVA
hydrogels) on the 14th day after surgery in rabbit diaphragm defect models.

¢ Quantitative scoring analysis of clinical visceral adhesion for diaphragm defects
with different treatments on the 14th day after surgery (n = 4 independent samples;
ANOVA followed by Tukey’s multiple comparisons; ** adjusted P=0.005, ***
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adjusted P<0.001; error bars = SD; data are presented as mean + SD). d Images of
HE staining, Masson staining, and immunohistochemical staining of CD31 (a vas-
cular endothelial marker). Arrows: microvessels. e Quantitative analysis of collagen
density (n =3 independent samples; ANOVA followed by Tukey’s multiple com-
parisons; ** adjusted P=0.002, * adjusted P < 0.001; error bars = SD; data are
presented as mean + SD). f Quantitative analysis of CD31 (n =3 independent sam-
ples; ANOVA followed by Tukey’s multiple comparisons; * adjusted P= 0.013, **
adjusted P=0.004; error bars = SD; data are presented as mean + SD).

acid (98%) was purchased from Shanghai Bide Pharmatech Co., Ltd.
(China). CCK-8 reagent was purchased from Dojindo Laboratories
(Japan). Dulbecco’s modified eagle medium (DMEM) was purchased
from Gibco BRL Life Technologies, Inc. (USA). Calcein acetoxymethyl
ester (calcein-AM) staining kit and 4/,6-diamidino-2-phenylindole
(DAPI) were purchased from Shanghai Beyotime Biotech Co., Ltd.
(China). 4% paraformaldehyde was purchased from Hefei Biosharp
Technology Co., Ltd. (China). Triton X-100 was purchased from
Shanghai Sangon Biotech Co., Ltd. (China). Actin-Tracker Green was
purchased from Shanghai Yeasen Biotechnology Co., Ltd. (China).

Fabrication of SPVA hydrogel

9 g PVA was dissolved in 50 mL DMSO, stirred at 75 °C for 5 h, and then
sonicated for 20 min, yielding clear PVA/DMSO solution. Directional
freezing was performed to construct hydrogel with anisotropic
structure in a constant-temperature bath at —25 °C. The PVA/DMSO
solution was filled into a cuboid tetrafluoroethylene mold, which has a
rectangular groove for filling, thick outer walls with thickness of 10 mm
for insulation, and a thin bottom with thickness of 2 mm for effective
heat transfer. This mold was gradually immersed into the ethanol bath
at 25 °C at a rate of 1 mm min™, Once fully immersed, the anisotropic

PVA/DMSO frozen solid was vertically placed along the freezing
direction and exposed its top surface to cold moisture for progressive
solvent exchange at —20 °C for 24 h, leading to the formation of SPVA
organogel. Subsequently, SPVA organogel was immersed in 1L
deionized water for 24h at room temperature (the water was
refreshed every 8 h) and then freeze-dried for 24 h. SPVA hydrogel was
obtained by immersing freeze-dried SPVA in deionized water for
rehydration.

Fabrication of AA-SPVA hydrogel

The as-prepared freeze-dried SPVA was immersed in various con-
centrations of L-amino acid aqueous solutions (such as serine, glycine,
lysine, arginine, alanine, proline, and cysteine) at room temperature
for 5 days for further enhancement of mechanical properties. Among
these amino acids, 25 wt% serine solution with a biofriendly pH value
was used to develop AA-SPVA hydrogel.

Fabrication of HAA-SPVA hydrogel

A dodecylboronic acid solution was prepared by dissolving 0.7¢g
dodecylboronic acid powder in 10 mL anhydrous ethanol. AA-SPVA
hydrogel was immersed in dodecylboronic acid solution for 100 min at
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25 °C for hydrophobization and then soaked in 1L deionized water for
20 min to obtain HAA-SPVA hydrogel.

Fabrication of IPVA and AA-IPVA hydrogels

The PVA/DMSO solution (9 g PVA in 50 mL DMSO) was poured into the
cuboid mold and then directly immersed in 1L deionized water for 24 h
at room temperature (the water was refreshed every 8 h). After freeze-
drying for 24 h and rehydration, IPVA hydrogel was obtained. AA-IPVA
hydrogel was obtained by immersing freeze-dried IPVA in 25 wt% ser-
ine solution at 25 °C for 5 days.

Morphology characterization

The morphology was investigated by field-emission SEM (FE-SEM, S-
4800, Hitachi, Japan) and super depth-of-field three-dimensional
microscopy (DSX1000, Olympus, Japan). The samples were sec-
tioned along their alignment to reveal cross-sectional areas and trea-
ted by freeze-drying for SEM test. The pore size distribution of the
samples was measured using the Nano Measurer software (v.1.2.5,
Fudan University, China).

Tensile testing

All tensile tests were conducted at room temperature using a universal
mechanical testing machine (WD-5A, Guangzhou Experimental
Instrument Factory, China) at a stretching speed of 30 mm min™. The
hydrogel samples were cut into dumbbell-shaped pieces with a 2 mm
width, and the loading direction was parallel to the alignment structure
of hydrogel samples unless otherwise specified. Stress-strain curves
were generated by correlating the applied force with the initial cross-
sectional area and the displacement with the initial clamp distance.
The initial slope of the stress-strain curve was used to determine elastic
modulus, and the integrated area under the stress-strain curve was
used to determine toughness.

Fatigue testing

The fatigue threshold was assessed using the single-notch
technique®**®. The testing environment’s relative humidity was con-
trolled at about 90% using a humidifier. Notched samples (width 5 mm
and initial crack length 1 mm) were cyclically stretched at a prescribed
stretch for 5000/10000 cycles with a loading rate of 0.5/1.0 Hz. The
stress-strain response under cyclic loading was recorded using an Air
servo Fatigue & Endurance Testing Systems (Shimadzu, Japan), and
crack propagation of the notched samples was monitored by a digital
camera. The energy release rate (G) was calculated using the Eq. (1)*°%¢:

G=2keW )

where k is a function varying slowly with strain, represented as
k=3/+e+1, c refers to the crack length, and W is the strain energy
density of unnotched samples with the same dimensions applied to the
same strain € and Nth cycle. The crack growth rate (dc/dN) and G are
established by testing at various cyclic strains. The fatigue threshold
(Fp) can be calculated by linearly extrapolating the curve of dc/dN
versus G to the x intercept.

Measurement of swelling ratio

The initial weight of our PVA hydrogels was recorded as w,. Subse-
quently, the hydrogel samples were soaked in PBS at 37 °C. After
predetermined time, the samples were taken out and wiped with filter
paper, and their weight was recorded as w,. The swelling ratio repre-
sented by Aw was calculated using the Eq. (2):

Aw=Y =% 100% 2)
Wo

X-ray scattering

The SAXS and WAXS measurements were conducted using Xeuss 3.0
SAXS/WAXS System (Xenocs, France) with a Eiger2R 1M detector. The
wavelength of X-ray utilized was 0.154 nm with an energy of 30 W. The
sample-to-detector distance was established at 500 mm for SAXS and
60mm for WAXS, covering a momentum transfer (q) range of
0.013-0.521 A for SAXS and diffraction angle (26) range of 1.3-46.9°
for WAXS. The distance between crystalline domains (L) was calculated
using the Bragg Eq. (3)*":

L = 2”/qmax (3)

where gnqx is the vector signifying the peak intensity.
The size of crystalline domain (D) was calculated using the
Scherrer’s Eq. (4)5:

D=kA/(Bcos 6) (4)

where k is the dimensionless shape factor, assumed to be 1 for sphe-
rical crystalline domains, A is the X-ray diffraction wavelength, 6 is the
Bragg angle, and S is the full width at half maximum of the peak.

ATR-FTIR characterization

The ATR-FTIR spectral analysis was conducted to examine the vibra-
tions of functional groups of hydrogel samples using a Cary610/670
infrared spectrometer (Agilent, USA).

In vitro biocompatibility

The cytocompatibility of HAA-SPVA hydrogel was evaluated by live/
dead and CCK-8 assays. L929 fibroblasts were provided by the National
Collection of Authenticated Cell Cultures (Cat. No. GNM28, China).
1929 fibroblasts were seeded on 96-well plates with 100 L DMEM
containing 10% fetal bovine serum and 1% penicillin-streptomycin at a
density of 3.5x10° cells per well, and then incubated in a humidified
incubator with 5% CO, at 37 °C. After incubation for 24 h, hydrogels
were added to each well in the HAA-SPVA hydrogel group. After
incubation for 1, 2, and 3 days, the medium was removed, and each well
was rinsed three times with PBS. After incubation with calcein-AM
(2 pg mL?) solution for 30 min under dark condition, cell morphology
was observed by an inverted fluorescence microscopy. On the other
hand, after incubation with 10% CCK-8 reagent under dark condition
for 2h, optical density (OD) values were detected at 450 nm
absorbance.

In vivo biocompatibility

Male Sprague-Dawley rats (250-300g, 7-8 weeks) and female New
Zealand rabbits (2-2.5 kg, 3 months) were used for in vivo experiments
adhering to strict Laboratory Animal Care and Use Guidelines. Histo-
logical staining was conducted by Wuhan Servicebio Technology Co.,
Ltd (China).

In vivo biocompatibility was evaluated by implanting HAA-SPVA
hydrogel into the dorsal subcutaneous tissue of rats. The samples
sterilized using ultraviolet irradiation were cut into 1cm x 1cm slices
and implanted into the incisions of dorsal skin of rats after the anes-
thesia. Rats in the control group were incised and sutured in the same
way as the experimental group, but no material was implanted. On the
14th day after surgery, tissue specimens from the subcutaneous
implanted regions were extracted and fixed in 4% paraformaldehyde
solution for 24 h for histological staining, including HE staining and
immunohistochemical staining with CD68 antibody (1:200, GB113109;
ServiceBio, China) and IL-6 antibody (1:800, GB11117; Service-
Bio, China).
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Cell adhesion test

Cell adhesion test was performed to understand the bioadhesion of
the asymmetrical porous surfaces of HAA-SPVA hydrogel by using live/
dead assay. Samples were cut into 8 mm diameter slices, placed on a
48-well plate, and sterilized by ultraviolet irradiation for 2h. L929
fibroblasts at the density of 2 x 10* cells per well were seeded on the
asymmetric porous surfaces of HAA-SPVA hydrogel and the anti-
adhesion surface of commercial PCO mesh. After incubation for 48 h,
each well was rinsed 3 times with PBS, and the hydrogels and meshes
were moved to a new 48-well plate for cell staining. L929 cells on the
surface of samples were stained with a calcein-AM solution of 2 pg mL?
for 30 min at 37 °C and then examined by an inverted fluorescence
microscopy. For further observation of morphology, the samples were
fixed by 4% paraformaldehyde and permeabilized in 0.5% Triton X-100.
Cells on the samples were stained with Actin-Tracker Green and DAPI
and then visualized by a confocal laser scanning microscope (CLSM;
LSM880 NLO, Zeiss, Germany).

Diaphragm defect repair experiment in rabbit

The asymmetric bioadhesion and biomechanical support of HAA-SPVA
hydrogel were evaluated by diaphragm defect repair experiments on
New Zealand rabbits. The rabbits received an intravenously pento-
barbital dose (30 mgkg?") for anesthesia followed by endotracheal
intubation. Throughout the surgery, anesthesia was sustained with
1%-3% isoflurane in oxygen. A sterile transverse incision was made
under the left rib for abdominal cavity access. A 10 mm diameter full-
thickness diaphragmatic defect was excised on the left hemi-
diaphragm. The defects were repaired with HAA-SPVA hydrogel,
rHAA-SPVA hydrogel, and PCO mesh, all of which were sutured with
5-0 braided threads. The transverse incisions were closed with 3-0 silk
braided threads. On the 14th day after surgery, humane euthanasia was
performed on the rabbits. After a new incision was made along the
original incision to access the repair site, visceral adhesion and defect
healing were evaluated and photographed. In addition, the clinical
adhesion scoring criteria was used to assess the severity of visceral
adhesion (Supplementary Table 2)****'. Tissue specimens from the
repaired regions were extracted and fixed in 4% paraformaldehyde
solution for 24 h. Histological staining, including HE staining, Masson
staining, and immunohistochemical staining with CD31 antibody (1:50,
NB600-562; Novus, USA) was conducted.

Statistical analysis

Statistical analyses were executed using SPSS (v.27.0.1.0, IBM Cor-
poration, USA). Data were presented as mean + standard deviation.
The student’s ¢ test or a one-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparisons for data with homogeneity of var-
iance was performed for determining statistical significance. The his-
tological results were quantitatively analyzed by Image J (v.1.53t,
National Institutes of Health, USA). Levels of statistical significance
were denoted as * P<0.05, * P<0.01, and ** P<0.001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the results of this study are available in the paper and
its Supplementary Information. All data underlying this study are
accessible from the corresponding authors upon request. Source data
are provided with this paper.
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