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ARTICLE INFO ABSTRACT
Keywords: In trauma first aid, rapid hemostasis is a priority, extricating patients from hemorrhagic shock and
Trauma infection risks. This paper explores novel hemostatic materials, using ion-crosslinking and freeze-
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Compound hemostatic sponge
Sodium alginate

Silk fibroin

Thrombin

drying techniques. Iterative experiments determined optimal conditions for the temperature-
variable mixing-freeze-drying chemical reaction of sodium alginate (SA)/silk fibroin (SF). We
used SA, SA/SF, SA/SF-TB and commercial hemostatic sponge control samples to perform he-
mostasis experiments on rat liver injury and femoral artery injury models, and to perform wound
healing experiments on rat back full-layer skin. The results showed that the hemostatic time and
blood loss of SA/SF-TB group rats (liver hemorrhage model: 397.17 + 34.80 mg, 77.83 & 7.41 s;
Femoral artery bleeding model: 940.33 + 41.93 mg, 96.83 + 4.07 s) was significantly better than
other experimental groups, and similar to the commercial group. The wound healing experiment
showed that the new granulation tissue thickness of SA/SF-TB group was thicker (380.39 +
28.56 pm) at day 14. In addition, the material properties and biocompatibility of sponges were
characterized by cell experiments and in vivo embedding experiments. All the results showed that
the SA/SF-TB hemostatic sponge prepared in this study could not only seal the wound quickly and
stop bleeding, but also promote the growth of epidermal cells and fibroblasts and accelerate
wound healing. This new material solves the shortcomings of traditional materials such as low
stability, limited shelf life, high unit price, and has good biocompatibility, easy preparation, rapid
hemostasis and other excellent properties. Therefore, this innovative hemostatic material has
great prospects and potential in clinical applications.
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1. Introduction

Hemorrhage is a common and life-threatening event in trauma and surgical procedures. Rapid and effective hemostasis is crucial in
reducing the risk of hemorrhagic shock. Additionally, successful wound healing substantially reduces the chances of infection in open
wounds, considerably decreasing patient mortality rates [1]. Hemostasis also marks the initial phase of the wound-healing process [2].
Thus, the attainment of swift, efficient, and localized hemostasis holds crucial clinical significance in trauma and post operative re-
covery. The domain of materials science provides an opportunity to address this critical need, as the application of hemostatic ma-
terials can win time for trauma patients and reduce the incidence of postoperative bleeding complications. Currently, commonly used
clinical hemostatic materials include hemostatic sponges [3], gels [4], powders [5], and nanofiber membranes [6]. However, these
hemostatic materials possess inherent limitations, such as challenges in storage and transportation and suboptimal adhesiveness,
which hinder their suitability for clinical applications. Consequently, there is an urgent demand for cost-effective, efficient, and
biocompatible hemostatic materials.

We have developed a novel composite hemostatic sponge, primarily consisting of sodium alginate (SA) and silk fibroin (SF) and
loaded with thrombin (TB). SA and SF each possess excellent properties, and their combination harnesses the strengths of both, making
it a promising composite. As a natural wound repair material, SA exhibits excellent thickening, flocculation, and chelation properties,
making it a suitable matrix for facilitating cell migration, adhesion, and regulatory functions [7]. It not only activates coagulation
factor XIII to expedite the clotting process [8]but also promotes wound healing. Owing to its dual functionality, SA is extensively used
in the field of biomaterials. Based on existing research, SA can also serve as a carrier with drug encapsulation and controlled release
properties [9]. However, the mechanical properties of SA are not inherently stable, and during gel formation, dehydration processes
may occur, diminishing its capacity for loading bioactive substances such as enzymes [10]. Research has indicated that combining the
SA gel with other natural polymers can ameliorate material properties, resulting in more effective encapsulation and controlled release
of bioactive substances [11]. SF, a particular natural polymer, is known to enhance the performance of SA [12]. Our designed material
incorporates SF in SA, capitalizing on the inherent excellent biocompatibility and mechanical characteristics of SF [13]. SF can adsorb
and concentrate essential blood components such as clotting factors and platelets, facilitating the hemostatic process [14], Addi-
tionally, it directly activates clotting factors or platelets, initiating the coagulation system [15]. Apart from its hemostatic properties,
SF supports the growth of keratinocytes and fibroblasts [16], making it highly favorable for the repair and regeneration [17] of
traumatic tissues, such as bone, blood vessels, nerves [18], skin, cartilage, ligaments, tendons, heart, eyes, and bladder. The com-
plementary properties of SA-SF establish a robust theoretical foundation for our research.

SA and SF, when used independently for hemostasis, primarily function as dressings [7], and their standalone efficacy may not be
highly efficient. Therefore, we incorporate TB to bolster the hemostatic effectiveness of the material. TB is a multifunctional protease
that plays a pivotal role in various facets of the coagulation system of the body. It can directly interact with fibrinogen, converting it
into fibrin, and concurrently activate or enhance relevant coagulation factors through protease-activated receptors (PARs) [19],
leading to platelet aggregation and facilitating thrombus formation, thereby achieving hemostasis [20]. Owing to its excellent
biocompatibility, high hemostatic efficacy, non-toxicity, and ready availability, TB is well suited for incorporation into hemostatic
materials. For instance, in 2023, Cui et al. Investigated the use of dopamine-coated poly(caprolactone) electrospun nanofiber mem-
branes loaded with TB for wound hemostasis [21]. However, it is worth noting that the activity of TB is considerably affected by factors
such as pH and temperature [22], making its storage and transport challenging, thereby posing substantial difficulties in direct clinical
application for hemostasis. Consequently, the introduction of TB into SA appropriately addresses the limited hemostatic capacity of SA
and the instability of TB, allowing the unique properties of each component to be fully harnessed and maximizing the hemostatic
potential of the composite material. Additionally, in our methodology, we employed Ca?* cross linking, which has been demonstrated
to enhance hemostasis [23]. This undoubtedly contributes to the enhanced hemostatic capabilities of our material.

In this study, we have developed an efficient hemostatic composite material using ion-crosslinking and freeze-drying techniques to
combine SA, TB, and SF. This material holds the potential to expedite wound healing. We evaluated its in vitro biocompatibility
through L929 cell culture, assessed its in vivo degradation by subcutaneous implantation in rats, and evaluated its in vitro coagulation
ability through dynamic coagulation and adhesion experiments involving red blood cells and platelets. Additionally, we examined the
in vivo hemostatic ability of the material using two rat bleeding models, involving the femoral artery and liver, and assessed its wound-
healing promotion capability in a rat skin wound healing model. Our findings indicate that the material exhibits excellent physico-
chemical properties, including robust compressive strength, adhesion, biocompatibility, and biodegradability, as well as stable me-
chanical performance in vitro and in vivo. Furthermore, it demonstrates pronounced hemostatic properties both in vitro and in vivo
and possesses the capacity to promote wound healing. Collectively, these qualities delineate it as a novel hemostatic sponge with
substantial potential for clinical application.

2. Methods
2.1. Materials

In our study, SA was purchased from Boer Chemical Reagent Co., Ltd., Shanghai, China; SF was purchased from Suzhou Silkagen
Biotech Co., Ltd., Suzhou, China; TB was purchased from HanhaiXinenzymes Bio-Tech Co., Ltd., Wuhan, China; Hematoxylin-eosin

stain was purchased from Wuhan Guge Biological Technology Co., Ltd., Wuhan, China; Calcium chloride was purchased from
Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China; PBS was purchased from Beijing Solarbio Technology Co., Ltd.,
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Beijing, China; L929 cells were purchased from the Cell Bank of Chinese Academy of Sciences; And SD rats were purchased from Beijing
Weitong Lihua Experimental Animal Technology Co., Ltd.

2.2. Preparation procedure

We added 1 g of SA powder (purchased from Boer Chemical Reagent Co., Ltd., Shanghai, China) to 10 mL of deionized water and
constantly stirred the mixture at 50 °C for 20 min until the powder was completely dissolved. This resulted in a 10% SA solution, which
we left to equilibrate at room temperature. We dissolved 0.2 g of SF (obtained from Suzhou Silkagen Biotech Co., Ltd., Suzhou, China)
in 10 mL of deionized water to obtain a 2% SF solution. We dissolved TB (purchased from HanhaiXinenzymes Bio-Tech Co., Ltd.,
Wuhan, China) in deionized water (final concentration = 1 pg/mL) and set it aside.

We thoroughly mixed 10 mL of the previously prepared 10% SA solution 10 mL of deionized water and allowed the mixture stand
overnight. We froze the resulting mixture at —80 °C for 12 h and then dried it in a vacuum freeze dryer for 2 days to obtain the SA
sponge sample.

Similarly, we thoroughly mixed 1 mL of the 10% SA solution, 1 mL of the 2% SF solution, and 1 mL of deionized water. Subse-
quently, we added 1 mL of a 0.2-M calcium chloride (CaCly, purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd.,
Shanghai, China) solution. We freeze dried the mixture to obtain the SA-SF sponge sample (SA/SF).

We thoroughly mixed 1 mL of the 10% SA solution and 1 mL of the 2% SF solution. Subsequently, we added 1 mL of the 0.2-M CaCl,
solution and then added 1 mL of the TB solution to the mixture. After ensuring adequate stirring, the mixture was freeze dried to obtain
the SA-SF-TB sponge sample (SA/SF-TB).

2.3. Characterization of sponges

Following freeze drying, the hydrogel samples were immersed in liquid nitrogen and rapidly fractured to obtain cross-sectional
samples. These cross-sectional samples were affixed to sample holders coated with conductive adhesive and subjected to gold
sputter coating. Subsequently, the internal pore structures of the samples were observed via scanning electron microscopy (SEM;
HITACHI SU8010, Japan) at an accelerating voltage of 5 kV.

The freeze-dried hydrogel samples were placed on the stage of a Fourier-transform infrared (FTIR) spectrometer (Thermo Scientific,
Nicolet 6700, the USA), and a downward probe was employed to ensure close contact with the sample during measurement. The
spectra were collected over 128 scans in the range of 4000-400 cm—1.

Samples, each with a height of 10 mm and a radius of 8 mm, were positioned on the operating platform of a universal testing
machine (CMT6103, MTS, the USA) for evaluating the compressive properties of the hydrogels. The compression was conducted at a
rate of 2 mm/min. After the measurements, the compressive modulus for three sets of samples was documented, with each set un-
dergoing three repetitions.

The porosity of the samples was ascertained utilizing the solution volume displacement method. Initially, the dried sample was
submerged in a known volume (V1) of ethanol solution for 12 h. Subsequently, the total volume (V3) of the ethanol solution containing
the hydrogel was recorded. After sample removal, the, the remaining volume (V3) of ethanol was measured. The porosity was
calculated using the following formula:

Porosity (%) = (Vl - V3) / (V2 - V3) x 100%

After freeze drying, the samples were placed on a 0.45-pm filter membrane, which in turn was positioned atop a container filled
with pH 7.4 PBS bulffer, allowing free passage of liquid through the membrane, thereby simulating the conditions of wound exudate.
Subsequently, the swelling properties of the three hydrogels were determined. The entire system was consistently maintained at 37 °C.
At predetermined time intervals (0.5, 1, 5, 10, 30, and 60 min), samples were retrieved, any residual surface moisture was removed
with filter paper, and their weights were recorded. The swelling ratio was then calculated as follows:

Swelling ratio (%) = (m, - mp) / my x 100%

where mg denotes the initial sample weight, whereas mt corresponds to the weight of the sample at various time intervals.

2.4. In vitro biocompatibility evaluation

Samples of SA, SA/SF, and SA/SF-TB were weighed and immersed in a culture medium for 24 h to prepare extraction solutions at
concentrations of 25, 50, 75, and 100 mg/mL for subsequent analyses.

The viability of cells in response to the various concentrations of extraction solutions was evaluated using the Cell Counting Kit-8
(CCK-8, Dojindo, Tokyo, Japan). In brief, L929 cells, at a density of 10° cells/mL, were seeded into a 96-well plate and exposed to the
different concentrations of extraction solutions from each group. Following a 1-day incubation, the samples were rinsed with PBS and
then incubated in a 10% CCK-8 solution (Dojindo, Tokyo, Japan). After a 2-h incubation, the absorbance of the solution was measured
at 450 nm using a microplate reader (SpectraMax M2, Molecular Devices, Sunnyvale, CA, the USA).

1929 cells, at a density of 10° cells/mL, were seeded in a 96-well plate and subjected to a concentration of 100 mg/mL of extraction
solutions from each group. After 1, 2, and 3 days of incubation, the samples underwent washing with PBS and subsequent incubation in
a 10% CCK-8 solution. After 2 h of incubation, the absorbance at 450 nm was quantified using a microplate reader (SpectraMax M2,
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Molecular Devices, Sunnyvale, CA, the USA).

To further evaluate cell compatibility, L929 cells were co-cultured with the 100 mg/mL extraction solutions from each group at
38 °C for 1 day. Following co-culture, the samples were cleansed with PBS and then stained with calcein-AM/propidium iodide in a
dark setting for 30 min. Following a final wash, cell viability was visualized utilizing a confocal microscope (Nikon A1, Tokyo, Japan).

2.5. In vivo biocompatibility evaluation

To assess the in vivo biocompatibility and degradation of the materials, we employed pentobarbital sodium anesthesia on Spra-
gue-Dawley (SD) rats, and their dorsal fur was removed. Following a skin incision on the dorsal surface, 20 mg of the samples were
implanted. In the blank control group, skin incisions and sutures were performed without material implantation. The positive control
group received filter paper implants. Skin reactions in each group were observed at 0, 3, 7, and 14 days post implantation. After 14
days, the rats from each group were euthanized, and full-thickness skin tissues were collected for hematoxylin and eosin (HE) staining
to observe skin pathological changes, especially foreign-body reactions and inflammatory responses, to assess the degradation per-
formance of the materials. Additionally, the shape and size of the heart, lung, stomach, liver, spleen, and kidney were observed in the
blank control group and the SA/SF-TB group. Subsequently, HE staining was performed on these organs to evaluate whether SA/SF-TB
caused substantial damage to these organs after degradation and absorption.

2.6. Dynamic coagulation assay

Fresh rat blood was drawn and mixed with anticoagulant citrate dextrose solution (comprising 20-mM citric acid, 110-mM sodium
citrate, and 5-mM b-glucose) in a ratio of 9:1 (v/v) to prepare anticoagulated whole blood. Samples of SA, SA/SF, and SA/SF-TB were
cut into equal-sized square pieces (0.5 cm x 0.5 cm) and placed in 5-mL centrifuge tubes. A control group without samples was also
prepared. Then, 50 pL of anticoagulated whole blood was added to the surface of each sample, followed by the addition of 10 pL of the
0.2-mol/L CaClj solution to initiate the coagulation process. The tubes were then placed in a 37 °C constant temperature oscillating
incubator for 30, 60, 90, and 120s. Afterward, 3 mL of deionized water was gently added to each sample, mixed, and allowed to stand
for 5 min. Finally, the absorbance of the supernatant was measured at 545 nm using a microplate reader to obtain the dynamic
coagulation curves for each group. The whole blood coagulation index (BCI) was calculated using the following formula:

BCI=[(A, - Ay) / (Ac - Ap)] x 100%

where A represents the OD value of the experimental group, A, is the OD value of the control group, and Ay, is the OD value of the blank
well.
Each sample was tested in triplicate.

2.7. Red blood cell adhesion assay

SA, SA/SF, and SA/SF-TB samples were placed in a 24-well plate, and 1 mL of anticoagulated whole blood was gently added
dropwise onto each sample. The 24-well plate was then incubated in a 37 °C constant temperature chamber for 5 min to allow suf-
ficient interaction between the samples and the blood. Subsequently, deionized water was slowly added to each sample surface to wash
away unbound red blood cells. The samples were then fixed with 2.5% glutaraldehyde for 12 h, sequentially dehydrated with graded
alcohols, coated with gold, and then observed using SEM to examine the morphology and number of adherent red blood cells on the
sample surfaces.

2.8. Platelet adhesion assay

The procedure employed for platelet adhesion was similar to that utilized for red blood cells adhesion. However, there was a
difference in the initial step, where anticoagulated whole blood was centrifuged at 800 rpm for 10 min to obtain platelet-rich plasma
(PRP). Subsequently, the PRP, enriched with platelets, was gently added dropwise onto the sample surfaces and incubated for 2 h.
Finally, SEM was used to observe the number and activation state of adherent platelets on the sample surfaces.

2.9. In vivo hemostasis experiments

All experimental procedures used in this study were conducted in accordance with ethical guidelines and were approved by the
Ethics Committee of Peking University People’s Hospital (Approval Number: 2021PHE067). For this segment of the research, 30 SD
rats procured from Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. (License No. SCXK (JING) 2021-0011) were
utilized. These animals were randomly divided into five groups, each comprising six rats: the control group, SA group, SA/SF group,
SA/SF-TB group, and commercial group (using a commercially available absorbable hemostatic material, purchased from Qingdao
Zhonghui Shengxi Bioengineering Co., Ltd., Qingdao, China).

Femoral Artery Hemostasis Experiment. The SD rats were anesthetized and placed in a supine position. The inner thigh was
prepared by removing fur and sterilizing the area. The skin, muscle layers, and fascia were sequentially incised to expose the femoral
artery. A 1-mL syringe needle was used to puncture the femoral artery, and then, each group material was placed at the puncture site.
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Fig. 1. (A) Schematic of the preparation process and hemostatic mechanism of the SA/SF-TB composite hemostatic sponge. (B) SEM images of the
internal pore structures of SA, SA/SF, and SA/SF-TB at an acceleration voltage of 5 kV. (C) FTIR absorption spectra for SA, SA/SF, and SA/SF-TB.
(D) Stress—strain curves of SA, SA/SF, and SA/SF-TB. (E) Histograms depicting the porosity of SA, SA/SF, and SA/SF-TB. (F) Photographs of SA, SA/

SF, and SA/SF-TB before and after immersion in PBS buffer at pH 7.4 for 5, 10, 20, and 30 min, accompanied by the corresponding time:swelling
ratio curves (**p < 0.01).
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Adequate pressure was applied to ensure proper adhesion, and the time to complete cessation of bleeding and the volume of blood lost
were recorded.

Liver Hemostasis Experiment. The SD rats were anesthetized, placed in a supine position, and their abdomen was shaved and
sterilized. A midline abdominal incision, measuring approximately 5 cm in length, was made layer by layer to expose the abdominal
cavity. The liver was then exposed, and a cut approximately 0.5 cm in length and 0.2 cm in depth was made on the right lobe of the
liver using a surgical scalpel. Pre-prepared materials from each group were placed on the cut wound, covering and adhering to the liver
tissue. Pressure was applied using a dry cotton ball above the material on the wound, and the time to complete cessation of bleeding
and the volume of bleeding were recorded.

2.10. In vivo wound-healing experiment

A total of 24 SD rats were used for this section of the study, obtained from Beijing Weitong Lihua Experimental Animal Technology
Co., Ltd. (License No. SCXK (JING) 2021-0011). The animals were randomly divided into four groups, each comprising six rats: the
control group, SA group, SA/SF group, and SA/SF-TB group.

After anesthesia administration, the dorsal fur of the rats was shaved, and a circular skin defect, measuring 1 cm in diameter, was
created in the middle of the dorsal region using a skin punch. For all groups except the control group, the respective composite
materials were carefully applied to cover the skin defects. To document the wound-healing process, photographs of the wounds were
taken on days 3, 7, and 14 post treatment. The wound-healing rate was calculated using the following formula: wound-healing rate =
(Aog — A)/A x 100%, where A represents the initial wound area and A represents the current wound area.

On days 3, 7, and 14 post treatment, the rats were euthanized, and their tissues were fixed in phosphate-buffered formalin for 24 h,
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Fig. 2. (A) SA, SA/SF, and SA/SF-TB concentrations of 25, 50, 75, and 100 mg/mL extract after cultivation incubation of cell survival rate. (B) SA,
SA/SF, and SA/SF-TB, each group concentration 100 mg/mL extract after cultivation incubation at 450-nm wavelength absorbance. (C) Using SA,
SA/SF, SA/SF-TB, each group 100 mg/mL extract after cultivation staining confocal microscope under the obtained image.(**p < 0.01).
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Fig. 3. (A) Photographs of SA, SA/SF, SA/SF-TB, alongside blank and control group materials taken post embedding in rat wounds at 0, 3, 7, and 14
days, and the pathological changes in tissue sections stained with HE on the 14th day after euthanizing the rats. (B) Photographs depicting the
internal organs of rats in the SA/SF-TB group, accompanied by histological sections (spleen, kidney, stomach, heart, liver, and lungs). (C) Pho-
tographs showcasing the internal organs of rats in the blank group, along with histological sections (spleen, kidney, stomach, heart, liver, and lungs).

followed by dehydration and embedding in paraffin. The paraffin-embedded samples were sectioned into 5 pm slices, deparaffinized
with xylene, and dehydrated using graded ethanol series. Subsequently, the sections were stained with HE according to established
protocols. Histological analysis of the tissue sections was performed by a pathologist, who was blinded to the treatment groups, to
assess wound healing.

2.11. Statistical analysis

All data are presented as mean =+ standard deviation (SD). Statistical analyses were executed utilizing SPSS 13.0 software. To
analyze the data, one-way analysis of variance was employed. The significance levels were established as: *P < 0.05, **P < 0.01, ***P
< 0.001, denoting statistical significance for all executed tests. The term “ns” indicates P > 0.05, indicating no statistical difference in
the results.

3. Results
3.1. Characterization of sponges

Fig. 1A illustrates the schematic representation of the preparation process and hemostatic mechanism of the SA/SF-TB composite
hemostatic sponge in this study. Evaluations were conducted on the material microstructure, compressive strength, and swelling
properties. SEM images of SA, SA/SF, and SA/SF-TB are presented in Fig. 1B, demonstrating that all three sponges possess uniform and
smooth pore distributions. As shown in the infrared spectrum (Fig. 1C), the three materials exhibit obvious peaks near 1514, 1023, and
528 cm ™ '. The characteristic absorption peak at 1514 cm™! corresponds to the asymmetric stretching vibration of the -NO, group.
Similarly, the peak at 1023 cm ™! is attributed to the stretching vibration of the C-O bond, while the peak at 528 cm ™ is associated with
the out-of-plane wobble of CO5™. These observations confirm the consistency of functional groups across the three materials, indicating
no loss of functional groups during the preparation process. Fig. 1D depicts the stress—strain curves of the three materials, revealing
that SA and SA/SF-TB possess enhanced toughness and ductility compared to SA/SF. The porosity measurements depicted in Fig. 1E
show that SA/SF-TB (71.54% + 0.78%) exhibits higher porosity than SA/SF (65.44% =+ 0.70%) and SA (59.52% =+ 0.70%), indicating
that SA/SF-TB possesses more abundant porosity, aligning better with the desired properties of hemostatic materials. Fig. 1E and F
represent our assessments of the swelling properties of the three materials. Fig. 1F displays images of the materials at 0, 5, 10, 20, and
30 min post water absorption, along with the experimentally determined swelling percentages. SA/SF-TB and SA/SF show superior
water absorption capabilities compared to SA at 0.5, 1, 5, and 10 min, and these results present a statistical difference. However, at 30
min and beyond, the difference was not statistically significant as all three materials reached full absorption.

3.2. In vitro safety evaluation of sponges

To assess the cellular compatibility of the materials, we employed an in vitro co-culture method with L929 cells and extracts from
the three materials, followed by staining with calcein-AM/propidium iodide, as shown in Fig. 2C. This figure shows that all the three
materials exhibited a high proportion of live cells, stained green by calcein-AM, whereas only a minimal number of dead cells, stained
red by propidium iodide, were observed in the field of view. This indicates that the three materials demonstrate excellent cellular
compatibility.

In Fig. 2A, cells were incubated in extracts with different concentrations of SA, SA/SF, and SA/SF-TB for the same duration, and the
cell survival rates in each group remained elevated, showing no dependence on the extract concentration. Fig. 2B depicts cells cultured
on control, SA, SA/SF, and SA/SF-TB substrates for 1, 2, and 3 days, respectively. The data revealed a progressive increase in
absorbance across the 3-day span in all groups, suggesting an increase in cell numbers and suitable conditions for cell survival and
proliferation. This demonstrates that none of the three materials exhibited cytotoxic effects on the cells, confirming their excellent
cellular compatibility.

3.3. In vivo biosafety assessment of sponges

To assess the in vivo biocompatibility and degradation of the sample, SA, SA/SF, SA/SF-TB, and a control group (filter paper) were
implanted subcutaneously in the dorsal region of rats alongside a blank control group for comparison. Skin reactions were monitored
by documenting wound photos. Fig. 3A displays the wound photos at 0, 3, 7, and 14 days after subcutaneous implantation in the rats.
Throughout the study, SA, SA/SF, SA/SF-TB, and the blank control group did not exhibit significant inflammatory reactions, with all
wounds healing within 14 days. By contrast, the control group exhibited the formation of granulation tissue and scars, indicating
suboptimal healing.

To evaluate the potential toxicity and systemic effects of the materials on other organs, the rats were euthanized after 14 days, and
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gross and histological examinations were conducted on various internal organs. As shown in Fig. 3B and C, the size and morphology of
organs in the SA/SF-TB group were similar to those observed in the blank control group. Microscopic analysis of the tissue sections
revealed no significant differences, suggesting that SA/SF-TB did not induce strong rejection reactions or inflammation. This further
demonstrates the excellent biocompatibility of SA/SF-TB.

3.4. Evaluation of in vitro blood clotting of sponges

To evaluate the coagulation capability of the materials, we conducted in vitro coagulation experiments. Fig. 4A depicts photo-
graphs of samples containing anticoagulated blood and calcium ions introduced to initiate the reaction, with images captured at 30,
60, 90, and 120 s. The images reveal that the three groups SA, SA/SF, and SA/SF-TB rapidly formed clots.

In Fig. 4B and C, the dynamic coagulation curves of the whole BCI are presented. The graphs indicate that the whole BCI of SA/
SF-TB is lower than those of SA/SF and SA, implying an enhanced coagulation capability with the incorporation of SF and TB into the
material. As observed via SEM (Fig. 4E), red blood cells and platelets adhere to the surfaces of all the three materials to some extent.
However, the adhesion of red blood cells and platelets on SA/SF-TB is more pronounced than that on the other two materials. This
observation suggests that SA/SF-TB exhibits the best coagulation performance among the three materials, demonstrating that
coagulation enzymes are effectively operational within SA/SF-TB, promoting the aggregation and adhesion of activated blood cells to
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Fig. 4. (A) Photographs illustrating in vitro coagulation at 30, 60, 90, and 120 s for SA, SA/SF, SA/SF-TB, and the control group. (B) Dynamic
coagulation curves depicting the whole BCI. (C) Statistical results of the whole BCI following repeated measurements. (D) SEM images of red blood
cells and platelets adhered to the surfaces of SA, SA/SF, and SA/SF-TB (n = 3, **p < 0.01).
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Fig. 5. (A) Schematic of the rat femoral artery hemorrhage model. (B) Sequential photographs depicting the hemostasis process in the femoral
artery hemorrhage model (from left to right: control, SA, SA/SF, SA/SF-TB, and commercial groups). (C) Statistical results of blood loss in the
femoral artery hemorrhage model across the control, SA, SA/SF, SA/SF-TB, and commercial groups. (D) Statistical results of hemostasis duration in
the femoral artery hemorrhage model across the control, SA, SA/SF, SA/SF-TB, and commercial groups. (E) Schematic illustration of the rat liver
bleeding model. (F) Sequential photographs depicting the hemostasis process in the liver bleeding model (from left to right: the control, SA, SA/SF,
SA/SF-TB, and commercial hemostatic material groups). (G) Statistical results of blood loss in the liver bleeding model across the control, SA, SA/

SF, SA/SF-TB, and commercial groups. (H) Statistical results of hemostasis duration in the liver bleeding model across the control, SA, SA/SF, SA/
SF-TB, and commercial groups (n = 6, **p < 0.01).
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(B) Statistical results of wound-healing rates at days 3, 7, and 14 in the skin wound-healing model of the control, SA, SA/SF, and SA/SF-TB groups.
(C) Skin wound-healing model sections on days 7 and 14 for the control, SA, SA/SF, and SA/SF-TB groups. (D) Statistical results of granulation
tissue thickness at days 7 and 14 in the skin wound-healing model for the control, SA, SA/SF, and SA/SF-TB groups. (n = 6, *p < 0.0001).
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effectively achieve hemostasis.
3.5. Evaluation of hemostatic performance in vivo

To comprehensively evaluate the in vivo hemostatic efficacy of the materials, in vivo hemostasis experiments were performed using
two rat models: the femoral artery and liver hemorrhage models. We evaluated the hemostatic capability of three hemostatic sponges
in comparison with control groups (gauze) and a commercial product (absorbable hemostatic material). Fig. 5A and E illustrate the
schematic diagrams of the rat models, while Fig. 5B and F shows images of the respective wounds.

In the liver bleeding model (Fig. 5B), the recorded data for blood loss and bleeding time indicate that SA/SF-TB significantly
reduced blood loss (397.17 + 34.80 mg) and shortened hemostasis time (77.83 + 7.41 s) in contrast to SA/SF (780.83 + 32.03 mg,
107.67 + 8.69 s, p < 0.0001), SA (1247.50 + 137.14 mg, 123.83 £ 9.11 s, p < 0.0001), and the control group (1937.50 + 68.50 mg,
146.83 + 6.27 s, p < 0.0001). There was no significant difference between the performance of SA/SF-TB and the commercial group
(354.83 £+ 37.24 mg, 70.33 + 10.95 5, p > 0.05).

In the femoral artery bleeding model (Fig. 5G), the data pertaining to blood loss and bleeding duration closely aligned with the
findings from the liver bleeding model. SA/SF-TB demonstrated a notably reduced blood loss (940.33 + 41.93 mg) and a shorter time
to achieve hemostasis (96.83 + 4.07 s) compared to SA/SF (1200.83 + 88.97 mg, 121.67 + 7.69 s, p < 0.0001), SA (1950.83 + 46.56
mg, 135.83 £ 5.12s, p < 0.0001), and the control group (3103.33 + 104.90 mg, 180.67 + 5.05 s, p < 0.0001). There was almost no
significant difference between SA/SF-TB and the commercial group (924.50 + 31.86 mg, 89.83 + 6.52 s, p > 0.05).

The experiments demonstrate that SA/SF-TB exhibits excellent in vivo hemostatic performance, nearly equivalent to that of
clinically used hemostatic dressings. This suggests its potential application in various clinical trauma scenarios.

3.6. Evaluation of promoting tissue healing performance

To assess the wound-healing properties of the hemostatic materials, we conducted in vivo wound-healing experiments using a rat
skin wound-healing model. To document the wound-healing process, photographs of the wounds were captured at days 3, 7, and 14
post treatment, as shown in Fig. 6A. It is evident that the SA/SF-TB group exhibited a high wound-healing rate, resulting in a smoother
wound surface. Figure B illustrates the wound-healing rates on days 3, 7, and 14. Notably, by day 7, the wound-healing rate in the SA/
SE-TB group (97.45% =+ 0.78%) was significantly higher than those in the SA/SF (84.37% + 1.11%), SA (77.72% =+ 1.32%), and
control groups (66.49% + 1.50%) (p < 0.0001). This indicates that the SA/SF-TB group exhibited a high wound-healing efficiency,
approaching complete wound closure by day 7.

Furthermore, to assess the quality of wound healing, we performed histological staining and observations, as depicted in Fig. 6C.
The images reveal that the SA/SF-TB group exhibited superior wound-healing outcomes with high efficiency. Fig. 6D presents the scar
width and granulation tissue thickness on days 7 and 14. The results demonstrate that by day 14, the scar width in the SA/SF-TB group
(201.83 + 15.34 pm) was smaller than those in the SA/SF (275.89 + 9.87 pm), SA (423.52 + 22.28 pm), and control (492.01 + 40.57
pm) groups. Additionally, the granulation tissue thickness in the SA/SF-TB group (380.39 + 28.56 pm) was considerably greater than
those in the SA/SF (337.59 + 8.00 pum), SA (274.59 + 27.12 pm), and control (257.19 + 228.38 pm) (p < 0.0001) group. These
findings collectively suggest that SA/SF-TB is an effective wound-dressing material capable of efficiently promoting wound healing.

4. Discussion

In the process of wound-healing, efficient hemostasis is often considered the initial crucial step, making the quest for suitable
hemostatic materials a notably important endeavor [24]. In this study, we have developed a novel hemostatic sponge using SA, a
coagulation enzyme, and SF. These three components complement each other, working in harmony to create a portable, highly
effective, readily available, biocompatible, and outstandingly hemostatic sponge. Moreover, this sponge has the added advantage of
promoting wound healing. The convergence of these characteristics indeed aligns with the requirements of an ideal hemostatic
material.

Currently, there are four common approaches for improving the performance of hemostatic materials [25]: the physical strategy (in
which the physical structure of the material is altered to enhance water absorption for compression, concentration, and hemostasis),
the biological strategy (in which biologically active substances are loaded to directly engage in the coagulation process), surface
biomolecule modification (in which biologically active molecules on the material surface are used to regulate the coagulation system),
and surface coating (in which material adhesion is improved to promote hemostasis through the application of surface coatings). In
addition, numerous alternative methods exist for promoting hemostasis, such as employing electrical stimulation [26] to promote
wound healing and hemostasis. In our study, we adopted physical and biological strategies to enhance the performance of our he-
mostatic material. The developed hemostatic material is a sponge comprising SA as the framework, with the incorporation of SF and a
coagulation enzyme to further improve the mechanical stability and the hemostatic performance of the material. SA is a common
natural material known for its high biocompatibility, ease of availability, cost-effectiveness, and ability to promote coagulation
through the activation of factor XIII, making it widely applicable in various hemostatic scenarios. However, owing to its relatively
weak mechanical strength, SA typically requires the addition of other materials for the enhancement of its mechanical strength.
Catanzano et al. developed a composite sponge by incorporating hyaluronic acid into SA [27], and Che et al. investigated the addition
of gelatin to SA [28]. Both modifications enhanced the mechanical stability and hemostatic properties of SA to varying degrees. Wei
et al. discovered that soluble SF can promote platelet aggregation and adhesion to facilitate coagulation [29]. Other studies have
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shown that combining SF with SA through ionic crosslinking results in a structure with greater mechanical stability. In our study, we
also observed that the introduction of SF into SA improved the strength and swelling properties of SA, leading to enhanced hemostatic
effectiveness compared to using SA alone. A study by Tang et al. showed that the addition of PRP to hemostatic sponges could optimize
hemostatic performance, with TB playing a contributory role [30]. After optimizing the physical hemostatic performance of the novel
hemostatic sponge in this study, we further introduced a coagulation enzyme to enhance the biological hemostatic performance of the
material. The coagulation enzyme acts rapidly, yields significant results, and does not disrupt the coagulation mechanism, making it a
commonly used hemostatic agent in clinical settings [31]. To incorporate it into our new material, we needed appropriate techniques
and methods.

Ion crosslinking technology relies on the electrostatic interactions between positive and negative ions to form ion-crosslinked
structures, which exhibit excellent physicochemical properties such as water absorption and extensibility [32]. In 2015, Luo et al.
discovered that high-strength hydrogels could be constructed through ionic bonding [33]. In our study, we applied a small amount of
calcium ions as the crosslinking agent, and the excess uncrosslinked calcium ions were removed during the synthesis process, ensuring
the biogas contained only trace, safe levels of calcium. During hemostasis and wound closure, a small amount of calcium ions will be
released, and studies have shown that calcium ions can act as a catalyst to accelerate the conversion rate of prothrombin to TB, thereby
positively influencing the clotting process [34]. Consequently, the application of calcium ions in our study is deemed safe and
beneficial. Meanwhile, freeze drying is a method of drying materials through the sublimation of ice crystals. This technique preserves
the structural integrity of the material and thoroughly removes moisture, yielding a lightweight and portable product. For hemostatic
sponges, freeze drying can protect the biological activity of the material against degradation. Additionally, the porous and loose
structure formed by freeze drying is conducive to the full utilization of the water absorption capacity of the material. In 1999,
Madihally et al. pioneered the use of freeze-drying technology to fabricate porous organic polymers [35]. These techniques, owing to
their simplicity and efficiency, are well suited for enhancing the performance of hemostatic materials. In this study, we successfully
prepared an SA-SF-TB sponge sample using ion-crosslinking and freeze-drying technologies, achieving good mechanical stability and
swelling properties.

To further evaluate the clinical applicability of the novel hemostatic material, we corroborated its biocompatibility and safety
through comprehensive in vitro and in vivo experiments. In vitro analyses involved evaluating cell viability on the material surface to
explore the interaction between the material and cells. It is well documented that various physicochemical interactions occur at the
interface between the material surface and bioactive substances. These interactions may be influenced by characteristics such as the
size, shape, roughness, and surface coatings of materials [36]. For materials that come into contact with bioactive substances, these in
vitro tests are necessary. In vivo, the study focused on determining the degradability of the material in rat tissues, mainly by evaluating
the foreign-body reaction of rats to the implanted material and observing the occurrence of inflammation. The principle behind this
test is that macrophages and foreign-body giant cells may trigger various foreign-body reaction events during wound healing after
implantation of a foreign material. This can be observed by examining the morphological structure of proteins, cells, and other
constituents to determine any potential safety concerns [37]. Based on the experimental results, the novel hemostatic material pre-
sented in this study demonstrates excellent biocompatibility in vitro and in vivo settings.

Wound healing is an essential process in hemostasis or post-injury recovery in the body. The process of wound healing can be
roughly divided into four stages: hemostasis, inflammation, remodeling, and proliferation. Among these stages, hemostasis is the
cornerstone of the entire cascade reaction, indicating the close and complementary relationship between hemostasis and wound
healing. Therefore, in this study, we evaluated the hemostatic performance of the material from in vitro and in vivo perspectives, and
we assessed the pro-healing properties of the material through in vivo experiments. The in vitro coagulation process may be char-
acterized by factors such as the degree TB activation, the concentration of TB, and the local concentration of active cells and substances
[38]. These factors are indispensable and dynamically change during physiological coagulation processes [39]. Consequently, we
monitored the in vitro whole BCI through swelling rate curves, dynamic coagulation experiments, red blood cell adhesion experiments,
and platelet adhesion experiments to analyze the role of the hemostatic sponge in thrombus formation. We also observed the adhesion
ability of the material to red blood cells and platelets. We found that the novel material designed in this study exhibits good swelling
properties, efficient coagulation, and excellent adhesion to red blood cells and platelets. Therefore, we hypothesize that the material
achieves hemostasis by rapidly forming a thrombus through water absorption and expansion, followed by platelet and red blood cell
recruitment. In vivo hemostasis depends on compression and adsorption properties of the material and may involve tissue adhesion
properties [40], the formation of a sealed space to promote wound granulation tissue growth [41], and the promotion of skin healing
[42], among other factors. To test the comprehensive in vivo hemostatic performance, we established models for skin healing, femoral
artery bleeding, and liver bleeding. We found that the SA/SF-TB hemostatic material designed by our team also demonstrates excellent
in vivo hemostatic performance and promotes tissue regeneration and healing.

In summary, based on the design concept of the developed material, relevant literature, and our experimental data, we propose that
its outstanding hemostatic performance may be attributed to the following factors:

1. The ability of the material to absorb and swell upon contact with fluids, effectively exerts pressure conducive to hemostasis and
facilitates the accumulation of red blood cells, platelets, and coagulation factors, thus promoting hemostasis. 2. The maintenance of
adequate biological activity of TB within this composite material, further enhancing its intrinsic hemostatic properties. 3. The ability of
the material to stimulate cell proliferation, which could contribute to limiting bleeding occurrences. However, it is crucial to augment
these assertions with additional supporting data, which will be the focus of our future research endeavors.
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5. Conclusion

In this study, the SA/SF-TB hemostatic sponge developed by ion crosslinking and freeze-drying technology showed rapid hemo-
stasis and healing promotion in vivo and in vitro, and had good biosafety and degradability. The innovative material overcomes the
shortcomings of traditional hemostatic materials such as low hemostatic effect, difficult preparation, preservation, transportation and
high cost, and has excellent properties such as good biocompatibility, easy preparation and rapid hemostatic, which is expected to be
applied in a variety of clinical occasions.
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