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Developing a self-elastic sponge integrating active and passive hemostatic mechanisms for the effective man-
agement of uncontrolled coagulopathic hemorrhage remains a challenge. We here developed a chitosan-based
sponge by integrating freeze-drying, chemical decoration of alkyl chains and phosphate groups, and physical
loading of thrombin. The sponge exhibited high mechanical strength, self-elasticity, and rapid shape recovery.
The sponge facilitated blood cell adhesion, aggregation, and activation through hydrophobic and electrostatic

interactions, as well as accelerated blood clotting. The sponge exhibited higher efficacy than commercial gauze
and gelatin sponge in managing uncontrolled hemorrhage from heparinized rat tail amputation, liver superficial
injury, and liver perforating wound models. In addition, the sponge exhibited favorable biodegradability and
biocompatibility. These findings revealed that the developed sponge holds great potential as a novel hemostat for
effectively managing uncontrolled coagulopathic hemorrhage from superficial and perforating wounds.

1. Introduction

Massive hemorrhage is the primary cause of trauma-related
morbidity and mortality [1-3]. Although various hemostatic agents (e.
g., QuikClot, HemCom bandage, and Celox powder) have demonstrated
high efficacy in managing minor hemostasis [4,5], managing uncon-
trolled (massive) hemorrhage from superficial and perforating wounds,
especially in patients with coagulopathy (coagulopathy is a condition in
which the blood’s ability to form clots is impaired due to genetic dis-
order, chronic disease, or medications), remains a challenge [2,4].
Therefore, a hemostatic agent suitable for those wounds must be
developed. An ideal hemostatic agent should integrate active and pas-
sive hemostatic mechanisms [6,7]. The active mechanism is the ability
of the agent to promote blood cell adhesion, aggregation, and activation,
as well as initiate the body’s intrinsic coagulation cascade process [8,9],
while the passive mechanism refers to its physical concentration effect
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on blood components and its mechanical compression effect on the
bleeding site [10-13].

The shape-memory sponges have been proven to be highly efficient
in managing uncontrolled hemorrhage, especially for perforating
wounds [14-16]. XStat™, as a commercial hemostat containing com-
pressed cellulose sponges, can rapidly expand following water absorp-
tion and apply mechanical pressure on the wound to control hemorrhage
[17]. However, it cannot strongly interact with blood cells or activate
the body’s intrinsic coagulation cascade process, leading to the occur-
rence of challenging -to-control severe hemorrhage. Moreover, Guo and
others have developed a series of shape-memory cryogels or sponges
[18-21]. Although they can facilitate blood cells adhesion, aggregation,
and activation or activate the body’s intrinsic coagulation cascade
process, their shape recovery property needs to be further improved to
achieve more efficient hemostasis. For example, they require a long time
to recover the original shapes, and their shape recovery time is
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significantly prolonged after coming in contact with high-viscosity
blood, causing untimely wound compression and massive blood loss.
A novel hemostatic sponge integrating active and passive (rapid shape
recovery, even when comes in contact with high-viscosity blood) he-
mostatic mechanisms is therefore highly desired.

Chitosan (CS) is a cationic polysaccharide produced through chitin
deacetylation [20,22]. CS can promote blood cells adhesion, aggrega-
tion, and activation by intensive electrostatic interactions [23]. CS
contains abundant amino groups, facilitating subsequent modifications
with functional groups to increase its hemostatic capacity [24]. More-
over, CS can be prepared in a sponge form to absorbe water within the
blood, concentrate blood components, and load coagulation factors
[25]. Additionally, CS can be degraded by lysozyme in the body, and the
degradation products are non-toxic and have no side effects [5,10].
These properties render CS an excellent matrix material for the prepa-
ration of hemostatic agent.

Red blood cell (RBC) and platelet are vital for physiological hemo-
stasis, as they regulate blood flow, form barriers, facilitate platelet
adhesion/aggregation in the fibrin network, form a platelet embolus,
and release coagulation factors to accelerate clotting [3,24]. The cell
membranes of RBC and platelet contain abundant positive charge groups
(e.g., quaternary ammonium groups of phosphatidylcholine) and hy-
drophobic regions composed of alkyl chains [26]. Therefore, it is
reasonable to assume that a hemostatic sponge that can interact elec-
trostatically and hydrophobically with RBC and platelet would be highly
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effective in managing uncontrolled coagulopathic hemorrhage.

This study aimed to develop a novel hemostatic sponge integrating
active and passive hemostatic mechanisms to effectively manage un-
controlled coagulopathic hemorrhage. The self-elastic CS sponge was
first prepared using the freeze-drying method (Fig. 1A). The alkyl chains
and phosphate groups were then covalently decorated onto the surface
of the CS sponge through an amidation reaction between the amino
groups of CS and NHS groups of DSPE-PEG-NHS (Fig. 1A-C). We hy-
pothesized that these decorated groups can engage in hydrophobic and
electrostatic interactions with blood cells (Fig. 1B), thereby promoting
their adhesion, aggregation, and activation, and accelerating coagula-
tion. Thereafter, thrombin was loaded into the chemically decorated CS
(DSPE-CS) sponge through physical absorption for conferring it with the
ability to activate the body’s intrinsic coagulation cascade process.
Various physical properties (e.g., microstructure, porosity, liquid ab-
sorption ability, mechanical and shape recovery behaviors) of the
sponge were characterized. The active coagulation activity was evalu-
ated by conducting RBC/platelet adhesion assays and the whole blood
clotting time test. Whether the sponge can effectively manage uncon-
trolled coagulopathic hemorrhage from superficial and perforating
wounds was explored in vivo by using heparinized rat tail amputation,
liver superficial injury, and liver perforating wound models (Fig. 1D).
Furthermore, the biodegradability of the sponge was assessed using a
lysozyme degradation assay in vitro, and the biocompatibility was
evaluated using cell counting kit-8 (CCK-8), live/dead staining,

T-DSPE-CS
sponge

L Paelet L ____.__.___.___Phosphatidylcholine ______ Phosphatidylcholine_

(O :'i/_ T T T o T TTTTTTTTTTTTTTTTTmTmTmmmmmm o m e

: e Yé\/or&/ho\/o,ﬁ, N\~ oH

1 NH, NH, YE H i/o /1_/0 Z

| ot e — R SN S

\ + CS /\/\/\/\/\/\/\/\/& Ho M Ho NH o HNS -CH !

1 o 0 o a ’A b n I

0 2 T e T e o Ji 3 W\/\/\N\/\/\rfuw‘_li’l’ﬂ‘/‘:’u(')’\‘)'o 2 :

1\/vav\/\/\rr°\/\/°\l3'/°\/\»\)l( Y ° o™ ° ¢ :

1 o ° ]

R DSPE-PEG-NHS __ L ___._ DSPE-CS _________1
Dr-- S S S T S T T I I T T T T A T S T r A rrr nnr T

T-DSPECS Hemostasis of superficial wound T-DSPE-CS
sponge

sponge —

Fig. 1. Preparation and hemostatic applications of the thrombin-loaded DSPE-CS (T-DSPE-CS) sponge. (A) The preparation process of the T-DSPE-CS sponge. (B) The
concept and (C) mechanism of DSPE-modification. (D) The hemostatic application of the T-DSPE-CS sponge in managing uncontrolled coagulopathic hemorrhage

from superficial and perforating wounds.
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hemolysis, and rat subcutaneous implantation tests.
2. Materials and methods

2.1. Materials

CS (molecular weight: 100 kDa, deacetylation degree: 85%) was
provided by Jinan Haidebei Biotechnology Co., Ltd., China. CCK-8, live/
dead staining kit, lactic dehydrogenase kit, hematoxylin-eosin (H&E)
staining kit, and other chemical reagents (e.g., N,N-dimethylformamide,
triethylamine, ethanol, acetic acid, glutaraldehyde) were obtained from
Beijing Solarbio Science & Technology Co., Ltd., China.1,2-Distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylenegl-ol)]
(DSPE-PEG-NHS) was purchased from Guangzhou Carbon Water
Biotechnology Co., Ltd., China. Thrombin, heparin sodium, and lyso-
zyme were provided by Sigma-Aldrich. Male Sprague-Dawley rats
(weight: 250-300 g) were obtained from SPF (Beijing) Biotechnology
Co., Ltd., China.

2.2. Preparation of the sponge

CS was dissolved in a 2% (v/v) acetic acid aqueous solution to attain
a 4% (w/v) concentration. After the solution was centrifuged at 9000
rpm for 3 min, the resulting solution was added to a cylindrical mold and
placed in a cell freezing container at a cooling rate of 1 °C/min. After the
solution was cooled for 24 h at —18 °C, the frozen CS solution was
freeze-dried to produce the porous CS sponge. Next, the sponge was
immersed in 0.2 M NaOH solution to neutralize excess acetic acid and
rinsed with water.

For chemical modification, the DSPE-PEG-NHS was dissolved in N,N-
dimethylformamide to attain a 2% (w/v) concentration. The hydrated
CS sponge was compressed to expel internal water and immersed in 10
mL of above solution. The reaction was performed for 24 h after trie-
thylamine was added. Thereafter, the chemically modified CS (DSPE-CS)
sponge was completely washed with water to remove impurities and
immersed in normal saline.

For physical loading, thrombin was dissolved in normal saline to
achieve a 50 UI/mL concentration. The drained DSPE-CS sponge (50
mg) was placed in a tube containing 2 mL thrombin solution. After 1
min, the thrombin-loaded DSPE-CS sponge (T-DSPE-CS) sponge was
taken out and compressed to expel the internal liquid into the tube. The
loading efficacy of thrombin was measured by determining the
remaining thrombin in the tube using a chromogenic substrate S-2238
[5]. Considering the activity of thrombin, the T-DSPE-CS sponge did not
be prepared in advance and stored. The sponge was used applying a
ready-to-use principle: the DSPE-CS sponge immersed in normal saline
was taken out, squeezed out water, and immersed in thrombin solution.
After that, the T-DSPE-CS sponge was compressed to expel internal
liquid and used immediately.

2.3. Chemical structure characterization

The chemical structures in both CS and DSPE-CS sponges were
characterized using an X-ray photoelectron spectrometer (XPS, Thermo
Scientific, ESCALAB 250Xi, USA) and fourier transform infrared spec-
trometer (FTIR, Thermo Scientific, Nicolet iS20, USA).
2.4. Microstructure characterization

The microstructure of the sponge was observed using a scanning
electron microscope (SEM, Phenom, Phenom-pro, Netherlands). The
corresponding pore size was measured using Image-J software.

2.5. Porosity characterization

The porosity of the sponge was determined using a previous method
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[27]. The weight (m4) and volume (V) of the dried sponge were recor-
ded. Then, the sponge was immersed in ethanol with a 789 kg/m®
density. After the sponge was centrifuged at 9000 rpm for 10 min, the
wet weight of the sponge was measured and recorded as m. The
porosity (%) was calculated as (my—mgq)/pV x 100%.

2.6. Mechanical and injectable properties

The mechanical properties (eg., compression strength, elasticity,
fatigue resistance) of the cylindrical drained sponge (11 mm in diam-
eter, 12 mm in height) were assessed in a cyclic compression test con-
ducted using a texture analyzer (FTC, TMS-Pro, USA). In the test, a
compressive speed of 50 mm/min was applied, with compressive strains
set at 30%, 50%, and 70%. The mechanical flexibility of the T-DSPE-CS
sponge was evaluated in a qualitative torsion test. The injectability of
the T-DSPE-CS sponge was assessed in a qualitative injection test.

2.7. Liquid absorption ability

The hydrated sponge was compressed to remove internal water and
weighed (mq). The drained sponge was immersed in water or blood until
an absorption equilibrium was attained, and the corresponding weight
was recorded as my,. The liquid absorption ratio (%) was calculated as
(my—mg)/myq x 100%.

2.8. Shape recovery ability

The initial height of the drained sponge was measured and recorded
as h,. The sponge was subjected to longitudinal or transverse compres-
sion, and its height was noted as h.. Following stress release, the com-
pressed sponge returned to its original shape, and its height was
recorded as h,. The shape recovery process and time were monitored and
documented. The shape compression ratio (%) was calculated as h./h,
x 100%, and the shape recovery ratio (%) was calculated as h,/h, x
100%.

2.9. The release of thrombin

The drained T-DSPE-CS sponge was immersed in 10 mL of the
phosphate buffer solution (PBS, pH = 7.4) with gentle agitation at 37 °C.
At predetermined time, 1 mL of the supernatant was taken out, and 1 mL
of fresh PBS was added to maintain a constant volume. Then, 10 pL of
the supernatant was mixed with 200 pL of reaction buffer (Tris-HCl
solution with pH of 8.5 containing 20 mM of Tris and 150 mM of NaCl).
After reaction for 2 min at 37 °C, 25 pL of chromogenic substrate (1 mg/
mL) was added. After 6 min at 37 °C, 23.5 pL of acetic acid was added to
terminate reaction. Finally, the reactant was detected by using a
microplate reader at 405 nm, and pure thrombin was used as a control

[5].
2.10. RBC adhesion assay

The whole blood was collected from rats and treated with an anti-
coagulant to obtain the anticoagulated whole blood, followed by
centrifuging at 3000 rpm for 15 min to obtain the packed RBC. Then,
300 pL of RBC was co-incubated with the drained sponge (or gauze and
gelatin sponge serving as controls) and placed in an EP tube for 1 h at
37 °C. The sponge was fully rinsed with normal saline and transferred
into 1 mL of water for 1 h. Thereafter, the absorbance (A;) of the su-
pernatant at 540 nm was measured using a microplate reader. The
absorbance (Ajy) of a reference solution containing packed RBC and
water was also measured. The RBC adhesion ratio (%) was calculated as
Al/Ag x 100%.

The RBC adhesion was further observed through SEM. The packed
RBC was co-incubated with the drained sponge for 1 h at 37 °C. The
sponge was rinsed with normal saline and fixed in a 2.5% (v/v)
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glutaraldehyde solution for 2 h. The fixed sponge was dehydrated in a
gradient series of ethanol solutions and freeze-dried. The sponge was
attached to a stage, sputter-coated with a thin layer of gold, and
observed through SEM.

2.11. Platelet adhesion assay

The anticoagulated whole blood was centrifuged at 3000 rpm for 15
min to obtain platelet-rich plasma (PRP). First, 300 pL of PRP was co-
incubated with the drained sponge (or gauze and gelatin sponge
serving as controls) and placed in an EP tube for 1 h at 37 °C. The sponge
was then rinsed with normal saline and immersed into 0.1% Triton 100-
X solution for 1 h. The absorbance (A;) of the supernatant was measured
at 490 nm. The absorbance (A2) of a solution comprising PRP and 0.1%
Triton 100-X was also measured. The platelet adhesion ratio (%) was
calculated as A;/Az x 100%.

Platelet adhesion was further observed through SEM. Then, 300 pL of
PRP was co-incubated with the drained sponge for 1 h at 37 °C. The
sponge was rinsed with normal saline to remove nonadherent platelets.
Next, the sponge was fixed for 2 h in a 2.5% (v/v) glutaraldehyde so-
lution, dehydrated in a gradient series of ethanol solutions, and freeze-
dried. The sponge was attached to a stage, sputter-coated with a thin
layer of gold, and observed through SEM.

2.12. Whole blood clotting time test

The whole blood clotting time test was conducted according to a
previous method [28]. First, 0.2 mL of anticoagulated whole blood from
the rats was added to the drained sponge (or gauze and gelatin sponge)
in a tube. Then, 0.1 mL of 0.1 M calcium chloride solution was intro-
duced into the tube to initiate blood coagulation. Thereafter, the tube
was incubated at 37 °C, and whole blood clotting was timely observed.
The whole blood clotting time was determined as the time at which a
uniform clot was formed in the tube.

2.13. In vivo hemostatic capacity

In vivo experiments were conducted in strict accordance with Na-
tional Institutes of Health guidelines for the care and use of laboratory
animals and were approved by Institutional Animal Care and Use
Committee of Yi Shengyuan Gene Technology (Tianjin) Co., Ltd. (YSY-
DWLL-2023221). Heparinized rat tail amputation, liver superficial
injury, and liver perforating wound models were used to assess the ca-
pacity of the sponge in managing coagulatic hemorrhage from superfi-
cial and perforating wounds. Commercial gauze and gelain sponge were
used as the controls.

In the heparinized rat tail amputation experiment, the rat was
restrained and anesthetized with 1.5% isoflurane. Then, the heparin
sodium solution (50 UI) was administered to the rat via tail vein at a
dose of 2 mL/kg. The tail was placed on the surface of a weighing filter
paper (Wg). Next, a weighing paper (W;,) was placed beneath the filter
paper to inhibit water absorption. Then, the tail was cut using a surgical
instrument. Following hemorrhage, a circular drained sponge was
pressed against the wound’s surface. After hemostasis, the total weight
of the weighing paper, filter paper, and sponge was recorded as W;.

In the heparinized rat liver superficial injury experiment, the rat was
anesthetized with 1.5% isoflurane and fixed on an operating table. Then,
the heparin sodium solution (50 UI) was administered to the rat via tail
vein at a dose of 2 mL/kg. The rat’s abdomen was incised to expose the
liver, which was then placed on the surface of a weighing paper (Wy)
and filter paper (Wy) in turn. Thereafter, a wound (6 mm length x 5 mm
deep) was made on the liver’s surface. Following hemorrhage, a circular
drained sponge was compressed onto the wound’s surface. After he-
mostasis, the total weight of the weighing paper, filter paper, and sponge
was recorded as Wy.

In the heparinized rat liver perforating wound experiment, the rat
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was anesthetized and fixed on an operating table. Then, the heparin
sodium solution (50 UI) was administered to the rat via tail vein at a
dose of 2 mL/kg. Next, the rat’s abdomen was incised exposing the liver,
which was then placed on the surface of a weighing filter paper (Wy).
After that, a weighing paper (W,y) was placed beneath the filter paper to
avoid the penetration of body fluid. A perforating wound having an 8-
mm diameter was made on the liver. Following hemorrhage, a com-
pressed sponge was injected into the wound cavity to achieve hemo-
stasis. The total weight of the weighing paper, filter paper, and sponge
was recorded as Wy.

In in vivo experiments, the total blood loss (g) was calculated as
(W—W—Wy,). Hemostatic time (s) was measured using a timer, and the
hemostatic process was recorded using a digital camera.

2.14. Biodegradability evaluation

The biodegradation test of the T-DSPE-CS sponge was conducted in
10 mL of PBS containing lysozyme at concentrations of 0, 5, and 15 pg/
mL. The dried T-DSPE-CS sponge was weighted and recorded as m;.
Then, the sponge was immersed into the solutions with gentle agitation
at 37 °C. The lysozyme solution was refreshed daily to ensure continuous
enzyme activity. At predetermined time (0, 7, 14, and 21 days), the
sponge was removed from the medium and rinsed with water, finally
freeze-dried and weighed (my). The relative weight (%) was calculated
as mo/my; X 100%.

2.15. Cytocompatibility test

The compatibility of the sponge to 3T3 fibroblast cells was evaluated
through CCK-8 and live/dead staining assays, and compared with
gelatin sponge. In the CCK-8 assay, a cell suspension (6 x 10* cells) was
applied to each drained sponge surface. After incubating the sponge for
1 and 3 days at 37 °C, the CCK-8 reagent was introduced into the well
and the sponge was further incubated for 2 h. The absorbance (A;) of the
supernatant was subsequently quantified at 450 nm. The absorbance
(A2) of the supernatant in the tissue culture plate (TCP) group was also
measured as a control. The cell viability (%) was calculated as A;/Ay x
100%. In the live/dead staining assay, a cell suspension (6 x 10* cells)
was initially added onto the surface of a round glass coverslip and
incubated for overnight at 37 °C. A circular drained sponge was brought
into contact with the cells. After incubating the sponge for 1 and 3 days
at 37 °C, the sponge was removed. The cells were stained with the live/
dead staining agent in each well for 25 min. Finally, the stained cells
were observed under an inverted fluorescent microscope (ECLIPSE
Ni-U, Nikon, Japan).

2.16. Hemolysis test

The packed RBC was diluted with PBS to obtain a 2% (v/v) RBC
suspension. First, 1 mL of the RBC suspension was added to the EP tube
to immerse the drained sponge. The sponge was then incubated for 1 h at
37 °C. The tube was centrifuged at 3000 rpm for 15 min to obtain the
supernatant. Next, the absorbance of the supernatant was measured at
540 nm and recorded as A;. The absorbances of water- and PBS-diluted
RBC suspensions were recorded as Ay and As, respectively. The hemo-
lysis ratio (%) was calculated as (A;—A3)/(A2—A3) x 100%.

2.17. Histocompatibility test

The histocompatibility of the sponge was determined through rat
subcutaneous implantation test [20,29] and compared with that of the
gelatin sponge. A rat was anesthetized with 1.5% isofluran, and two
incisions were made on both sides of its back. Two 5 mm-diameter cir-
cular drained sponges were then implanted beneath the rat’s skin. After
the incisions were sutured, the rat was returned to its cage and fed. After
2 weeks, the rat was anesthetized, and its blood was collected for routine
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blood and serum biochemistry tests. The sponge embedded into the skin
was resected, and the major organs (e.g., heart, liver, spleen, lung, and
kidney) were removed for H&E staining. In addition, the weight of rat
was also detected and recorded at 0, 5, 10, and 14 days.

2.18. Statistical analysis

All results are expressed as means + standard deviation. All com-
parisons were performed using one-way ANOVA with Tukey’s multiple
comparison test or unpaired t-test in Prism 8.0 software (GraphPad
Software Inc., USA). P < 0.05 was considered to indicate statistical
significance. A nonsignificant difference was expressed as “ns” when P
> 0.05.

3. Results and discussion
3.1. Preparation of the sponge

A self-elastic sponge that integrates active and passive hemostatic
mechanisms is highly desirable for the effective management of un-
controlled coagulopathic hemorrhage. To achieve this objective, we
prepared a T-DSPE-CS sponge according to the experimental procedure
outlined in Fig. 1A. Initially, the 4% (w/v) CS solution was used to
prepare porous CS sponge by the freeze-drying method, which was due
to the superior mechanical strength, self-elasticity, and shape recovery
in air of the prepared sponge (Fig. S1). Then, the alkyl chains and
phosphate groups were decorated onto the CS skeleton through an
amidation reaction between the amino groups of CS and the NHS groups
of DSPE-PEG-NHS (Fig. 1A-C). The results of the FTIR and XPS tests
confirmed the successful decoration of these groups. The absorbance
peak at 1723 ecm ™!, belonging to the stretching vibration of ~CO-O-
group of DSPE, was observed in the FTIR spectrum of the DSPE-CS
sponge (Fig. 2A). The peaks, corresponding to P—0O/P-O groups of
DSPE, were found in the P2p spectra of the DSPE-CS sponge (Fig. 2B and
C). XPS spectra of N1s showed that the substitution degree of the DSPE
was about 18%, which was indicated by the decreased peak area for the
-C-NH; (Fig. 2D and E). Finally, thrombin was physically loaded into the
DSPE-CS sponge through physcial absorption method. The loading ef-
ficacy of thrombin in the sponge was 0.15 + 0.03 Ul/mg.
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3.2. Microstructure, mechanical properties, liquid absorption ability,
porosity, and injectability of the sponge

The porous structure of the hemostatic sponge helps in capturing
blood cells, enhances blood component concentration, and optimizes
coagulation factor loading [30]. The developed sponges had a porous
structure (Fig. 3A), and their pore sizes were comparable, ranging from
100 + 33 pm to 112 + 27 pum (Fig. 3B). Regarding the potential issues
associated with practical applications of hemostatic sponges, the me-
chanical properties (e.g., mechanical strength, elasticity, and fatigue
resistance) of the sponge were evaluated using a cyclic compression test.
The mechanical strength of the sponge improved as the compressive
strain increased (Fig. 3C-E). The T-DSPE-CS sponge exhibited a me-
chanical strength similar to those of CS and DSPE-CS sponges, showing
no significant differences (Fig. 3F-H). Moreover, the drained T-DSPE-CS
sponge exhibited excellent shape recovery when exposed to 30%, 50%,
and 70% strains (Fig. 3E and Supplementary Movie 1), similar to both
drained CS and DSPE-CS sponges (Fig. 3C and D), indicating favorable
self-elasticity. The self-elasticity primarily originated from the homo-
geneous elastic pore structure. Moreover, no change was observed in the
maximum strength of the T-DSPE-CS sponge after two compression cy-
cles (Fig. 3H), which indicated that no significant damage occurred to its
internal porous structure and highlighted its exceptional fatigue resis-
tance. Similar findings were observed for CS and DSPE-CS sponges
(Fig. 3F and G). Additionally, the T-DSPE-CS sponge could withstand
large-scale torsion, and no damage was found after releasing torsional
stress (Fig. 3I and Supplementary Movie 2), revealing its superior me-
chanical flexibility. Similar trends in mechanical properties (eg., me-
chanical strength, self-elasticity, and fatigue resistance) were found for
the CS, DSPE-CS, and T-DSPE-CS sponges after absorbing water
(Fig. S2). For hemostasis of deep, penetrating, and difficult to-access
wound, the hemostatic sponge must exhibit a ability to be easily deliv-
ered into the wound in a compressed state [4,7]. The large-size
T-DSPE-CS sponge could be loaded into a small-size injector to ach-
ieve the overall compression of its shape (Fig. 3J and Supplementary
Movie 3), attributing to its excellent mechanical flexibility. The com-
pressed sponge could be pushed out of injector under external stress and
restore its original shape in air, meaning its superior injectability. He-
mostatic sponges must have a strong liquid absorption capacity to
concentrate blood components and promote coagulation [31,32]. The

A B D
—CS sponge P2p N1s -C-NH,
— DSPE-CS sponge (86+7%)
0 0
® o
3 2
(&) (6] -C-NH-CO-
JA===L
3000 25Q0-°2000 1500 4000 500 142 140 138 136 134 132 130 128 126 404 402 400 398 396 394
_--" Wavenumber (ecm™) \\ Binding Energy (eV) Binding Energy (eV)
—CS sponge C P2 E N1 -C-NH
DSPE-CS sponge P N (68-+6.1%)
P-0
w w
2 2
1723 cm" S P=0 £ |.cNH-cO-
3 8 |B1£55%)
1800 1700 1600 1500 142 140 138 136 134 132 130 128 126 404 402 400 398 396 394

Wavenumber (cm™)

Binding Energy (eV)

Binding Energy (eV)

Fig. 2. Chemical structure characterization of the sponge. (A) FTIR spectra of the CS and DSPE-CS sponges. P2p spectra of the (B) CS sponge and (C) DSPE-CS sponge.
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Fig. 3. Mechanical properties, liquid absorption ability, porosity, and injectability of the sponge. (A) SEM images and (B) corresponding pore size of the CS, DSPE-CS,
and T-DSPE-CS sponges. Cyclic compressive stress-strain curves of the (C) CS, (D) DSPE-CS, and (E) T-DSPE-CS sponges at 30%, 50%, and 70% strains. Maximum
compressive stresses of the CS, DSPE-CS, and T-DSPE-CS sponges at (F) 30%, (G) 50%, and (H) 70% strains. Macro photographs of the drained T-DSPE-CS sponge in
the (I) torsion and (J) injection tests. (K) Water and (L) blood absorption ratios of the CS, DSPE-CS, and T-DSPE-CS sponges. (M) The porosities of the CS, DSPE-CS,
and T-DSPE-CS sponges.
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developed sponges could absorb liquid several times their weight
(Fig. 3K and L). The water absorption ratios of the CS, DSPE-CS, and
T-DSPE-CS sponges were 528 + 70%, 472 + 57%, and 481 + 73%,
respectively (Fig. 3K). The absorption ratios of the sponges for the blood
were similar to those of the sponges for water (Fig. 3L), which indicated
that their liquid absorption ability was independ on the liquid type. The
T-DSPE-CS sponge exhibited an absorption ability comparable to those
of CS and DSPE-CS sponges, which could be ascribed to their similar
porosities (Fig. 3M). The aforementioned results demonstrate that the
T-DSPE-CS sponge has favorable mechanical properties and strong
liquid absorption ability, which are attributable to its self-elastic porous

A

Longitudinal shape recovery

DSPE-CS
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structure. Moreover, the chemical modification of DSPE and physical
loading of thrombin had no significant effects on the microstructure,
mechanical strength, self-elasticity, and liquid absorption ability of the
sponge.

3.3. Shape recovery ability of the sponge

The rapid shape recovery of the hemostatic sponge is positively
correlated with its high hemostatic efficacy [12]. The shape recovery
ability of the drained sponges was evaluated by subjecting them to
longitudinal and transverse compression tests (Fig. 4). The sponges were
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compressed by > 90%, and no significant difference was observed
among the groups (Fig. 4A-C). The shape-fixed sponges immediately
recovered their original shapes when the external compression stress
was released (Supplementary Movies 4, 5). The sponges had a shape
recovery ratio of 100 + 0% and a recovery time of much less than 1 s
(Fig. 4C). The T-DSPE-CS sponge displayed a considerably shorter shape
recovery time than the reported sponges, ranging from seconds to tens of
seconds [5,6,10,19-21,32-34]. The T-DSPE-CS sponge recovered its
shape because of its inherent self-elasticity, whereas the other reported
sponges recovered their shape by stimulating body fluid. More impor-
tantly, the shape recovery time of the T-DSPE-CS sponge was not
affected by the increased viscosity of the body fluid; however, the shape
recovery of most reported sponges was significantly prolonged when
they were exposed to high-viscosity body fluids (e.g., blood) (Fig. 4D).
The T-DSPE-CS sponge offers greater advantages in managing uncon-
trolled hemorrhage, especially from perforating wounds.

Additionally, the changes in the sponge pore structure were observed
through SEM (Fig. 4E and F). Before compression, the T-DSPE-CS sponge
exhibited a complete microporous structure. Under longitudinal or

A Gauze Gelatin sponge

Gelatin sponge

CS sponge

CS sponge
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transverse compressive stress, the pore walls were bent, folded, and
extruded against each other, thereby forming microcracks and micro-
folds. Once the compression stress was released, these microcracks and
microfolds reverted to their original shapes, creating a microporous
structure. Excellent shape recovery of the T-DSPE-CS sponge is because
of the reversible change in its self-elastic porous structure under external
stress.

3.4. The release of thrombin from the sponge

The release profile over time of thrombin from the T-DSPE-CS sponge
was shown in Fig. S3. After immersion for 2 min, the release content of
thrombin was 3.3 + 0.6 Ul With the increase of immersion time,
thrombin could still be released continuously from the sponge. At 8 min,
the release content reached 7.0 + 0.3 UI, revealing high activity of
loaded thrombin. The rapid release of thrombin was related to the
porous structure of the sponge and its good water solubility. Thrombin
can accelerate hemostasis by promoting the conversion of soluble
fibrinogen in plasma into insoluble fibrin in intrinsic coagulation
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pathway [5]. Thus, the loading and rapid release of thrombin were

conducive to increase the hemostasis efficiency of the T-DSPE-CS
sponge, especially for uncontrolled coagulopathic hemorrhage.

3.5. Invitro coagulation activity of the sponge

RBCs and platelets are crucial players in physiological hemostasis

Heparinized rat tail amputation model
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[24,35]. We hypothesized that the decorated alkyl chains can insert into
the hydrophobic regions of cell membranes, while the decorated phos-
phate groups can electrostatically interact with the positive charge of
their membranes. This synergistic effect promotes their adhesion, ag-
gregation, and activation. The physical loading of thrombin accelerates
blood clotting by initiating the intrinsic/exogenous coagulation cascade
process (promoting the conversion of soluble fibrinogen in plasma into
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insoluble fibrin). This hypothesis was first verified through RBC and
platelet adhesion assays. SEM images revealed that more aggregated
RBCs and platelets adhered to the surface of the DSPE-CS sponge than to
that of the CS sponge (Fig. 5A and B) because of the introduced alkyl
chains and phosphate groups. The T-DSPE-CS sponge exhibited
improved RBC and platelet adhesion and aggregation compared with the
DSPE-CS sponge, contributing by the physical loading of thrombin that
enabled the clotting of packed RBCs and PRP within the T-DSPE-CS
sponge. Moreover, RBC and platelet adhesion and aggregation of the

A -
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N -

B Untreated Gauze

Gelatin sponge

g

Materials Today Bio 26 (2024) 101031

T-DSPE-CS sponge were also enhanced compared with those of the
commercial gauze and gelatin sponges. Additionally, the T-DSPE-CS
sponge presented some polarized platelets, which indicated its ability to
promote platelet activation (Fig. 5B). The quantitative results further
confirmed these findings, presenting that the T-DSPE-CS sponge had a
significantly higher RBC adhesion ratio of 52 + 5% and platelet adhe-
sion ratio of 46 + 2% than the other hemostats (Fig. 5C and D). The
ability of the sponges to accelerate blood clotting was assessed using a
whole blood clotting time test. The T-DSPE-CS sponge had a
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significantly reduced whole blood clotting time of 3.4 + 1.1 min
compared with the other hemostats (Fig. 5E). All the aforementioned
results confirm the reasonableness and correctness of our hypothesis
(Fig. 5F).

3.6. Managing uncontrolled coagulopathic hemorrhage from superficial
wounds

To evaluate the capacity of the T-DSPE-CS sponge in managing
coagulopathic uncontrolled hemorrhage from superficial wounds, a
heparinized rat tail amputation model was first created and used
(Fig. 6A). The T-DSPE-CS sponge-treated wound exhibited minimal
blood leakage and only a small amount of blood was observed on the
surface of the filter paper (Fig. 6B). By contrast, untreated wounds and
those treated with the other hemostats exhibited significant blood
leakage and a large amount of blood on the filter paper’s surface. Ac-
cording to the statistical results, the T-DSPE-CS sponge group had a total
blood loss of 0.13 &+ 0.04 g, and the untreated group, gauze, gelatin
sponge, CS sponge, and DSPE-CS sponge groups had blood losses of 1.16
+0.27¢,1.03+0.26 g, 0.93 +0.09 g, 0.25 + 0.04 g, and 0.18 +0.02 g,
respectively (Fig. 6C). Moreover, the hemostatic time of the T-DSPE-CS
sponge-treated wounds was 37 + 5 s, whereas that of gauze-, gelatin
sponge-, CS sponge-, and DSPE-CS sponge-treated wounds was 106 +
9.85,93+ 115,78 +£7.1s,and 60 + 4.2 s, respectively (Fig. 6D).

The heparinized rat liver injury model was also established to further
measure the in vivo hemostatic capacity of the T-DS-CS sponge (Fig. 6E).
The T-DSPE-CS sponge-treated wound exhibited minimal blood leakage,
with only a small amount of blood observed on the filter paper’s surface
(Fig. 6F). By contrast, untreated wounds and those treated with the other
hemostats exhibited significant blood leakage, which led to a loss of
substantial amount of blood. Consistently, significantly less total blood
loss (0.1 + 0.03 g) was noted in the T-DSPE-CS sponge group compared
with the other groups, particularly the untreated, gauze, and gelatin
sponge groups (Fig. 6G). Furthermore, the T-DSPE-CS sponge had a
significantly reduced hemostatic time of 38 + 8.7 s compared with the
other groups (Fig. 6H).

Thus, according to these results, the T-DSPE-CS sponge can effec-
tively manage uncontrolled coagulopathic hemorrhage from superficial
wounds. This is because of the synergistic effects of manual physical
compression on the wound and active coagulation activity (e.g., inter-
acting with RBCs and platelets, initiating the body’s intrinsic coagula-
tion pathway) (Fig. 61).

3.7. Managing uncontrolled coagulopathic hemorrhage from
noncompressible perforating wounds

The capacity of the T-DSPE-CS sponge to manage uncontrolled coa-
gulopathic hemorrhage from perforating wound was evaluated using a
heparinized rat liver perforating wound model (Fig. 7A). The T-DSPE-CS
sponge-treated wound demonstrated minimal blood seepage, with only
a small amount of blood observed on the filter paper’s surface (Fig. 7B
and C). Conversely, untreated wounds and those treated with the other
hemostats exhibited severe blood leakage, leading to a loss of a
considerable amount of blood. The T-DSPE-CS sponge group consis-
tently had significantly lower levels of overall blood loss (0.48 + 0.05 g)
than the other groups (Fig. 7D). Furthermore, the T-DSPE-CS sponge had
significantly reduced hemostatic time of 35 + 8 s compared with the
other groups (Fig. 7E). The T-DSPE-CS sponge effectively manages un-
controlled hemorrhage from noncompressible perforating wounds
because of the following factors (Fig. 7F). The compressed T-DSPE-CS
sponge could return to its original shape excellently, which allowed it to
serve as a physical plug that filled the wound cavity and applied me-
chanical pressure to control hemorrhage (Supplementary Movie 6). The
T-DSPE-CS sponge could absorb water within the blood and accumulate
blood components at the bleeding site, thereby promoting coagulation.
The T-DSPE-CS sponge could promote the adhesion, aggregation, and
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activation of RBCs and platelets through intensive hydrophobic and
electrostatic interactions, facilitating blood clot formation, wound
blockage, and release of coagulation factors. The release of thrombin
activated the body’s intrinsic coagulation cascade process, thereby
enhancing hemostatic efficacy. The T-DSPE-CS sponge achieved effec-
tively wound hemostasis through the combined action of intrinsic and
exogenous or active and passive coagulation pathways.

3.8. Biodegradability and biocompatibility evaluation

The biodegradability of the T-DSPE-CS sponge was evaluated by a
lysozyme degradation assay. As the degradation time increased, the
weight of the sponge gradually decreased (Fig. 8A). The relative weight
of the sponge in lysozyme groups was lower than that in PBS group,
attributing to the hydrolysis effect of lysozyme to CS. Moreover, the
relative weight significantly decreased with the increase of lysozyme
concentration (Fig. 8A). The above results indicate that the T-DSPE-CS
sponge possesses favorable biodegradability in vitro. It is well known
that lysozyme is widely distributed in body fluids, liver, kidney, and
lymphoid tissues. Therefore, we believe that the T-DSPE-CS sponge will
also exhibit favorable biodegradability in vivo.

The hemocompatibility of the T-DSPE-CS sponge was assessed using
the hemolysis test. The T-DSPE-CS sponge had a significantly lower
hemolysis ratio (1.34 + 0.12%) than the water group and a ratio com-
parable to that of the PBS group (Fig. 8B). Furthermore, the hemolysis
ratio of the T-DSPE-CS sponge was below the acceptable 5% [28], which
indicates good hemocompatibility.

The cytocompatibility of the T-DSPE-CS sponge was examined in cell
proliferation and live/dead staining assays. The T-DSPE-CS sponge had
cell viability (>90%) comparable to that of the commercial gelatin
sponge (Fig. 8C) and exhibited minimal observed dead cells after 1 and 3
days of co-culture (Fig. 8D). These results demonstrate that the T-DSPE-
CS sponge had favorable cytocompatibility.

The histocompatibility of the T-DSPE-CS sponge was evaluated
through the subcutaneous implantation test conducted in rats. H&E
staining of the skin and other major organs (heart, liver, spleen, lung,
and kidney) revealed no evident pathological differences between the T-
DSPE-CS sponge and control groups (Fig. 8E). This indicated that the T-
DSPE-CS sponge-induced no obverse inflammatory response. Moreover,
the T-DSPE-CS sponge exhibited no significant differences in routine
blood and biochemical test indices (Fig. 8F and G), as well as in rat
weights (Fig. 8H) compared with the control groups. These results
indicate that the T-DSPE-CS sponge has favorable in vivo
histocompatibility.

Altogether, the findings indicate that the T-DSPE-CS sponge has
favorable biodegradability in vitro and biocompatibility.

4. Conclusions

In summary, the self-elastic CS sponge integrated with active and
passive hemostatic mechanisms was successfully prepared using freeze-
drying, chemical modification, and physical absorption methods in
combination. The sponge exhibited a microporous structure, high self-
elasticity, rapid shape recovery, and good liquid absorbability. It
could interact with RBCs and platelets through hydrophobic and elec-
trostatic interactions, while also accelerating blood clotting. Moreover,
the sponge exhibited favorable biodegradability in vitro and biocom-
patibility. The capability in manaming uncontrolled coagulopathic
hemorrhage of the sponge was demonstrated in vivo using heparinized
rat tail amputation, liver superficial injury, and liver perforating wound
models. The sponge was superior to the commercial gauze and gelatin
sponge in effectively managing uncontrolled coagulopathic hemorrhage
from superficial and perforation wounds.
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Fig. 8. Biodegradability and biocompatibility evaluation of the sponge. (A) The relative weight of the T-DSPE-CS sponge in PBS containing lysozyme at concen-
trations of 0, 5 and 15 pg/mL. (B) Hemolysis ratios of the water, PBS, and T-DSPE-CS sponge groups. (C) The cell viability and (D) Live/dead staining images in the T-
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weight variation of rats in the T-DSPE-CS sponge and control groups.
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