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Non-compressible hemorrhage presents significant challenges in  sponges
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Developing superporous hemostatic sponges with simultaneously enhanced
permeability and mechanical properties remains challenging but highly
desirable to achieve rapid hemostasis for non-compressible hemorrhage.
Typical approaches to improve the permeability of hemostatic sponges by
increasing porosity sacrifice mechanical properties and yield limited pore
interconnectivity, thereby undermining the hemostatic efficacy and sub-
sequent tissue regeneration. Herein, we propose a temperature-assisted sec-
ondary network compaction strategy following the phase separation-induced
primary compaction to fabricate the superporous chitosan sponge with
highly-interconnected porous structure, enhanced blood absorption rate and
capacity, and fatigue resistance. The superporous chitosan sponge exhibits
rapid shape recovery after absorbing blood and maintains sufficient pressure
on wounds to build a robust physical barrier to greatly improve hemostatic
efficiency. Furthermore, the superporous chitosan sponge outperforms
commercial gauze, gelatin sponges, and chitosan powder by enhancing
hemostatic efficiency, cell infiltration, vascular regeneration, and in-situ tissue
regeneration in non-compressible organ injury models, respectively. We
believe the proposed secondary network compaction strategy provides a
simple yet effective method to fabricate superporous hemostatic sponges for
diverse clinical applications.

9-11 6,12-15

, adhesives and powders'®". Among these approaches,

achieving hemostasis with conventional methods such as tourniquets
or manual compression'. Failure to control non-compressible hemor-
rhage results in high mortality rates in both military and civilian
contexts’™. Thereby, development of various hemostatic materials
capable of achieving rapid hemostasis in non-compressible perfora-
tion wounds’"® has received widespread attention, such as hemostatic

the shape-recoverable hemostatic sponges that restore initial shapes
by absorbing blood to fill and then apply mechanical compression to
the deep-narrow wound, have emerged as a promising strategy to
control non-compressible hemorrhage'®'*?°. Therefore, simulta-
neously enhancing liquid permeability and mechanical properties of
sponges holds great promise in facilitating rapid shape recovery and
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subsequently maintaining sufficient pressure on the wound, respec-
tively, thereby building a robust physical barrier to greatly improve
hemostatic efficiency.

Diverse strategies have been explored to prepare hemostatic
sponges with porous structures, including direct lyophilization and
utilization of foaming agents to increase liquid diffusion coefficient to
accelerate shape recovery” . However, limited pore interconnectivity
of these sponges results in restricted blood absorption, prolonged
shape recovery time of several decades, and an inability to facilitate
cell infiltration, tissue ingrowth, and vascularization’*°, thereby
compromising the hemostatic efficacy and subsequent tissue repair
process. Moreover, increasing porosity and pore sizes to improve
sponge permeability and rapid shape recovery typically compromises
the sponge’s mechanical properties®, thereby undermining the
sponge’s physical structure and pressure maintenance on the wound.
To our knowledge, developing hemostatic sponges with simulta-
neously enhanced permeability and mechanical properties remains
challenging but highly desirable to achieve rapid and effective
hemostasis for non-compressible hemorrhage.

Developing fabrication strategies to address the inherent limita-
tions of key building block biomaterials, such as weak mechanical
strength and poor bio-infiltration, has been the key objective of bio-
material research in the recent years. Compaction and densification of
polymer networks to induce network alignment or form a dense
entanglement®™*? assisted by freeze-casting®* or directional
stretching®™® represent effective strategies to tune the mechanical
properties of polymer structures with improved fatigue resistance and
rapid shape recovery. Chitosan has emerged as a prominent material in
the formulation of hemostatic agents, owing to its exceptional bio-
compatibility, biodegradability, anti-infection, and pro-coagulant
properties. Increasing the pH of acidic chitosan solutions is known
to trigger phase separation of chitosan, resulting in the formation of
physically cross-linked crystals at the aggregated regions and sub-
sequent formation of 3D chitosan networks®**°. However, phase
separation-induced chitosan sponges typically possess low pore
interconnectivity and limited pore sizes and therefore unsatisfactory
hemostatic capability. To address this need for simultaneous
enhancement in permeability and mechanical properties of chitosan
sponges, we propose a simple temperature-assisted secondary net-
work compaction (TA-2ndNC) strategy for fabricating the superporous
chitosan sponge with highly-interconnected porous structure, rapid
shape recovery capability, excellent fatigue resistance to mediate
rapid non-compressible hemostasis and tissue regeneration.

Specifically, the superporous chitosan sponge (spCS) was fabricated
by first cooling the phase-separated chitosan solution to the optimal pre-
freeze drying temperature (Tpeg) of O°C. The optimal polymer chain
mobility at the optimal Ty enabled a controlled secondary polymer
network reorganization and compaction during freeze drying to produce
the spCS. Compared to the porous sponge (pCS) prepared without the
secondary network compaction, spCS possesses highly-interconnected
porous networks with large pore size and high porosity (269% higher
than pCS), enhanced network density (53% higher than pCS), fatigue-
resistant properties (retains 95% of the maximum stress after 100 cyclic
compression at 85% strain), rapid and complete water-triggered shape
recovery (0.84s, 451% faster than pCS) and blood-triggered shape
recovery (4.0 s, 410% faster than pCS), and demonstrated pro-coagulant
properties. The alkylated superporous chitosan sponge (A-spCS)
demonstrated good hemostatic capability in the non-compressible rat
liver injury model (hemostasis in 13s, 386% faster than commercial
hemostat) and mini pig organ injury model (hemostasis in 39s, 338%
faster than commercial hemostat). The A-spCS retained in the injured rat
livers can further promote cell migration, vascular regeneration, and
guide tissue in-situ regeneration and integration, thereby demonstrating
its promising potential for achieving hemostasis and subsequent in-situ
tissue regeneration of non-compressible wounds.

Results

Fabrication of the superporous chitosan sponge (spCS) by
temperature-assisted secondary network compaction
(TA-2ndNC)

The superporous chitosan sponge (spCS) was prepared by the
temperature-assisted secondary network compaction (TA-2ndNC)
strategy as illustrated in Fig. 1a. The acidic chitosan solution was first
treated with an alkaline solution to promote deprotonation and sub-
sequent strengthening of hydrogen bonds to induce the gradual phase
separation and therefore the primary compaction of chitosan. Then we
present a simple temperature-assisted strategy to induce the secondary
compaction of chitosan network by first cooling the phase-separated
chitosan hydrogel to an optimal pre-freeze drying temperature (Tp¢q) of
0 °C before starting freeze-drying. At a Ty¢g higher than 0 °C, i.e., 20 °C,
the substantial polymer mobility results in the excessive volumetric
expansion and drastic deformation of the chitosan sponge network
during the subsequent free drying, which can compromise the integrity
and toughness of overall sponge structure. At a Tpeq lower than 0 °C, i.e.,
-80 °C obtained by flash freezing, the minimal chain mobility of fully
frozen polymer severely restricts the secondary compaction of polymer
network during freeze drying, thereby limiting the porosity and inter-
connectivity of the obtained sponge. In contrast, the optimal polymer
chain mobility at 0 °C ensures a controlled secondary polymer network
reorganization and compaction during freeze drying to produce the
highly-interconnected superporous structure in chitosan sponge
(Fig. 1a and Supplementary Fig. 1).

Micro-computed tomography (micro-CT), Scanning electron
microscope (SEM), and porosity test (Fig. 2a, ¢ and Supplementary
Movie 1-5) results showed that spCS possessed highly-interconnected
porous polymeric network with substantially large pore size/high
porosity (1052.0 +208.90 um, 88.42 + 6.18%) (Fig. 2f, g). In contrast,
the chitosan sponges obtained by freeze-drying the flash frozen acidic
chitosan solution without primary compaction (CS, chitosan sponge)
(17.80 + 8.63 um, 15.77 + 3.03%) and by freeze-drying phase-separated
chitosan hydrogel at a Tp,¢q of -80 °C (pCS, porous chitosan sponge)
(241.8 £ 96.63 pm, 23.95 + 4.22%) possessed significantly smaller pore
sizes and lower porosity compared with that of spCS (Fig. 2f, g). Fur-
thermore, the density heat map of Micro-CT revealed that the average
backbone density of spCS is significantly higher than that of CS, pCS
(Fig. 2b, d and Supplementary Fig. 6), indicating that the secondary
network reorganization under an optimal Ty involves controlled
localized condensation of the chitosan network. Although the chitosan
sponge fabricated by freeze-drying phase-separated hydrogel at Tp¢q
of 20 °C (epCS, excessively porous chitosan sponge) also possessed
large pore size/high porosity (1648 +490.2 um, 90.61 +2.84%), the
excessive network dynamics caused by the lack of ice crystal formation
led to drastic deformation of its network structure (Fig. 1a), sig-
nificantly reducing the average network density (about 52% lower
than spCS).

To further examine the effect of secondary network compaction
on the structure of spCS, we utilized X-ray diffraction (XRD) to analyze
the aggregate structure of the chitosan sponge. The (200/220)
reflections of spCS shifted by about 0.3°toward a larger diffraction
angle compared with that of pCS (Fig. 2e), indicating a decrease in the
lattice spacing of the spCS** because of the rearrangement of
hydrogen bonds between the chitosan chains during the secondary
network compaction. Subsequently, we modified the surface of the
spCS chitosan sponge with hydrophobic dodecyl chains to enhance
blood coagulation ability (Fig. 2h and Supplementary Fig. 7). The
results of X-ray photoelectron spectroscopy (XPS) showed that the
dodecanal modification rate of alkylated spCS (A-spCS) was
27.20 +3.48% (Fig. 2i). The interconnected structure and pore dia-
meters/porosity (993.8+159.9 um, 88.02 +7.1%) of the A-spCS were
similar to spCS, suggesting that no significant structural impact of
alkylation modification. Moreover, our laboratory-scale synthesis
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yielded ~50 ml of spCS per batch in a 250 mL beaker and showed stable
batch-to-batch reproducibility, indicating the promising potential for
large-scale production of spCS (Supplementary Fig. 2).

These findings demonstrate the superiority of temperature-
assisted secondary network compaction strategy to enhance both
the liquid permeability and mechanical properties of the hemostatic
sponge simultaneously (Fig. 1b). In contrast, despite prior reports on
the effects of freeze-drying temperature on chitosan sponge struc-
tures, the temperature-assisted secondary network compaction (TA-
2nd NC) strategy diverges markedly from the prior methods, in terms
of procedure, principles and outcomes (Supplementary Fig. 1). Con-
ventional chitosan sponges are typically prepared by directly freeze-
drying chitosan solutions at —20 °C, =80 °C, and -196 °C by using ice
crystals as pore templates, and the obtained sponges generally exhibit

a Acidic chitosan
solution

Phase-separation
chitosan hydrogel

small pore size (10 to 250 pm), low porosity (23% to 80%), limited water
absorption (5.5-9.5g/g in 24 h), and reduced maximum stress upon
compression* 4,

A-spCS possesses enhanced blood absorption capacity and
mechanical properties

Ideal hemostatic sponges with high liquid permeability can realize rapid
blood-triggered shape recovery and subsequently establish a physical
hemostatic barrier to achieve high hemostatic efficacy. Therefore, rapid
shape recovery after compression is essential for hemostasis sponges.
We first evaluated the microstructures of compressed sponges and
their shape recovery after absorbing water or blood by SEM (Fig. 3a, b).
Superporous hemostatic sponges (spCS/A-spCS) restored their circular
pore structures after absorption of water or blood. Furthermore, spCS
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Fig. 1| Fabrication of the superporous chitosan sponge (spCS) by temperature-
assisted secondary network compaction (TA-2ndNC). a Fabrication of sponges
by the TA-2ndNC strategy. The chitosan solution was first treated with phase

separation and then was subjected to pre-freezing treatments at —80 °C, 0 °C, and
20 °C, followed by freeze drying to fabricate porous chitosan sponge (pCS), spCS,
and excessively porous chitosan sponge (epCS), respectively. The chitosan sponge

(CS) was obtained by freeze-drying the flash-frozen acidic chitosan solution with-
out network compaction. b The TA-2ndNC strategy was employed to fabricate the
sponges with tunable network density, fatigue resistance, liquid absorption capa-
city, shape recovery ability, pore size, and porosity through the modulation of
secondary network reorganization.
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Fig. 2 | Structural and chemical characterization of superporous chitosan
sponge (spCS). a Micro-CT images of the microstructure of chitosan sponge (CS),
porous chitosan (pCS), spCS, alkylated-superporous chitosan sponge (A-spCS),
and excessively porous chitosan sponge (epCS). b Density heatmaps of the
chitosan networks of CS, pCS, spCS, A-spCS, and epCS. ¢ Scanning electron
microscope (SEM) images of the microstructure of CS, pCS, spCS, A-spCS, and
epCS. d Average network density of CS, pCS, spCS, A-spCS, and epCS. e X-ray
diffraction (XRD) spectrum shows the chitosan lattice structure of pCS and spCS.
f Pore diameter of CS, pCS, spCS, A-spCS, and epCS (n =25, each data point is
randomly from 3 independent samples). Lower whisker represents for end

smallest value, upper whisker represents for largest value, line inside the box
represents for median value, bounds of the box represents for first quartile and
third quartile. g Porosity of CS, pCS, spCS, A-spCS and epCS. h The schematic
diagram of alkyl chain modification for spCS. i The peak area ratio of the C-NH,
and C-NH-C peaks in the N1s peak of X-ray photoelectron spectroscopy (XPS)
spectra of A-spCS. Values and error bars in (d, g, i) represent the mean and
standard deviation (n = 3 independent samples) P> 0.05 (ns), **P<0.01,

***p < 0.001, ***P<0.0001 (one-way ANOVA to compare multiple groups

or two groups).
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Fig. 3 | Evaluation of liquid permeability and mechanical properties of the
superporous chitosan sponge (spCS). a Schematic diagram of shape recovery
tests of compressed alkylated-superporous chitosan sponge (A-spCS) after
absorbing blood. b SEM images showed the microstructures of the compressed
sponges after compression and water/blood absorption. ¢ Rapid shape recovery
of the A-spCS sponge after absorbing water. d, e, f Water absorption capacity of
chitosan sponge (CS), porous chitosan sponge (pCS), spCS, A-spCS and exces-
sively porous chitosan sponge (epCS). g, h, i Blood absorption capacity of CS,

/

pCS, spCS, A-spCS and epCS. j-m Stress-strain cyclic curves of CS, pCS, and spCS
(k in the figures represents the hysteresis in the first cycle of each group).

n Maximum stress retention rates of CS, pCS, spCS, A-spCS, and epCS after 100
times stress-strain cycles.Values and error bars in (e, f, g-i, n) represent the mean
and standard deviation (n = 3 independent samples), P> 0.05 (ns), **P<0.01,
***P < 0.001, ***P< 0.0001 (one-way ANOVA to compare multiple groups or two
groups).
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(0.84+0.13s, 4.0+1.13s) and A-spCS (1.07+0.30s, 4.37+1.365s) can
achieve complete shape recovery after absorbing water/blood (Sup-
plementary Figs. 9, 10 and Supplementary Movie 8, 12), respectively,
which can be attributed to the highly-interconnected superporous
network induced by temperature-assisted secondary network com-
paction. In contrast, SEM results together with the water-triggered and
blood-triggered shape recovery demonstrated that CS and pCS cannot
recover to their original shape after absorbing blood due to their limited
interconnected structures and small pore size (Supplementary Movie 6,
7,10, 11). Specifically, pCS can only reach a 70.8% recovery ratio and no
significant shape recovery occurred in CS due to its compacted struc-
ture within 5 minutes after absorbing blood (Supplementary Fig. 10).
Compressed epCS was entirely unable to recover to its original shape
after absorbing water or blood (Supplementary Fig. 11, 12 and Supple-
mentary Movie 9, 13). Despite that epCS possesses an interconnected
large-pore network structure, the low network density renders it
incapable of withstanding pressure and undergoes irreversible struc-
tural damage. To further evaluate the water and blood absorption of the
A-spCS sponges, we analyzed the dynamic curves of water and blood
absorption over time (Fig. 2d-i). Compared with CS, pCS and epCS, the
maximum water/blood absorption capacity and absorption rate of spCS
and A-spCS were significantly higher. Conversely, CS and pCS impede
the penetration of water and high-viscosity blood as their limited por-
osity and pore size. It is interesting to note that, due to the inter-
connected pore structure of epCS, compressed epCS exhibits a higher
liquid absorption rate compared to CS and pCS. However, the liquid
absorption capacity of epCS is significantly lower than that of pCS,
which can be attributed to the damage of network structure after
compression and the resulting decrease in final porosity as the lack of
shape recovery capability. This underscores that both a highly-
interconnected porous structure and good fatigue resistance for
shape recovery are indispensable for achieving rapid liquid absorption
and further efficient hemostasis. To further demonstrate that O °C is the
optimal Tpeg, we tested the shape recovery capability of sponges pre-
pared by setting Tpeq at -40, 20, -5, and 5 °C, respectively. The results
indicate that as Ty approached 0 °C, the absorption capacity increased
but remained lower compared with that of spCS (Supplementary Fig. 8),
and this finding indicates that the optimal secondary network reorga-
nization achieved at 0°C Ty can enhance the toughness, shape
recovery, and liquid absorption capacity of spCS. Therefore, these
results suggest that the spCS and A-spCS are suitable for rapid
hemostasis applications due to their rapid shape recovery ability and
liquid absorption ability.

The mechanical strength and fatigue-resistant ability of a hemo-
static sponge after shape recovery are the other important factors in
providing a stable and strong physical hemostatic barrier to apply
pressure on surrounding tissues. The spCS and A-spCS sponges were
tested for 100 cycles of stress-strain tests to evaluate their fatigue
resistance ability (Fig. 3j). Sponges were compressed to 85% strains for
every cycle. Results showed that spCS and A-spCS still retained over
95% of their maximum stress, indicating the fatigue-resistance abil-
ity of the sponges with optimal network reorganization (Fig. 3m, n and
Supplementary Fig. 17). While CS, pCS and epCS can only retain about
33%, 75% and 51% of maximum stress, respectively, indicating that they
were more likely to suffer from structural damages under the same
compression conditions (Fig. 3k, I, n, and Supplementary Fig. 18).
Meanwhile, after absorbing liquid under 85% compression and shape
fixation state, spCS can still sustain compressive pressures of 123.72/
32.76 kPa, significantly higher than those of epCS (34.36, P=0.0003,
95% Cl=46.71 to 132.0/14.64 kPa, P=0.0005, 95% Cl=9.074 to 27.17)
and commercially available gelatin sponge (21.31, P<0.0001, 95%
Cl=59.76 to 145.0/0.184 kPa, P<0.0001, 95% Cl=23.53 to 41.62)
(Supplementary Figs. 13, 20). Although epCS exhibited favorable por-
osity and high interconnectivity with a large pore structure, its com-
promised mechanical properties will undermine the capacity to

sustain sufficient pressure to wounds. This finding further underscores
the importance of combining good mechanical performance and rapid
liquid permeability in the chitosan sponges for effective hemostasis.
Moreover, larger hysteresis loops were observed from the stress-strain
curves of the CS, pCS, and epCS than spCS and A-spCS (Supplementary
Fig. 19), demonstrating large dissipation energy and limited resistance
to the compression cycles®*¢. Therefore, the superior mechanical
performance such as fatigue-resistant ability and rapid shape recovery
can be ascribed to the network reorganization of chitosan sponges
with TA-2ndNC strategy under optimal Tpe, in which highly-
interconnected superporous structures contribute to rapid shape
recovery, while the rearrangement of physical cross-linking enhances
the fatigue-resistant ability of network structure (Fig. 1).

A-spCS exhibits good pro-coagulant abilities in vitro

The adhesion and aggregation of RBCs and platelets play a key role in
blood clotting and hemostasis, which are also associated with platelet
activation’*’*5, We first employed the Blood Clotting Index (BCI) test
to quantitatively evaluate the pro-coagulant ability of spCS and A-spCS
sponges, in which a lower BCI value indicates superior pro-coagulant
properties (Fig. 4c). CS, pCS and commercially available gauze, gelatin
sponge (GS), CELOX, CELOX-E, were set as controls. CELOX and
CELOX-E are FDA-approved hemostatic chitosan powder and chitosan-
based gauze for medical emergencies, respectively. A-spCS sponges
exhibited the lowest BCI values, indicating the superior and effective
pro-coagulant performance of the A-spCS. We further evaluated the
adhesion of RBCs and platelets on different hemostatic materials,
which showed that A-spCS had the highest number of adhering RBCs
and platelets than gauze, GS, CELOX, CELOX-E, CS, and pCS, while the
adhesion abilities of RBCs and platelets on the spCS are second only to
A-spCS group and better than other control groups (Fig. 4d, e). Con-
sistently, SEM images confirmed that spCS and A-spCS exhibited the
densest RBCs aggregation, compared with other controls (Fig. 4b).
Furthermore, to evaluate the efficacy of chitosan sponges to promote
coagulation in the situation of non-compressible wound bleeding with
higher-volumes blood loss, we conducted BCl test, blood cell adhesion
test, and platelet adhesion tests by using three times the normal blood
volume (Supplementary Fig. 21). The results indicate that due to the
higher blood absorption rate and volume of spCS, it demonstrated
superior in vitro procoagulant ability compared to pCS. Therefore, we
believe that the highly-interconnected superporous structures of
spCS/A-spCS can promote the rapid absorption of blood and con-
centrate blood cells, which facilitate platelets activation and blood
coagulation***°, Moreover, alkylated chitosan is known to enhance
RBCs and platelets adhesion via electrostatic interaction and
alkylation'®*°, further inducing platelets activation and promoting
blood clotting. Therefore, the pro-coagulant ability of A-spCS can be
attributed to the synergistic effect of highly-interconnected super-
porous structures, electrostatic interaction of chitosan, and mod-
ification of alkyl chains.

A-spCS is anti-bacterial biocompatible

In addition to promoting hemostasis, preventing infection is crucial in
the management of bleeding and may ultimately determine a patient’s
prognosis. We examined the antibacterial efficacy of spCS and A-spCS, in
comparison to other commonly used hemostats against three bacteria
strains, Staphylococcus aureus (S. aureus), Escherichia coli (E. coli) and
Pseudomonas aeruginosa (P. aeruginosa) (Fig. 5a-c and Supplementary
Figs. 22, 23), which are the most representative pathogens associated
with wound infections™*. Through quantitative analysis (Fig. 5d, e), our
findings demonstrated that A-spCS exhibited one of the lowest colony-
forming unit (CFU) count of S. aureus, E. coli, and P. aeruginosa after co-
culturing for 2h. In contrast, the spCS group demonstrated similar
antibacterial capability with CS and pCS groups, but much better
than gauze and gelatin sponge (GS) groups, thus indicating that the
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Fig. 4 | Coagulation effect of various hemostatic materials and blood cell
adhesion ability. a Schematic diagram demonstrating the pro-coagulant
mechanism of the alkylated-spCS (A-spCS). b SEM images showing the adhesion of
red blood cells on gauze, gelatin sponge (GS), CELOX, CELOX-E, chitosan sponge
(CS), porous chitosan sponge (pCS), superporous chitosan sponge (spCS), and

A-spCS. ¢ 10 min Blood Clotting Index (BCI) values of hemostatic materials.

d, e Percentage of red blood cells and platelets adhered on different hemostatic
materials. Values and error bars in (c-e) represent the mean and standard deviation
(n = 3 independent samples), P> 0.05 (ns), **P < 0.01, **P < 0.001, ***P < 0.0001
(one-way ANOVA to compare multiple groups or two groups).

positively charged amino groups of chitosan, rather than the highly-
interconnected superporous structure induced by TA-2ndNC, are more
conducive to enhancing the antibacterial ability. Furthermore, A-spCS
demonstrated antibacterial efficacy against the three bacteria strains
after co-incubation for 4 and 6 h (Supplementary Fig. 24), and penicillin
G-loaded A-spCS sustained prolonged antibacterial effects for up to 2
days (Supplementary Fig. 25). Therefore, the potent antibacterial prop-
erties of A-spCS can be notably attributed to the interaction between the

positively charged amino groups® and the hydrophobic alkyl chains*™
with the negatively charged bacterial membrane, which disrupts bac-
terial membrane and subsequent bacterial lethality.

To further assess the biocompatibility of A-spCS, we conducted
cell survival testing to confirm that the A-spCS sponges demonstrated
good cytocompatibility when demonstrating its perfect efficacy in
antibacterial properties. Specifically, we performed fluorescent live/
death staining of 3T3 fibroblasts and LX-2 hepatic stellate cell as well as
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Fig. 5 | In vitro anti-infective properties of various hemostatic materials. extract (n=3). g The MTT tests revealed the cell viability of 3T3 fibroblasts
a Schematic showing the antibacterial mechanism of alkylated-superporous cultured in different mass fractions (10, 20, 30, 40 mg/mL) of A-spCS

chitosan sponge (A-spCS). b, ¢ Photographs of colonies of E. coli. and S. aureus extracts. h Hemolysis tests of Gauze, GS, CELOX, CELOX-E, CS, pCS, spCS
grown on LB agar plates after contact with blank, gauze, GS, CELOX, CELOX-E, and A-spCS. Values and error bars in (d, e, g, h) represent the mean and

chitosan sponge (CS), porous chitosan sponge (pCS), superporous chitosan standard deviation (n = 3 independent samples), P> 0.05 (ns), *P<0.01,
sponge (spCS), and A-spCS. d, e Corresponding statistical results of log ***p < 0.001, ***P < 0.0001 (one-way ANOVA to compare multiple groups or
reduction of E. coli. and S. aureus. f Fluorescence microscopy images of live- two groups).

dead staining of 3T3 fibroblasts after 1, 2, and 3 days of culture in A-spCS
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the boundary of the liver. ¢, d Total blood loss and hemostasis time of blank, gauze,
GS, CELOX, CELOX-E, CS, pCS spCS, and A-spCS groups. Values and error bars in
(c, d) represent the mean and standard deviation (n = 3 independent samples),
P>0.05 (ns), *P<0.01, **P<0.001, ***P< 0.0001 (Two-tailed Student’s ¢ test to
compare two groups).

the MTT/CCK-8 tests to evaluate the effects of co-culturing with
A-spCS leachate in different mass fractions (10, 20, 30, and 40 mg/mL)
for 1,2 and 3 days. Our statistical analysis of the resulting data revealed
that A-spCS did not reduce the survival rate of 3T3 cells and LX-2 cells
(Fig. 5f, g and Supplementary Fig. 26). We further conducted hemolysis
tests to evaluate the hemocompatibility of A-spCS, revealing no sig-
nificant difference between A-spCS and other groups. None of the
groups exceeded the upper limit standard of 5% (Fig. Sh and Supple-
mentary Fig. 27) according to regulations formulated by the American
Society for Testing and Materials (ASTM)®, suggesting that A-spCS
possesses favorable biocompatibility, which represents a promising
candidate for future applications in hemostasis settings.

A-spCS mediates rapid and enhanced hemostasis in a large
animal model

The hemostatic potential of spCS and A-spCS was first evaluated in a
Sprague-Dawley (SD) rat liver perforation wound model (Fig. 6a).
Notably, the area of bloodstain on the filter paper in the A-spCS group
was smallest compared to the gauze, GS, CELOX, CELOX-E, CS, pCS and

spCS groups (Fig. 6b, Supplementary Fig. 28, and Supplementary
Movie 11). Our statistical analysis further revealed that the total blood
loss in the A-spCS group was markedly lower than that in the other
groups (Fig. 6¢), and the hemostasis time was significantly shorter
(Fig. 6d). Besides, the hemostatic time of spCS was also remarkably
shorter than that of the pCS, CS group, emphasizing that the highly-
interconnected superporous structure induced by secondary network
reorganization achieves rapid shape recovery and constructs a robust
hemostatic physical barrier.

To further evaluate the hemostatic efficacy of A-spCS in vivo, we
next employed a penetrating wound model with a diameter of 18 mm
on spleens and livers of Bama pigs (Fig. 7a and Supplementary
Movie 16). The untreated wound continued to bleed for over four
minutes, whereas A-spCS effectively stopped the bleeding within only
30s in liver hemostasis (Fig. 7d, f). Notably, A-spCS demonstrated
superior hemostatic capacity in pig spleen wounds, compared to the
groups treated with commercially powder hemostat (CELOX)
(13.43+£7.79 g vs. 44.435+4.95¢g, P=0.0301, 95% Cl=3.388 to 52.93)
(Fig. 7c, e and Supplementary Movie 15). Similarly, A-spCS displayed
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blank, CELOX, and A-spCS groups. Values and error bars in (c—f) represent the mean
and standard deviation (n = 3 independent samples), P> 0.05 (ns), *P< 0.01,
***P < 0.001, ***P < 0.0001 (one-way ANOVA to compare multiple groups or two
groups).

remarkable efficacy in controlling bleeding in pig liver wounds when
compared with CELOX powder (Fig. 7b, ¢, d). Those findings can be
attributed to the highly-interconnected superporous network struc-
ture, the robust mechanical properties, and alkylation of A-spCS that
facilitates rapid blood absorption, thereby rapidly restoring its shape,
exerting enough pressure on the wound surface, and enhancing pro-
coagulant efficacy, and eventually triggering a cascade of hemostasis
and forming blood clots.

A-spCS promotes in situ liver regeneration in an animal liver
injury model

Hemostatic sponges that can guide tissue growth in situ allow the
sponges to stay within the wound, thereby reducing the possibility of
secondary bleeding when removing hemostats. We evaluated the
in situ pro-regeneration ability of CELOX, CS, pCS, and A-spCS in a SD
rat liver regeneration model (Fig. 8a). The H&E staining on the sections
of rat liver tissues harvested at four weeks after the hemostasis

revealed that significantly more cell numbers and tissue ingrowth area
in the A-spCS group compared with the CELOX, CS and pCS groups
(Fig. 8b, c, d). We further evaluated capillary generation with von
Willebrand factor (VWF) (Fig. 8b), a factor formed in the vessels.
A-spCS contained a much larger capillary density than CELOX and CS
groups (Fig. 8e). Moreover, the ingrowth of liver parenchymal cells
(LPC) and tissue regeneration was confirmed by albumin (ALB)-posi-
tive cells observed in A-spCS. Liver development was also evaluated by
immunostaining against hepatocyte nuclear factor-4a (HNF-4a), a
transcription factor associated with the generation of hepatocyte, and
the results indicated significantly higher number of liver cells in the
A-spCS group than the CELOX, CS, and pCS group (Fig. 8f). The
improvement of tissue ingrowth and vascularization of the A-spCS can
be ascribed to highly-interconnected superporous network structure
of A-spCS with large pore size/high porosity.

Additionally, the complete recovery of the liver in healthy indivi-
duals typically takes weeks to months following trauma or surgery’®.
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and tissue. * represents the implanted material. c-f Quantification of tissue in
growth area, cell number, capillary number per view, and LPC number per view
within the CELOX, CS, pCS, and A-spCS. g Schematic diagram of in vitro cell
migration experiments within A-spCS sponges. Values and error bars in (c-e)
represent the mean and standard deviation (n = 5 independent samples). Values
and error bars in (f) represent the mean and standard deviation (n = 3 independent
samples), P>0.05 (ns), *P<0.01, **P < 0.001, ***P < 0.0001 (one-way ANOVA to
compare multiple groups or two groups).

Previous studies have reported that certain liver scaffolds, due to
the mechanical fragility and rapid degradation, can lead to the pre-
mature loss of the physical and biochemical microenvironment for
encapsulated cells”’. Compared with gelatin sponges, which degrade
almost entirely within two weeks, A-spCS achieved partial in vivo
degradation at four weeks consistent with prior reports® and can
therefore serve as a protective scaffold to support cell migration,
which is important to vascular development and tissue repair (Sup-
plementary Fig. 30).

To further confirm the cell infiltration capability of A-spCS, we
also performed the cell migration tests in vitro (Fig. 8g). Specifically,
we dropped the NIH 3T3 fibroblast suspension on the upper surface of

the cylindrical A-spCS sponges. After 5 days of co-culture, the A-spCS
sponges were cut vertically, and the cells were stained with Calcein AM,
a cell-permeant dye that can be used to determine cell viability. A
confocal laser scanning microscope was used to observe the number
and morphology of cells on the top, middle, and bottom of A-spCS.
Fluorescent images revealed that cells can penetrate into the sponge
and grow robustly even in the middle and bottom of A-spCS. Fur-
thermore, to better simulate the actual conditions in the liver, we
selected LX-2 hepatic stellate cells, which play a crucial role in liver
injury repair®®°, for further validation of cell migration. Compared
with the control group of CS and pCS, spCS promoted the growth and
spreading of LX-2 cells (Supplementary Fig. 31).
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In this study, we present a hemostatic sponge prepared by the
temperature-assisted secondary network compaction strategy for the
treatment of non-compressible hemorrhage and subsequent guidance of
tissue regeneration. The resulting A-spCS sponges possesses highly-
interconnected superporous structure, robust mechanical properties,
procoagulant properties, good biocompatibility, and antimicrobial per-
formance, enabling rapid absorption of large quantities of blood and
complete shape recovery, thereby achieving efficient hemostasis in non-
compressible SD rat and pig organs injury models, which outperforms
commercial gauze, gelatin sponges, chitosan powder, and chitosan gauze
in terms of hemostatic efficacy. Furthermore, the retained A-spCS in the
body can further facilitate cell migration, vascular regeneration, and
guide tissue in-situ regeneration and integration, thereby reducing the
possibility of secondary bleeding when removing hemostats.

Overall, the ability of A-spCS sponges to quickly stop bleeding and
in situ guide tissue repair makes it possess the potential of an emer-
gency hemostatic for clinical application in solving non-compressible
wounds.

Methods

Protocol approval

The experimental operations in this study strictly complied in accor-
dance with the appropriate ethical guidelines, and the use of animals in
this study was approved by the South China University of Technology
Animal Care and Use Committee (Permit Number 2022032)

Materials

Chitosan (degree of deacetylation: 95%), dodecanal, sodium triace-
toxyborohydride, sodium bicarbonate, sodium dihydrogen phos-
phate, disodium hydrogen phosphate, absolute, and dichloromethane
were purchased from J&K Scientific (Beijing China). 4% paraf-
ormaldehyde was purchased from White Shark Biotechnology. Triton-
X-100 was purchased from Merck Life Sciences.

Preparation process of A-spCS

Firstly, 2.5 wt% chitosan was dissolved in 1.25 wt% acetic acid solution.
After stirring, the solution was placed in a refrigerator at 4 °C for 48 h.
The homogenized chitosan solution was taken out and placed in a
polytetrafluoroethylene mold. Pour 0.1 M phosphate buffer solution
containing 0.45M NaHCO; at a ratio of 1:0.7 (v/v) to the chitosan
solution into the chitosan solution, and stir quickly and evenly with an
electric stirrer. Stand still for 30 min to wait for chitosan solid phase
separation and precipitation as solid. The chitosan sponge after phase
separation was taken out and soaked in PBS for 10 min to wash off
excess salt. The chitosan sponge after phase separation is taken out
and placed in a mold, and placed in a =20 °C low-temperature refrig-
erator for 30 min to freeze to 0°C, and the temperature was mon-
itored and verified using a temperature probe.

The frozen and phase-separated chitosan sponge was taken out,
and freeze-dried for 8 h to obtain a dry phase-separated chitosan
sponge (spCS). A dichloromethane (DCM) solution of dodecanal with a
chitosan sponge amino molar mass of 0.025 eq. was prepared, and the
superporous hemostatic sponges were soaked in the solution to
extrude bubbles, then taken out, and left to react for 5min. Add the
reacted dodecyl chitosan to a DCM saturated solution of sodium
triacetoxyborohydride with a chitosan amino molar mass of 4 eq to
reduce the unstable carbon-oxygen double bond to a stable carbon-
oxygen bond, shaker at 100 rpm to restore overnight. Chitosan was
soaked in 95% ethanol for 6 h to remove unreacted sodium triacetyl
borohydride, DA, and DCM. Soak in deionized water for 1 h to remove
excess ethanol. Freeze at 20 °C for 30 min and freeze-dry to obtain an
alkylated-modified phase-separated chitosan sponge (A-spCS). The
phase separation chitosan sponge (pCS) subjected the chitosan solu-
tion to initial phase separation and -80°C treatment before pro-
ceeding with freeze-drying. To use a chitosan sponge with the same

solid content without phase separation, the control group used 1.5 wt%
chitosan solution, which was freeze-dried to obtain a chitosan sponge
without phase separation and secondary network compaction (CS).

Micro-CT analysis
Quantum GX2 Analyze (version 14.0) was used to analyzed micro-CT
data and network density.

XPS analysis

X-ray photoelectron spectroscopy (Escalab Xi+, US) was used to
detect the surface chemical structures of chitosan sponges before and
after alkylation grafting. N1s peaks were processed with AVANTAGE
software (version: 5.52).

Mechanical test

The prepared lyophilized CS, pCS, spCS, and A-spCS are made into a
cylindrical sample with a diameter of about 8 mm. The universal test-
ing machine (MTS, US) is used to measure the axial force. The total test
distance is 85% of the height of the sample, and the stepping speed is
100 pmy/s.

Characterization of microstructure/ porosity of spCS

and A-spCS

Macro and microstructures were characterized by scanning electron
microscopy (Merlin, Germany). The average pore diameter was mea-
sured using ImageJ software (version: 1.53k). Samples containing blood
cells were washed with PBS, fixed with 4% paraformaldehyde solution,
and soaked in a series of gradient alcohol (40%, 60%, 80%, 100%)
solutions for 10 min to remove water, and air-dried at 37 °C for 12 h.
Cut with a scalpel after drying, spray platinum on the cut surface, and
observe with a SEM.

The porosity of the sponges was measured by the n-hexane
method. Immerse them in the hexane solution for 24 h at room tem-
perature. The mass of the chitosan sponge after freeze-drying was
weighed and recorded as Wy (g). Measure their wet weight after
removing excess hexane from the surface of the samples using damp
filter paper, regarded as W,, (g). Percent porosity is calculated by the
following equation:

Porosity (%) = % x100% 1))

p is the density of n-hexane, and V is the volume of the chitosan
scaffold.

Characterization of water/blood absorption properties of
superporous spCS and A-spCS hemostatic sponges

To quantitatively evaluate the absorption capacity, the mass of the
chitosan sponge after freeze-drying was weighed and recorded as W (g).
The compressed CS, pCS, spCS, A-spCS, and epCS were then immersed
in the water and blood of rats. The chitosan was taken out and weighed
to obtain the mass, and the water absorption/blood volume of the
chitosan sponge changed with time and was drawn according to the
mass change. Then, weigh the mass of the sponge after absorbing water/
blood for 1min, and record it as W,, (g). Calculate the water/blood
absorption capacity according to the following equation:

Ability of absorption (g/g) = w x100% 2)
d

The pro-coagulant ability of spCS and A-spCS hemostatic
sponges

The pro-coagulant ability of the chitosan sponge was evaluated by
measuring the coagulation index (BCI). 100 mg CS, pCS, spCS, A-spCS,
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medical gauze, gelatin sponge, and CELOX-E hemostatic gauze are
compressed to squeeze out water and placed in the EP tube, and
CELOX hemostatic powder is placed directly in the EP tube. After
incubation at 37 °C for 10 min, 100 pL of rat heparinized whole blood
at 37 °C was dropped onto its upper surface (300 pL blood was used
for high-volume procoagulant ability test). After incubating at 37 °C for
5min, add 10 mL of deionized water to each EP tube, soak for 1 min,
and use a UV spectrophotometer to measure the optical density (OD)
of the supernatant at 540 nm, recorded as ODy,. A solution of mixed
deionized water and rat heparin sodium whole blood (10 mL/100 pL)
was used as a negative control, recorded as OD,,, and BCI was calcu-
lated according to the following equation:

BCI (%)= % x100% 3)
n

Blood cell adhesion ability of spCS and A-spCS hemostatic
sponges

The blood adhesion ability of the chitosan sponge was determined by
measuring the 1-hour adhesion of red blood cells on the material.
50 mg of CS, pCS, spCS, A-spCS, gauze, gelatin sponge, CELOX-E
gauze, squeezed to squeeze out the water was placed in the EP tube,
and CELOX hemostatic powder was placed directly in the EP tube.
Drop 100 pL of RBC suspension (300 pL RBC suspension was used for
high-volume blood cell adhesion ability test) onto their top surface.
Incubate at 37 °C for 1h. Rinse three times with phosphate buffered
saline (PBS, pH =7.4) to remove non-adhered RBCs, then transfer to
4 mL of deionized water to lyse adhered RBCs to release hemoglobin
for 1 h. Take 100 pL of supernatant and place it in a 96-well microplate,
and measure its OD value (ODy,) at 540 nm. The OD 540 nm value of the
solution composed of 100 pL RBCs suspension and 4 mL deionized
water was used as the negative control (OD,), and the RBC adhesion
ability was calculated by the following formula:

0Dy, 100% “)

C o
RBCs adhesion (%) oD,

Platelet adhesion was determined by a similar method. The
material was compressed to squeeze out moisture and placed in a 24-
well microplate. Then, 100 pL (300 pL RBC suspension was used for
high-volume platelets adhesion ability test) of platelet-rich plasma
(PRP) was dropped on its top surface, followed by incubation at 37 °C
for 1h. Next, they were washed with PBS to remove non-adhered pla-
telets and soaked in 1% TritonX-100 solution to dissolve the platelets to
release lactate dehydrogenase (LDH). After treatment with LDH kit
(beyotime, China), the OD 490 nm value of the supernatant was
measured and recorded as OD;,. 100 pL of PRP not exposed to hemo-
static agent was used as a negative control, recorded as OD,. The
percentage of adherent platelets was calculated by the following
equation:

oD,

Platelet adhesion (%) = oD
n

x100% 5)

Antibacterial capability tests

Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and
Pseudomonas aeruginosa (P. aeruginosa) are propagated and
expanded in liquid lysate broth (LB). Tissue culture plates, gauze,
gelfoam, CELOX, CELOX-E, CS, and pCS were used as controls. Before
testing, spCS and A-spCS were compressed to squeeze out water and
placed in a 24-well microplate. After being sterilized under ultraviolet
light for 1h, the bacterial suspension (10 puL, 10 CFUs/mL) was
dropped on the upper surface of each group of materials. Incubate at

37°C for 2 h. Add 2 mL of sterile PBS buffer to each well to resuspend
viable bacteria. Next, remove 20 pL of the resuspended bacterial
suspension and dilute to 50 mL to obtain the final diluted bacterial
suspension. Subsequently, spread 20 pL of the resuspension on the
surface of the LB agar plate and incubate at 37 °C for 12 h. Count the
CFU formed on each LB agar plate. Count the CFU formed on each LB
agar plate and record it as C.. Among them, the number of CFU in the
group not in contact with the material is C,. For groups with CFU
below the limit of detection (LOD), the CFU count is taken as the LOD
divided by the square root of 2. Bacterial log reduction was calcu-
lated by the following formula:

Bacterial log reduction= log C,, — log C, 6)

In vivo hemostasis test in rat model

The experimental operations in this study strictly complied in accor-
dance with the appropriate ethical guidelines, and the use of animals in
this study was approved by the South China University of Technology
Animal Care and Use Committee (Permit Number 2022032). The rat
(female, 250-300 g, 7-8 weeks) hepatic hemorrhage model was used to
evaluate the hemostatic effects of CS, spCS, A-spCS, gauze, gelatin
sponge, CELOX powder, and CELOX-E hemostatic gauze. Anesthetize the
rat with 2% sodium pentobarbital solution (50 mg kg™). Expose the liver
of the rat through an abdominal incision and place a pre-weighed filter
paper under the liver. After resecting a piece of liver with a 6 mm circular
cutting edge, different hemostatic materials were put into the wound to
stop bleeding. Among them, the cylindrical (diameter of 8 mm) spCS and
A-spCS were soaked in PBS, squeezed out water, and then put into the
wound for hemostasis. Weigh and calculate the blood loss before and
after the filter paper absorbs blood. Given that the hemostatic response
to non-compressive wounds theoretically exhibits no significant gender
disparities, gender-specific analyses were not pursued in our study.

In situ liver regeneration

The in situ pro-regenerative capacities of CELOX, CS, pCS and A-spCS
were evaluated using a representative rat liver defect model. Rats
(female, 250-300 g, 7-8 weeks) were anesthetized with 2 wt% sodium
pentobarbital. A-spCS was compressed and filled into the 6 mm
penetrated liver wound. After hemostasis, the abdomen was sutured,
painkillers were given for 3 days, and normal feeding was carried out
for 4 weeks. After the rats were sacrificed, the livers were removed,
fixed, and sectioned for H&E staining and immunofluorescence stain-
ing. Tissue ingrowth was assessed by H&E staining. Cell infiltration was
assessed by DAPI staining. Immunofluorescence staining for von
Willebrand factor (vWF) (Proteintech) and albumin (ALB) (Proteintech)
at dilutions of 1:400 and 1:800 was performed to assess vascularization
and hepatocyte infiltration. Immunofluorescent staining for hepato-
cyte nuclear factor (HNF-4a) (Affbiotech) was performed at a dilution
of 1:250 to assess the expression of hepatic cytokines. CoraLite 488-
conjugated Recombinant Goat Anti-Mouse IgG (Proteintech) and
Coralite 488-conjugated Recombinant Goat Anti-Rabbit IgG (Pro-
teintech) were diluted 1:200. Observe and acquire images using a
fluorescent inverted microscope (Thermo Fisher).

In vivo hemostasis test in minipig model

The experimental operations in this study strictly complied in accordance
with the appropriate ethical guidelines, and the use of animals in this
study was approved by the South China University of Technology Animal
Care and Use Committee (Permit Number 2022032). The hemostatic
effect of CELOX and A-spCS was evaluated by a minipig liver hemorrhage
model (female, 20-25 kg, 5 months). Bama minipigs were anesthetized
using an intravenous bolus of propofol. After resecting a piece of liver
with a 15 mm circular cutting edge, different hemostatic materials were
put into the wound to stop bleeding. After bleeding, the compressed
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cylindrical A-spCS (diameter of 18 mm) was squeezed out of water and
filled into the wound cavity. Weigh and calculate the blood loss before
and after the paper absorbs blood. Given that the hemostatic response to
non-compressive wounds theoretically exhibits no significant gender
disparities, gender-specific analyses were not pursued in our study.

In vitro transport and migration experiments of cells in A-spCS
NIH 3T3 fibroblasts and LX-2 hepatic stellate cells were cultured in a
culture dish for 24 h in high-glucose medium DMEM (5% fetal bovine
serum albumin, 1% penicillin and streptomycin). Cells were trypsinized
and resuspended in medium. NIH 3T3 fibroblast suspension (1x10°
per mL) was dropped on the upper surface of cylindrical A-spCS (8 mm
in diameter and 8 mm in height), and A-spCS was placed in a culture
dish containing medium. After 5 days of co-cultivation, A-spCS was cut
vertically, and the cells were stained with Calcein dye (Beyotime,
1:1000). Use a fluorescence microscope (Thermo Fisher) to observe
the number and morphology of the cells on the top, middle, and
bottom of A-spCS.

Statistics and reproducibility

Experiments were performed with triplicate samples (n=3) and sta-
tistical analysis was performed using GraphPad Prism 9. All data are
shown as mean + standard deviation. Independent t-test and one-way
ANOVA followed by Tukey’s multiple comparison test were used to
determine statistical significance between two or more groups,
respectively. p < 0.05 was considered statistically significant.

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

Data availability

All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.

References

1. Blackbourne, L. H., Baer, D. G., Cestero, R. F., Inaba, K. & Rasmussen,
T. E. Exsanguination shock: the next frontier in prevention of bat-
tlefield mortality. J. Trauma Acute Care Surg. 71, S1-S3 (2011).

2. Hickman, D. A., Pawlowski, C. L., Sekhon, U.D. S., Marks, J. & Gupta,
A. S. Biomaterials and advanced technologies for hemostatic
management of bleeding. Adv. Mater. 30, https://doi.org/10.1002/
adma.201700859 (2018).

3. Feng, C. et al. Chitosan-Coated Diatom Silica as Hemostatic Agent
for Hemorrhage Control. ACS Appl. Mater. Interfaces 8,
34234-34243 (2016).

4. Gao, Y. etal. A polymer-based systemic hemostatic agent. Sci. Adv.
6, eaba0588 (2020).

5. Leonhardt, E. E., Kang, N., Hamad, M. A., Wooley, K. L. & Elsabahy,
M. Absorbable hemostatic hydrogels comprising composites of
sacrificial templates and honeycomb-like nanofibrous mats of
chitosan. Nat. Commun. 10, 1-9 (2019).

6. Hong, Y. et al. A strongly adhesive hemostatic hydrogel for the
repair of arterial and heart bleeds. Nat. Commun. 10, 2060 (2019).

7. Huang, W. et al. Noncompressible hemostasis and bone regen-
eration induced by an absorbable bioadhesive self-healing hydro-
gel. Adv. Funct. Mater. 31, 2009189 (2021).

8. Bao, G. et al. Liquid-infused microstructured bioadhesives halt non-
compressible hemorrhage. Nat. Commun. 13, 5035 (2022).

9. Dong, R., Zhang, H. & Guo, B. Emerging hemostatic materials for non-
compressible hemorrhage control. Natl. Sci. Rev. 9, nwac162 (2022).

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Du, X. et al. Microchannelled alkylated chitosan sponge to treat
noncompressible hemorrhages and facilitate wound healing. Nat.
Commun. 12, 1-16 (2021).

Chen, S., Carlson, M. A., Zhang, Y. S., Hu, Y. & Xie, J. Fabrication of
injectable and superelastic nanofiber rectangle matrices (“peanuts”)
and their potential applications in hemostasis. Biomaterials 179, 46-59
(2018).

Wang, H. et al. A super tough, rapidly biodegradable, ultrafast
hemostatic bioglue. Adv. Mater. 35, 2208622 (2023).

Cui, C. et al. Water-triggered hyperbranched polymer universal
adhesives: from strong underwater adhesion to rapid sealing
hemostasis. Adv. Mater. 31, 1905761 (2019).

Liang, Y., Li, Z., Huang, Y., Yu, R. & Guo, B. Dual-dynamic-bond
cross-linked antibacterial adhesive hydrogel sealants with on-
demand removability for post-wound-closure and infected wound
healing. ACS Nano 15, 7078-7093 (2021).

Xu, X. et al. Bioadhesive hydrogels demonstrating pH-independent
and ultrafast gelation promote gastric ulcer healing in pigs. Sci.
Transl. Med. 12, eaba8014 (2020).

Peng, X. et al. Ultrafast self-gelling and wet adhesive powder for
acute hemostasis and wound healing. Adv. Funct. Mater. 31,
2102583 (2021).

Li, B. et al. Microgel assembly powder improves acute hemostasis,
antibacterial, and wound healing via in situ co-assembly of ery-
throcyte and microgel. Adv. Funct. Mater. 33, 2302793 (2023).

Lv, S., Cai, M., Leng, F. & Jiang, X. Biodegradable carboxymethyl
chitin-based hemostatic sponges with high strength and shape
memory for non-compressible hemorrhage. Carbohydr. Polym.
288, 119369 (2022).

Jiang, Q. et al. Corn stalk/AgNPs modified chitin composite
hemostatic sponge with high absorbency, rapid shape recovery
and promoting wound healing ability. Chem. Eng. J. 421,

129815 (2021).

Zhao, X., Guo, B., Wu, H., Liang, Y. & Ma, P. X. Injectable antibacterial
conductive nanocomposite cryogels with rapid shape recovery for
noncompressible hemorrhage and wound healing. Nat. Commun.
9, 2784 (2018).

Zheng, W. et al. A novel pullulan oxidation approach to preparing a
shape memory sponge with rapid reaction capability for massive
hemorrhage. Chem. Eng. J. 447, 137482 (2022).

Zheng, L. et al. A hemostatic sponge derived from skin secretion of
Andrias davidianus and nanocellulose. Chem. Eng. J. 416,

129136 (2021).

Wang, D. et al. Root-shaped antibacterial alginate sponges with
enhanced hemostasis and osteogenesis for the prevention of dry
socket. Carbohydr. Polym. 299, 120184 (2023).

Wang, C. et al. Preparation and evaluation of chitosan/alginate
porous microspheres/Bletilla striata polysaccharide composite
hemostatic sponges. Carbohydr. Polym. 174, 432-442 (2017).

Sun, W. et al. Mussel-inspired polysaccharide-based sponges for
hemostasis and bacteria infected wound healing. Carbohydr.
Polym. 295, 119868 (2022).

Landsman, T. L. et al. A shape memory foam composite with
enhanced fluid uptake and bactericidal properties as a hemostatic
agent. Acta Biomater. 47, 91-99 (2017).

Mueller, G. R. et al. A novel sponge-based wound stasis dressing to
treat lethal noncompressible hemorrhage. J. Trauma Acute Care
Surg. 73, S134-5139 (2012).

Bao, G. et al. Triggered micropore-forming bioprinting of porous
viscoelastic hydrogels. Mater. Horiz. 7, 2336-2347 (2020).

Liu, J.-Y. et al. Hemostatic porous sponges of cross-linked hya-
luronic acid/cationized dextran by one self-foaming process. Mater.
Sci. Eng.:C. 83, 160-168 (2018).

Nature Communications | (2024)15:5460

14


https://doi.org/10.1002/adma.201700859
https://doi.org/10.1002/adma.201700859

Article

https://doi.org/10.1038/s41467-024-49578-2

30. Alsaid, Y. et al. Tunable sponge-like hierarchically porous hydrogels
with simultaneously enhanced diffusivity and mechanical proper-
ties. Adv. Mater. 33, e2008235 (2021).

31. Kim, J., Zhang, G., Shi, M. & Suo, Z. Fracture, fatigue, and friction of
polymers in which entanglements greatly outnumber cross-links.
Science 374, 212-216 (2021).

32. Zhu, S. et al. Bioinspired structural hydrogels with highly ordered
hierarchical orientations by flow-induced alignment of nanofibrils.
Nat. Commun. 15, 118 (2024).

33. Hua, M. et al. Strong tough hydrogels via the synergy of freeze-
casting and salting out. Nature 590, 594-599 (2021).

34. Liu, C.etal. Tough hydrogels with rapid self-reinforcement. Science
372, 1078-1081 (2021).

35. Qi, L. et al. Bioinspired multiscale micro-/nanofiber network design
enabling extremely compressible, fatigue-resistant, and rapidly
shape-recoverable cryogels. ACS Nano 17, 6317-6329 (2023).

36. Mredha, M. T. I. et al. A facile method to fabricate anisotropic
hydrogels with perfectly aligned hierarchical fibrous structures.
Adv. Mater. 30, 1704937 (2018).

37. Zhang, Q. et al. Extremely strong and tough chitosan films medi-
ated by unique hydrated chitosan crystal structures. Mater. Today
51, 27-38 (2021).

38. Sun, X., Mao, Y., Yu, Z., Yang, P. & Jiang, F. A Biomimetic “Salting
Out-Alignment-Locking” Tactic to Design Strong and Tough
Hydrogel. Adv. Mater. 2400084 https://doi.org/10.1002/adma.
202400084 (2024).

39. Yang, Y., Wang, X., Yang, F., Wang, L. & Wu, D. Highly elastic and
ultratough hybrid ionic-covalent hydrogels with tunable structures
and mechanics. Adv. Mater. 30, 1707071 (2018).

40. Yang, Y., Wang, X., Yang, F., Shen, H. & Wu, D. A universal soaking
strategy to convert composite hydrogels into extremely tough and
rapidly recoverable double-network hydrogels. Adv. Mater. 28,
7178-7184 (2016).

41. Reys, L. L. et al. Influence of freezing temperature and deacetylation
degree on the performance of freeze-dried chitosan scaffolds towards
cartilage tissue engineering. Eur. Polym. J. 95, 232-240 (2017).

42. Takeshita, S., Zhao, S., Malfait, W. J. & Koebel, M. M. Chemistry of
chitosan aerogels: three-dimensional pore control for tailored
applications. Angew. Chem. Int. Ed. 60, 9828-9851 (2021).

43. Wang, M. et al. Hierarchical porous chitosan sponges as robust and
recyclable adsorbents for anionic dye adsorption. Sci. Rep. 7,
18054 (2017).

44. Song, W. et al. Preparation of freeze-dried porous chitosan micro-
spheres for the removal of hexavalent chromium. Appl. Sci. 11,
4217 (2021).

45. Zhang, X. N. et al. Stretchable sponge-like hydrogels with a unique
colloidal network produced by polymerization-induced micro-
phase separation. Macromolecules 55, 1424-1434 (2021).

46. Wang, J., Tang, F., Yao, C. & Li, L. Low Hysteresis Hydrogel Induced
by Spatial Confinement. Adv. Funct. Mater. 33, 2214935 (2023).

47. Zhao, X., Guo, B., Wu, H., Liang, Y. & Ma, P. X. Injectable antibacterial
conductive nanocomposite cryogels with rapid shape recovery for
noncompressible hemorrhage and wound healing. Nat. Commun.
9, 1-17 (2018).

48. Cines, D.B. et al. Clot contraction: compression of erythrocytes into
tightly packed polyhedra and redistribution of platelets and fibrin.
Blood, J. Am. Soc. Hematol. 123, 1596-1603 (2014).

49. Liu, Y. etal. Bio-inspired, bio-degradable adenosine 5'-diphosphate-
modified hyaluronic acid coordinated hydrophobic undecanal-
modified chitosan for hemostasis and wound healing. Bioact. Mater.
17, 162-177 (2022).

50. Wei, X. et al. Polysaccharides-modified chitosan as improved and
rapid hemostasis foam sponges. Carbohydr. Polym. 264, 118028
(2021).

51. Bessa, L. J., Fazii, P., Di Giulio, M. & Cellini, L. Bacterial isolates
from infected wounds and their antibiotic susceptibility pattern:
some remarks about wound infection. Int. wound J. 12, 47-52
(2015).

52. Serra, R. et al. Chronic wound infections: the role of Pseudomonas
aeruginosa and Staphylococcus aureus. Expert Rev. anti-infective
Ther. 13, 605-613 (2015).

53. Jeon, S. J., Ma, Z., Kang, M., Galvao, K. N. & Jeong, K. C. Application
of chitosan microparticles for treatment of metritis and in vivo
evaluation of broad spectrum antimicrobial activity in cow uteri.
Biomaterials 110, 71-80 (2016).

54. Chen, G. et al. Bioinspired multifunctional hybrid hydrogel
promotes wound healing. Adv. Funct. Mater. 28, 1801386
(2018).

55. Luna-Vazquez-Gémez, R. et al. Hemolysis of human erythrocytes by
Argovit™ AgNPs from healthy and diabetic donors: an in vitro study.
Materials 14, 2792 (2021).

56. Nagasue, N., Yukaya, H., Ogawa, Y., Kohno, H. & Nakamura, T.
Human liver regeneration after major hepatic resection. A study of
normal liver and livers with chronic hepatitis and cirrhosis. Ann.
Surg. 206, 30 (1987).

57. Kim, D.-H. et al. Bioengineered liver crosslinked with nano-
graphene oxide enables efficient liver regeneration via MMP
suppression and immunomodulation. Nat. Commun. 14, 801
(2023).

58. Pan, P. et al. Physically cross-linked chitosan gel with tunable
mechanics and biodegradability for tissue engineering scaffold. Int.
J. Biol. Macromolecules 257, 128682 (2024).

59. Ezhilarasan, D. et al. Silibinin inhibits proliferation and migration of
human hepatic stellate LX-2 cells. J. Clin. Exp. Hepatol. 6, 167-174
(2016).

60. Iredale, J. P. Hepatic stellate cell behavior during resolution of liver
injury. Semin. Liver Dis. 21, 427-436 (2001).

Acknowledgements

This work was financially supported by Shenzhen Key Laboratory

of Bone Tissue Repair and Translational Research (NO.
ZDSYS20230626091402006, F.W.). This work was also supported

by the Fundamental Research Funds for the Central Universities
(2023ZYGXZR096, P.Z.), the Guangzhou Basic and Applied Basic
Research Scheme (SL2023A04J00861, P.Z.), The National Natural
Science Foundation of China (Grant No. 82272534, F.W.). Parts of Figs.
4a, 5a, 6a, 7a, Fig. 8a, g, Fig. S30 a, Fig. S31 and Fig. S32 were revised
by using pictures from Servier Medical Art, by Servier, licensed under a
Creative Commons Attribution 4.0 Unported License (https://
creativecommons.org/licenses/by/4.0/).

Author contributions

L. Bian, P. Zhao, and F. Wei conceived the idea. T. Jiang and

P. Zhao developed the preliminary phase separation preparation
method, and further improved and found the relevant preparation
method for secondary network compaction. T. Jiang performed
mechanical properties, Micro-CT, XRD, XPS, liquid absorption capa-
city, procoagulant ability, antibacterial ability characterization, and
biocompatibility. T. Jiang, S. Chen and J. Xu designed and performed
in vivo experiments and analysis. H. Fu, Y. Zhang, and Q. Ling per-
formed scanning electron microscopy characterization. Y. Xu,

X. Chu, R. Wang, L. Hu, H. Li, and W. Huang helped in animal experi-
ments. T. Jiang prepared the figures and wrote the manuscript with the
input of all authors. L. Bian, P. Zhao, and F. Wei supervised the
research.

Competing interests
The authors declare no competing interests.

Nature Communications | (2024)15:5460

15


https://doi.org/10.1002/adma.202400084
https://doi.org/10.1002/adma.202400084
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41467-024-49578-2

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-49578-2.

Correspondence and requests for materials should be addressed to
Liming Bian, Pengchao Zhao or Fuxin Wei.

Peer review information Nature Communications thanks the anon-

ymous, reviewer(s) for their contribution to the peer review of this work.

A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

School of Biomedical Sciences and Engineering, Guangzhou International Campus, South China University of Technology, Guangzhou 511442, China.
2National Engineering Research Center for Tissue Restoration and Reconstruction, South China University of Technology, Guangzhou 510006, China.

3Department of Orthopedic Surgery, The Seventh Affiliated Hospital of Sun Yat-sen University, Shenzhen 518107, China. “Department of Orthopedics, Union
Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430022, China. ®Department of Joint Surgery, First Affiliated
Hospital of Sun Yat-sen University, Guangzhou 510080, China. *Guangdong Provincial Key Laboratory of Biomedical Engineering, South China University of
Technology, Guangzhou 510006, China. "Key Laboratory of Biomedical Materials and Engineering of the Ministry of Education, South China University of
Technology, Guangzhou 510006, China. 8Shenzhen Key Laboratory of Bone Tissue Repair and Translational Research, Shenzhen 518107, China. ®These
authors contributed equally: Tianshen Jiang, Sirong Chen, Jingwen Xu. e-mail: bianlm@scut.edu.cn; scutzpc1993@scut.edu.cn; weifux-
in@mail.sysu.edu.cn

Nature Communications | (2024)15:5460 16


https://doi.org/10.1038/s41467-024-49578-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:bianlm@scut.edu.cn
mailto:scutzpc1993@scut.edu.cn
mailto:weifuxin@mail.sysu.edu.cn
mailto:weifuxin@mail.sysu.edu.cn

	Superporous sponge prepared by secondary network compaction with enhanced permeability and mechanical properties for non-compressible hemostasis in�pigs
	Results
	Fabrication of the superporous chitosan sponge (spCS) by temperature-assisted secondary network compaction (TA-2ndNC)
	A-spCS possesses enhanced blood absorption capacity and mechanical properties
	A-spCS exhibits good pro-coagulant abilities in�vitro
	A-spCS is anti-bacterial biocompatible
	A-spCS mediates rapid and enhanced hemostasis in a large animal�model
	A-spCS promotes in situ liver regeneration in an animal liver injury�model

	Methods
	Protocol approval
	Materials
	Preparation process of A-spCS
	Micro-CT analysis
	XPS analysis
	Mechanical�test
	Characterization of microstructure/ porosity of spCS and A-spCS
	Characterization of water/blood absorption properties of superporous spCS and A-spCS hemostatic sponges
	The pro-coagulant ability of spCS and A-spCS hemostatic sponges
	Blood cell adhesion ability of spCS and A-spCS hemostatic sponges
	Antibacterial capability�tests
	In vivo hemostasis test in rat�model
	In situ liver regeneration
	In vivo hemostasis test in minipig�model
	In vitro transport and migration experiments of cells in A-spCS
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




