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A B S T R A C T

Non-compressible hemorrhage poses a severe threat to life globally, yet achieving effective hemostasis and 
facilitating tissue repair remain a significant challenge and desired requirement. Herein, the all-in-one extra
cellular matrix (ECM)-based powder, composed of modified small intestinal submucosa (SIS) and sodium algi
nate, was ingeniously designed to realize one-stop management for non-compressible hemorrhage. Specifically, 
upon contact bleeding site, the powder’s extreme liquid absorption allows for the rapid removal of interfacial 
blood. Simultaneously, based on the instant self-assembly strategy of covalent/non-covalent interaction, the 
powder can transform to wet bio-adhesive hydrogel within 5 s, effectively sealing the wound. Using the inherent 
bioactivities, the ECM-based powder exhibits satisfactory biocompatibility, enhanced cell recruitment, angio
genesis and endothelial cell functions. Ulteriorly, excellent hemostasis performance have verified in rabbit liver 
non-compressible hemorrhage and heart/artery massive hemorrhage models, significantly reducing the blood 
loss. More importantly, after hemostasis, the impaired liver demonstrates functional restoration that the more 
vessels and bile ducts formation, facilitated by the biodegradation of ECM-derived powders in vivo and the multi- 
biological cues response. Collectively, leveraging the merits of powder and hydrogel, this novel powder fulfills 
the all-in-one need for both non-compressible hemorrhage control and subsequent tissue repair, signifying it a 
valuable material in first aid.

1. Introduction

Uncontrolled hemorrhage has emerged as a significant cause of 
mortality, accounting for 30 % of trauma-related deaths in military 
combat or civilian setting, making it a critical concern. Notably, 
approximately 50 % of such fatalities are potentially preventable with 
immediate emergency intervention [1,2]. To this end, various hemo
static measures have been developed such as tourniquets, clotting 

factors and antifibrinolytic agent, but challenges persist in managing 
massive non-compressible hemorrhage occurring in the body trunk and 
internal organs [3,4]. Thereby, the development of materials for 
non-compressible hemorrhage remains an exceedingly challenge.

Powder-type materials, characterized by their large specific surface 
area and superior liquid absorption capacity, are particularly advanta
geous for deep and irregular bleeding sites compared to other materials 
such as gauzes, hydrogels, and sponges. Nevertheless, lacking bio- 
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adhesion and dispersion in blood have been obstacles for traditional 
hemostatic powders (e.g., QuickClot®, Celox™) to use in non- 
compressible hemorrhage control [5–7]. Self-assembly, generally re
fers to the spontaneous formation of an ordered structure from a basic 
unit, has gained increasing attention in hemostasis and tissue repair 
[8–11]. As reported, the hemostatic powders with self-assembly can 
achieve powder-hydrogel transformation [12,13]. For example, Bian’s 
group developed a PEI/PAA/QCS powder that could form a stable 
physical barrier to seal wounds within 4 s upon hydration [14]. More
over, a gelable and adhesive powder (GAP) based on chitosan and 
modified poly(ethylene glycol) is developed by Wu’s group. It could 
turns into wet-adhesive hydrogel via covalent bonding [15]. There 
innovative designs combined the advantages of both powders and 
hydrogels. Additionally, hydrogels, with their biomimetic 3D structure, 
have shown promise in promoting tissue repair across various fields, 
although this aspect has not been fully explored in self-assembling 
powders [16–18]. Moreover, ideal hemostatic materials should not 
only meet the hemostatic effect, but also consider biodegradability in 
vivo and support tissue repair after hemostasis [19,20].

Extracellular matrix (ECM) materials, derived from human or animal 
tissues after removing immunogenic components, have gained signifi
cant attention [21,22]. Small intestinal submucosa (SIS), an 

FDA-approved ECM material, has found widespread application in 
multiple areas [23,24]. In our preliminary studies, a series of biode
gradable and bioactive SIS-based materials have been applied to foster 
multiple tissue repair such as skin, urethra, bone and vocal folds 
[25–30]. Thoroughly, profited from inherent biological and mechanical 
cues, many biological processes such as immunomodulation, endoge
nous stem cell recruitment, and epithelial regeneration have been 
demonstrated in SIS-tissue interaction [31,32]. Moreover, the rich 
functional groups present in SIS also provide convenience for functional 
modification [33]. Given these advantages, SIS holds great potential in 
the development of novel hemostatic and tissue repair materials.

Inspired by these, we have designed an ECM-based powders 
composed of modified SIS and sodium alginate for tissue functional 
repair after controlling non-compressible bleeding (Scheme 1). Upon 
touching the bleeding site, based on its excellent hydrophilicity and self- 
healing capacity, the powders can absorb interfacial blood and simul
taneously complete the self-assembly within 5 s. Subsequently, the 
formed ECM-based hydrogels exhibit robust wet bio-adhesion, effec
tively sealing the wound. Additionally, profited from the inherent 
bioactivity, the material exhibits endothelial cell recruitment and 
function enhancement. Furthermore, ECM-based powders have excel
lent hemostasis effects in rabbit non-compressible and massive 

Scheme 1. The design and application of the all-in-one ECM-based powders. This powder is composed of modified SIS and sodium alginate, which can instantly 
achieve self-assembly within 5 s upon contact the liquid, and finally achieve robust wet bio-adhesion.
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hemorrhage models. More importantly, we have demonstrated that, 
with the material biodegradation in vivo after hemostasis, the neo
vascularization and bile duct formation are promoted, ultimately lead
ing to liver functional repair. Therefore, ECM-based powders are 
appealing for controlling non-compressible bleeding and tissue 

functional repair after hemostasis.

Fig. 1. a) The preparation process of SIS solution, including decellularization and enzyme digest; The FTIR spectra of b) SIS components (SIS, SIS-OH) and c) sodium 
alginate components (ADA, ADA-PBA); d) The SEM images and elements distribution (C, N, O, B) of APSO powders; e) Liquid absorption (wt%) of AP, APS, APSO and 
representative commercial hemostatic powders after 5 s; f) The digital images of APSO powders before and after self-assembly; g) The self-assembly effect of APSO 
and Celox™ powders in anticoagulant blood using inverted tube method (****P < 0.0001).
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2. Results and discussion

2.1. Preparation and instant self-assembly of ECM-based powders

The decellularized porcine small intestine submucosa, namely SIS, 
was prepared via multi-step decellularization technique using fresh 
porcine small intestine. For further functional modification, enzymatic 
digestion was applied to obtain SIS solution after hydrolyzing the pro
teins and other components of SIS, but retain their molecular structure 
(Fig. 1a) [23]. The SIS was hydroxylated by convenient amidation re
action, and an arresting -OH peak at 3401 cm− 1 was observed on the 
fourier transform infrared spectroscopy (FTIR) spectrum of SIS-OH 
(Fig. 1b). The peak (1736 cm− 1) attributed to the -CHO group proved 
the successful synthesis of aldehydeated sodium alginate (ADA). As to 
ADA-PBA, the obvious absorption peak at 1340 cm− 1 was ascribed the 
stretching vibration of B-O bonds in boronophenyl groups (Fig. 1c). 
These results certificated the successful synthesis of SIS-OH and 
ADA-PBA, which laid the molecular basis for hydrogel formation.

The ratio of ADA-PBA and SIS-OH was initially determined by 
rheological properties. As shown in Fig. S1 in Supporting Information, 
among the four hydrogels with different component volume ratios, the 
G’ of the 2: 1 group (3852 Pa) was the highest, indicating that the 
hydrogel had a highly cross-linked network. Therefore, a V (ADA-PBA): 
V (SIS-OH) ratio of 2: 1 was selected for subsequent hemostatic powder 
preparation. Here, three kinds of ECM-based materials, namely AP, APS 
and APSO powders, were prepared: 1) AP powders only contain ADA- 
PBA; 2) APS powders contain ADA-PBA and SIS; 3) APSO powders 
contain ADA-PBA and SIS-OH. All of them were obtained by convenient 
physical grinding shown in Fig. S2 in Supporting Information, which 
facilitates large-scale production. Scanning electron microscopy (SEM) 
images showed that the morphology of AP, APS and APSO powders was 
irregular shape with the particle size of 14.55 ± 4.08 μm, 16.09 ± 2.86 
μm and 15.72 ± 2.35 μm, respectively (Fig. 1d and S3, Supporting In
formation). Furthermore, the energy dispersive spectrometer (EDS) 
images revealed the even distribution of primary elements C, O, N, and B 
in APSO powders, thereby confirming the uniformity of molecular 
structure. Shown in Fig. S4 in Supporting Information, the liquid ab
sorption speed of ECM-based powders is significantly better than the 
representative hemostatic powder such as CeloxTM, Zeolite and Yunnan 
Baiyao powder (YB). It is worth noting that CeloxTM did not absorb 
liquid obviously at 5 s. Large specific surface area and natural hydro
philicity of ECM-based powders are conducive to the rapid penetration 
of the liquid. We further evaluated the liquid absorption capacity of the 
powders, demonstrating the similar results that AP, APS, and APSO 
powders could absorb approximately 8 times their own weight in liquid 
within 5 s (Fig. 1e). This may be due to the comparable morphology and 
hydrophilic properties. Notably, this excellent performance is indepen
dent of liquid environments whether phosphate buffer saline (PBS) or 
anticoagulant blood. Depicted in Fig. S5 in Supporting Information, the 
liquid absorption ratio of 30 s is very close to that of 5 s, meaning the 
ECM-based powders completely attained a stable state just for 5 s.

The self-assembly characteristics of ECM-based powders were visu
ally displayed in Fig. 1f and Movie S1 in Supporting Information. The 
self-assembly of APSO powder occurred within 5 s after absorbing 
liquid, presenting a gel-like structure. Additionally, it could quickly 
form a tight barrier to obstruct blood flow after turning the tube, and, in 
sharp contrast, the CeloxTM, YB and Zeolite powders without self- 
assembly ability failed to this (Fig. 1g and S6, Movie S2 in Supporting 
Information). As revealed by X-ray photoelectron spectroscopy (XPS) 
and FTIR results (Fig. S7 in Supporting Information), multiple covalent 
interactions (borate ester bonds and Schiff base bonds) and non-covalent 
interaction (hydrogen bonds) were formed in the APSO hydrogel after 
self-assembly. The hydrogen bonds were further demonstrated by 
rheological tests. We used the disruption of hydrogen bonds by urea to 
verify the role of hydrogen bonds in hydrogels [34]. In Fig. S8 in Sup
porting Information, as the concentration of urea in hydrogel increased 

from 0 to 40 mM, the G’ decreased from 3944 Pa to 1002 Pa, indicating 
that hydrogen bonding plays an important role in the formation of the 
hydrogel network.

Moreover, the self-assembly time of reported self-assembly powders 
was comprehensively compared in Fig. S9 in Supporting Information, it 
can be seen that APSO powder exhibits significant superiority in 
hydrogels composed of natural and composite polymers. Moreover, of 
note, anticoagulant blood have no influence on self-assembly process, 
which is favor of the application in complex scenarios, such as patients 
with coagulopathy and cardiovascular surgery [35].

2.2. Characteristics of self-assembled ECM-based hydrogels

Initially, to ensure the uniform property of the hydrogel formed by 
the powder, the preparation of ECM-based hydrogels was strictly 
controlled. According to the previous results, AP, APS and APSO 
hydrogels were prepared after the corresponding powder have absorbed 
the liquid for 5 s. The structure, stability and rheology properties of self- 
assembled ECM-based hydrogels were evaluated systematically.

By observing the cross-sectional morphology after lyophilization, we 
found that all ECM-based hydrogels have typical porous structure and no 
obvious particles exist, proving the complete self-assembly (Fig. S10, 
Supporting Information). As a symbol of crosslinking extent in hydrogel 
network, the average pore size of APSO hydrogel (36.12 ± 7.74 μm) was 
significantly smaller than the AP and APS hydrogels (55.74 ± 12.50 μm 
and 45.77 ± 9.53 μm, respectively) listing in Fig. 2a. The swelling and 
degradation behaviors of hydrogel were conducted to evaluate its sta
bility. The swelling equilibrium time (TSE) of APSO hydrogel was about 
24 h with the swelling rate of 69.09 ± 16.16 %. The TSE of AP and APSO 
was about 48 h, and the swelling rates of them were 1.72 and 1.34 times 
that of APSO hydrogel respectively (Fig. 2b). In the hemostasis, the 
swelling rate of hydrogel should be moderate. On the one hand, exces
sive swelling ratio may weaken its mechanical properties and bio- 
adhesion ability; On the other hand, for soft tissues such as liver, brain 
and nerves, excessive swelling ratio may produce pressure and cause 
unnecessary trouble [36]. Similarly, APSO hydrogel degraded more 
slowly than the other two materials. Importantly, all ECM-based 
hydrogels can be completely degraded within a month, which is 
benefit for the in vivo application. Overall, APSO hydrogel exhibited the 
tightest microstructure and the best stability, ascribed to the formation 
of more binding sites between SIS-OH and ADA-PBA.

The rheology was used to evaluate the viscoelasticity, one of the 
imperative properties of hydrogels. Fig. 2d showed that the rheological 
behavior of AP, APS and APSO hydrogels present the similar change 
under the increasing frequency. The failure frequency when storage 
modulus (G’) less than loss modulus (G’’) of AP hydrogel was 72.6 Hz, 
whereas the other two hydrogels remain intact (G’>G’’) even reaching 
the testing maximum (100 Hz). Among them, giving the credit to SIS and 
SIS-OH into the hydrogel system, more hydrogen bonds could sacrifice 
to dissipate external energy [37].

As depicted in Fig. 2e, the rheological property of AP, APS and APSO 
hydrogels showed gel-like characteristic and be basically constant at 
1–10 % strain, where the G’ of the APSO hydrogel was 5157 Pa, 
approximately 2.21 and 1.82 times those of the AP and APS hydrogels, 
profited from the covalent/non-covalent interactions (i.e., Schiff bases, 
borates, hydrogen bonds) in hydrogel networks. As the strain increases 
further, all hydrogels fail at 47.2 % strain. Consequently, the formed 
hydrogel can meet the application in the body without being destroyed, 
which the maximum strain in vivo does not exceed 10 % as reported 
[38]. Using alternate step strain sweep mode in Fig. 2f, the self-healing 
property of hydrogels was verified, enable to rebuild and restore to the 
original modulus after destruction of high strain (300 %). As shown in 
Fig. S11 in Supporting Information, followed by touching each other, 
two dyed APSO hydrogels could be picked up with the tweezer and 
further stretched without breaking, indicating the satisfactory 
self-healing property. This endow the hydrogel the ability to withstand 
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Fig. 2. a) The pore diameter of the AP, APS, and APSO hydrogel (n = 30); b) The swelling curves and c) degradation curves of the different hydrogels; The 
rheological curves of the AP, APS, and APSO hydrogels under d) frequency sweep mode, e) strain amplitude sweep mode and f) alternate step strain sweep mode (low 
strain: 1 %, high strain: 300 %); g) Wet bio-adhesion of the APSO with a wet pigskin in a short time; h) The evaluation of bio-adhesion that using APSO powders 
(0.05 g) to lift the weight (100 g); i) The tensile strength (KPa) of commercial fibrin glue (FG), AP, APS, and APSO powders; j) The wet bio-adhesion mechanism of 
APSO powders: interfacial liquid removing, instant self-assembly, and enhanced bio-adhesion based on multiple mechanisms. (*P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, ns: no significant difference).
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the external pressure and maintain complete barrier, even if damaged by 
high-speed blood flow. Reversible covalent bonds (i.e., borate ester and 
Schiff base bonds) and non-covalent interaction in hydrogels signifi
cantly contribute to enhance self-healing [39]. Notably, self-healing 
behavior is also one of the pivotal mechanisms for instant 
self-assembly of ECM-based powders.

2.3. Wet bio-adhesion and its mechanism

Considering the wet environment caused by bleeding, the impor
tance of tissue wet bio-adhesion in the hemostasis has been gradually 
recognized [10]. The wet bio-adhesion of ECM-based powders was 
firstly examined using wet pigskin. Upon pouring APSO powder, the 
surficial liquid absorption swiftly occurred, enabling the pigskin to be 
adhered and lifted with another one within 5 s (Fig. 2g and Movie S3, 
Supporting Information). And 0.05 g of APSO powder was employed to 
bond two wet pigskins together, which subsequently demonstrated 
remarkable wet bio-adhesion by lifting a weight that was 2000 times its 
own mass (Fig. 2h and Movie S4, Supporting Information). The SEM 
images in Fig. S12 in Supporting Information showed that the hydrogel 
closely adhered to the pig skin without separation. Furthermore, tensile 
test using universal testing machine was also employed to evaluate the 
bio-adhesion of ECM-based powders (Fig. S13, Supporting Information). 
Here, clinically applied fibrin glue (FG) was selected for comparison 
[40]. As illustrated in Fig. 2i, the AP, APS and APSO powders showed 
great bio-adhesion, and, among them, the tensile strength of APSO 
powder (17.18 ± 1.57 KPa) is the most prominent, reaching 3.00 times 
of FG (5.72 ± 1.51 KPa) (P = 0.0001). In addition, the wet adhesion of 
the powder and prefabricated hydrogel was tested. As shown in Fig. S14
in Supporting Information, the tensile strength of prefabricated APSO 
hydrogel is 4.2 ± 6.0 KPa, which was only 23 % of the tensile strength of 
APSO powder. This is because the persistence of interfacial water 
severely affects bio-adhesion. This implies that the self-assembly strat
egy is essential for wet bio-adhesion, to some extent contributing to the 
prevention of adhesion after hemostasis.

Furthermore, a bursting test was used to further evaluate the tissue 
sealing ability. In Fig. S15 in Supporting Information, the burst pressure 
of self-assembled APSO hydrogel (141.00 ± 12.13 mmHg) was signifi
cantly higher than that of the fibrin glue (FG), AP and APS hydrogels, 
which may be attributed to the superior cohesion and adhesion strength 
of the APSO hydrogel. Notably, this value was significantly higher than 
the normal human blood pressure of 120 mmHg, thereby making it a 
promising sealing agent for hemostasis [6].

Through in-depth analysis of its wet bio-adhesion mechanism, we 
believe that this is the synergistic effect of multiple factors (Fig. 2j). The 
wet bio-adhesion process could be divided into two steps. For the first, 
the bleeding area is a complex environment with flowing blood and 
irregular appearance. The presence of interfacial blood poses an 
apparent barrier to bio-adhesion, particularly in non-compressible or
gans. The small ECM-based powders are highly appropriate for covering 
irregular morphology, and the exceptional liquid absorption capacity 
allows for rapid absorption of blood, thereby establishing the ground
work for bio-adhesion. It is worth mentioning that liquid absorption is 
the precondition of the following process, necessitating the interfacial 
water as an indispensable factor to initiate the self-assembly.

As to second step, the self-assembly instantly completed within 5 s, 
forming a stable physical barrier to seal wound in situ. Importantly, 
there involves three distinct adhesion mechanisms. For the hydrogel, the 
cohesion enhancement could significantly ameliorate the bio-adhesion 
properties of the hydrogel [41]. Compared with the other two, the 
multiple crosslinking mechanisms in APSO hydrogel render the higher 
molecular network density and mechanical properties, capable of 
resistant to external stress and achieving cohesion-adhesion balance. For 
the hydrogel-tissue interface, the small size of the ECM powder facili
tates rapid coverage of irregular wounds. Furthermore, many intrinsi
cally adhesive groups (such as hydroxyl, aldehyde, and benzene rings) in 

hydrogels could induce various covalent/non-covalent interactions. 
Taken together, contributing to the above comprehensive mechanisms, 
APSO powder has the best wet bio-adhesion capacity, critical for rapid 
wound closure and effective hemostasis.

2.4. Biocompatibility and cell recruitment bioactivity

The satisfactory biocompatibility is a prerequisite for safe and 
effective clinical application of biomaterials [42]. For cytocompatibility, 
the effect of ECM-based hydrogel on the cell proliferation and activity 
was verified by CCK-8 assay and live/dead staining assay, respectively. 
Fig. 3a showed live/dead staining images of HUVECs after 1 and 3 days 
of incubation with AP, APS and APSO hydrogels. The cells maintained 
paving stone-like morphology, and proliferated normally with minimal 
cell death. Furthermore, the proliferation of HUVECs stimulated by 
ECM-based hydrogels was not significantly different from that of the 
control group (Fig. 3b). Besides, in Fig. S16 in Supporting Information, 
the BMSCs and NIH-3T3 treated with the AP, APS and APSO hydrogels 
also exhibited the outstanding cell activity and proliferation, further 
confirming the reliable compatibility. The hemolysis test is the gold 
standard used to judge hemocompatibility [43]. After incubation the 
erythrocyte suspension with ECM-based hydrogel, few cell rupture 
occurred, and the hemolysis rate of AP, APS, and APSO hydrogels were 
all lower than 5 %, with 3.23 ± 0.70 %, 2.55 ± 0.72 % and 2.64 ± 0.81 
%, respectively, demonstrating reassuring hemocompatibility (Fig. 3c). 
Histocompatibility is also important for the evaluation of biocompati
bility, which reflect the reaction between the implant and the host. The 
APSO hydrogel was embedded subcutaneously in rats for 1 and 2 weeks. 
As shown in Fig. S17a, no tissue necrosis, hyperemia and purulency were 
noticed in the subcutaneously implanted area, and the material volume 
was significantly reduced over time, denoting their biodegradability in 
vivo. To further investigate the inflammatory response of material in 
vivo, the iNOS, M1-type macrophage marker, surrounding the implanted 
area was evaluated [29]. As shown in Figs. S17b and c, the iNOS+ area is 
mainly concentrated around the implant, signifying the normal in
flammatory response of the body used to remove foreign bodies. As the 
material degraded, the iNOS+ area exhibited a significant reduction. 
Specifically, after 2 weeks of implantation, the iNOS+ area decreased to 
23.80 % of that in 1 week (P = 0.0139), which indicated the diminished 
inflammatory response and excellent histocompatibility of the APSO 
hydrogel. All of the above indicate that hydrogels have excellent 
biocompatibility.

The cell recruitment of ECM-based hydrogels was firstly evaluated by 
a Transwell migration assay (Fig. 3d, e and S18). After 24 h incubation, 
the three kinds of cells in the lower chamber of all ECM-based hydrogel 
groups were significantly more than those in the control group. More
over, this boosting effect was further amplified when hydrogels con
tained SIS component, that the cells per field of HUVECs in APS and 
APSO groups was 1.60 and 1.54 times that of AP hydrogel, which proved 
that SIS can release relevant biological cues to promote cell recruitment. 
We also proved this point through scratch experiments, and the result 
showed that HUVECs were able to migrate more quickly in response to 
ECM-based hydrogels. The migration rate of AP, APS and APSO hydro
gels reached 79.47 ± 2.63 %, 92.68 ± 3.01 % and 87.80 ± 5.69 % 
respectively at 48 h, while that of the control group was only 59.54 ±
7.43 % (Fig. 3f and g). Cell recruitment in ECM-based hydrogels is very 
beneficial to accelerate the process of wound repair.

2.5. Neovascularization and enhanced endothelial cell functions 
bioactivity

The ability to promote angiogenesis is critical for tissue regeneration, 
which facilitates substance delivery, intercellular signaling, recruitment 
of endogenous stem/progenitor cells, etc [44]. Tube formation assay 
results showed that, after stimulation by APS and APSO hydrogels, 
HUVECs quickly formed tubular structure and interconnected network, 
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revealing the pro-angiogenesis of ECM-based hydrogels (Fig. 4a). 
Additionally, significant increases in both total length and number of 
meshes were further confirmed in the APS and APSO group, but not in 
the AP group (Fig. 4b and c).

Dense and healthy endothelium can play an active role in vascular 
wall remodeling, and healthy endothelial cells have an antithrombotic 
effect in vivo by releasing substances such as nitric oxide (NO) and 
prostaglandin-I-2 (PGI2) [45]. The NO in AP, APS and APSO-incubated 
HUVECs were successfully labelled using a fluorescent probe, DAF-FM 

DA. And the fluorescence intensity of AP, APS and APSO groups was 
122.12 ± 21.98 %, 195.14 ± 28.98 % and 180.70 ± 36.00 % of the 
control group, respectively (Fig. 4d and S19, Supporting Information). 
Moreover, as indicated by Fig. S20 in Supporting Information, the PGI2 
release level possessed a significant improvement in APSO-incubated 
HUVECs with being of 224.68 ± 8.62 pg mL− 1, 1.38, 1.15 and 1.05 
times that of control, AP and APS groups. These functional evaluations 
illustrated the excellent endothelial cell function enhancement of 
ECM-based hydrogels.

Fig. 3. a) Live/Dead staining images and b) CCK-8 assay after incubation HUVECs with AP, APS and APSO hydrogel; c) Hemolysis ratio (%) of AP, APS and APSO 
(PC: 0.1 % Triton X-100, NC: PBS); d) The images and e) cells per field in Transwell migration assay of HUVECs treated with hydrogels; f) The images and g) 
migration rate (%) of HUVECs treated with the different hydrogels in scratch test. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no signifi
cant difference).
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Finally, the expression levels of genes associated with angiogenesis 
and functions in endothelial cells were detected by real-time quantita
tive polymerasechain reaction (RT-qPCR) (Fig. 4e). The results showed 
that APS and APSO hydrogels could upregulate the expression levels of 
Egf, bFgf, eNos, Ang-2, Vegf-a and Hif-1α in HUVECs compared with the 
control and AP groups. Among them, eNOS mainly regulates the syn
thesis of NO in vascular endothelium, which is an important factor in 

regulating vascular endothelial function. EGF and bFGF are vital in 
promote the proliferation, migration and morphological maintenance of 
endothelial cells, eNOS and Ang-2 mainly regulates the synthesis of NO 
and endothelial cell homeostasis [46]. VEGF, as a specific mitogen of 
vascular endothelial cells, significantly ameliorates endothelial cell 
proliferation, meanwhile involved in multiple signaling pathways such 
as Hif-1α/Vegf-α to induce angiogenesis [47]. As previously reported, 

Fig. 4. a) Images and statistical analyses of b) total length (μm) and c) number of meshes in tube formation assay of HUVECs treated with AP, APS and APSO 
hydrogels; d) The bright field (BF) and fluorescent images stained with NO fluorescent probe (DAF-FM DA) of HUVECs treated with AP, APS and APSO hydrogels; e) 
Expression of the representative angiogenesis and endothelial cell function-related genes in HUVECs after treatment of different hydrogels evaluated by RT-qPCR. 
(*P < 0.05, **P < 0.01, ***P < 0.001, ns: no significant difference).
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our results also provide further evidence of the significant angiogenic 
capacity of SIS, which is not affected by moderate hydroxylation [27]. In 
addition, hemostatic materials and their degradation products are often 
concerned about local/systemic thrombosis in vivo due to their coagu
lation function. Hence, from this point of view, the endothelial cell 
function strengthening of ECM-based hydrogels is conducive to solving 
this problem.

2.6. Hemostatic application of the ECM-based powders

The hemostatic effect of ECM-based hydrogels was evaluated using 
the model of non-compressible hemorrhage in rabbit liver volume defect 
shown in Fig. 5a. The liver was chosen because of its abundant blood 
supply and high fragility. As seen in hemostatic process (Fig. 5b and 
Movie S5, Supporting Information), without any treatment, the 
damaged liver continued to bleed, reaching a blood loss of 3.23 ± 0.55 g 
in 5 min. In stark contrast, upon the application of the ECM-based 
powders, the severe hemorrhage was promptly halted. Once contact
ing blood, APSO powder absorbed it followed by ultrafast self-assembly, 
forming a physical barrier with strong wet adhesion ability. The blood 
loss in APSO group was 0.78 ± 0.22 g, which was respectively reduced 
by 76 % and 60 % compared with control and Celox™ groups, proving 
the excellent ability to hemostasis (Fig. 5c). APSO group also has less 
blood loss than AP and APS groups due to its superior wet bio-adhesion.

Aiming to further investigate the effect of the material on the he
mostatic process, the bleeding site after the application of APSO pow
ders was observed by SEM. According to the typical morphology, the 
viewing area was segmented into outer, middle and inner layers, as 
shown in Fig. 5d and e. In the outer layer, the apparently dense and 
sturdy network of fibers has emerged, enveloping many erythrocytes. 
This demonstrated the successful self-assembly of ECM-based powder in 
the blood, and a substantial quantity of fibrin networks intricately 
intertwine with hydrogel networks, thereby constructing a robust 
physical barrier (Fig. 5f); In the middle layer, a tangled and loose fibrous 
structure dominated by fibrin network means that the formation of a lot 
of blood clots, which is caused by a strong external physical barrier that 
prevents the flow of blood (Fig. 5g); In the inner layer, the erythrocytes 
morphology changed greatly, showing an irregular polyhedron. This 
could be due to the contraction stress generated by the stretching and 
bending of fibrin networks, and the trapped erythrocytes are forced to 
aggregate and deform [48]. This change facilitates the creation of an 
impermeable barrier between the material and the bleeding tissue 
(Fig. 5h). Concurrently, Hematein and Eosin (H&E) staining was 
employed to observe the bleeding site (Fig. S21 in Supporting Infor
mation). Similar to SEM results, APSO powder self-assembled to seal the 
bleeding site, and the blood clots containing many erythrocytes and 
fibrin networks formed inside.

Furthermore, massive hemorrhage models were constructed on the 
rabbit heart and femoral artery (Fig. 6a). Under high blood pressure and 
dynamic condition, APSO powder can still function wet bio-adhesion on 
heart surface to control bleeding, which also confirmed by H&E staining 
after hemostasis (Fig. 6b and c and Movies S6-7, Supporting Informa
tion). However, CeloxTM powder failed to stop heart hemorrhage due to 
its lack of rapid liquid absorption and wet bio-adhesion (Fig. S22, 
Supporting Information). When faced with cylindrical femoral arteries, 
APSO hydrogel could completely seal the wound, showing a reliable 
hemostatic effect (Fig. 6d and e and Movie S8, Supporting Information), 
Here, the blood loss in APSO group (0.26 ± 0.15 g) was almost negli
gible compared with the blank (14.55 ± 4.33 g) (P = 0.0024) (Fig. 6f 
and g). In short, ECM-based powders, especially APSO powder, could 
quickly seal wound and showed excellent hemostatic ability for non- 
compressible and massive hemorrhage.

5
The three ECM-based hemostatic powders are able to efficiently 

absorb liquids due to the high hydrophilicity of their components. 
Meanwhile, effective tissue sealing should be emphasized in the 

application of hemostasis. For APSO powder, the stability, adhesion 
strength and mechanical properties are outstanding, especially the 
ability to withstand arterial blood pressure, which is essential for its 
control of massive and non-compressible hemorrhage. The bioactivity of 
the material is a key consideration in the process of tissue repair after 
hemostasis. APSO powder have no difference with APS in promoting cell 
migration, angiogenesis and endothelial function, indicating that mild 
modification of SIS did not affect its bioactivity. Among the three ECM- 
based hemostatic powders, APSO powder demonstrates superior per
formance in the development of hemostatic materials integrating he
mostasis and tissue repair. Consequently, it was selected for further in 
vivo tissue repair experiments.

2.7. In vivo biodegradation of ECM-based powders

In clinical applications, hemostatic materials that can safely biode
grade in vivo and promote tissue repair will greatly benefit doctors and 
patients [49,50]. Hence, we further systematically evaluated whether 
APSO powder can meet all-in-one needs. Consistent with the above, the 
model of non-compressible bleeding in rabbit liver volume defect was 
constructed for in-situ tissue repair evaluation after hemostasis. Here, 
electrosurgery unit hemostasis, the most commonly used method in the 
clinic, was set as the control group (ESU group). Macroscopic observa
tion revealed that the liver after hemostasis using APSO powder showed 
the superior wound healing, the defected site was basically the neonatal 
liver (Fig. S23, Supporting Information). Depicted in Fig. 7a, many cell 
infiltration occurred in APSO group 14 days after surgery, which is a 
normal immune response of the body and is conducive to the materials 
degradation. Moreover, capsule layer and tissue lesions have not 
occurred, indicating the good biocompatibility of APSO powder. After 
day 28, it was basically degraded completely, and the tissue in repaired 
area had a similar structure to normal liver. A little fiber tissue on the 
liver surface may be the adhesion with the abdominal wall. Neverthe
less, in the ESU group, in addition to unabsorbed blood clots, numerous 
fibrous structures were present 14 days after surgery, and this phe
nomenon did not change over time. Sirius red staining was used to 
observe collagen deposition in the repair area (Fig. 7b and c). As in 
normal liver (2.10 ± 0.03 %), the APSO group have no additional 
collagen deposition (2.40 ± 0.53 %), while the ESU group was an 
alarming 45.64 ± 3.67 %.

At the same time, blood samples were collected at 14 and 28 days 
postoperatively to determine the systemic toxicity of the degradation 
products on the body (Fig. 7d and e). There was no significant statistical 
difference between all indicators among normal, APSO (Day 14), and 
APSO (Day 28) groups (P > 0.05). No distinct changes in blood cells, 
suggesting that no abnormal response in inflammatory responses and 
coagulation function. In brief, the above results indicated that APSO 
powder could safely biodegraded in vivo, and the degradation products 
will not cause serious foreign body reactions.

2.8. In-situ liver functional repair after hemostasis of ECM-based powders

Blood vessels and bile ducts are key structures in the liver and are 
considered markers of functional liver regeneration [51]. The endo
thelial cells of vascular and bile duct were stained by immunohisto
chemical staining (IHC) of CD31 and CK19, respectively. As listed in 
Fig. 8a and b, the typical structure of hepatic sinusoid were observed in 
the APSO group for 28 days, while connective tissue occupied the repair 
area in the ESU group. The integrated option density (IOD) of CD31 in 
APSO group is 83.73 ± 6.65 % of the normal group (P > 0.05). Similarly, 
bile ducts were observed in the portal triad of APSO group, a structure 
that plays an important role in the microcirculation of the liver (Fig. 8c). 
The CK19 relative IOD of the APSO and ESU groups was respectively 
85.81 ± 11.14 % and 28.99 ± 12.54 % of the normal group, meaning a 
large difference in repair effect (Fig. 8d). These results showed that the 
basic reconstruction of microcirculation network in APSO group, 
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Fig. 5. a) The scheme of non-compressible hemorrhage in rabbit liver volume defect and application of APSO powders; b) The hemostatic process in blank group (i. 
e., no treatment), Celox™ and APSO groups, and the images of filter paper after hemostasis; c) The blood loss (g) after different treatments; d) The SEM viewing zone 
scheme and e) SEM images of the liver bleeding site; SEM images of corresponding f) outer, g) middle and h) inner layers. (*P < 0.05, ***P < 0.001, ****P < 0.0001, 
ns: no significant difference).
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conducive to the rapid absorption of material degradation products.
Moreover, glycogen production, representing the important hepa

tocytes function, was evaluated by Periodic Acid-Schiff (PAS) staining 
[52]. The hepatic lobules in the repair area of APSO group were obvi
ously stained, and the positive area was 70.83 ± 8.56 % of the normal 
group, significantly higher than that in the ESU group (4.57 ± 2.99 %, P 

= 0.0048) (Fig. 8e and f). Key indicators related to protein synthesis (TP 
and ALB) and liver damage (AST and ALT) were further examined. The 
results in Fig. 8g showed no significant difference between the APSO 
group and the normal group (P > 0.05), indicating that APSO powder 
can promote functional liver repair. However, the ESU group showed 
obvious liver damage, that ALT and AST showed significant difference 

Fig. 6. a) The scheme of rabbit massive hemorrhage models and application of APSO powders; b) The hemostatic process in blank group (i.e., no treatment) and 
APSO group in rabbit cardiac perforation massive hemorrhage model, and the corresponding c) H&E staining images of cardiac surface adhered to hydrogel; d) The 
images of APSO hydrogel tightly sealed the bleeding rabbit femoral artery and the corresponding e) H&E staining images; f) Bleeding situation and g) blood loss (g) of 
blank and APSO groups in rabbit femoral artery perforation massive hemorrhage model. (**P < 0.01).
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compared with normal group. From these results, we could see that 
although ESU is widely used for hemostasis, due to its thermal damage, 
the impaired tissue cannot regenerate functionally, especially for large 
area defects. All-in-one APSO powder can not only control bleeding 
quickly, but also induce tissue repair in situ (Fig. 8h). The mechanisms 
were summarized: Firstly, the bio-adhesive APSO hydrogel provides a 
reliable physical barrier after hemostasis and keep the wound area 
moist, conducive to promote tissue repair [20,53]. Notably, the 
self-gelling process is initiated by blood, leading to the intertwining of 
molecular networks between the hydrogel and the blood clot. Simulta
neously, cellular components such as platelets and erythrocytes become 

entrapped. As reported, blood clots can induce immune niche formation 
by recruiting and activating various immune cells, which in turn further 
promote the material degradation and the release of inherent biological 
cues [54–56]. The molecular mechanisms underlying the interaction 
between the APSO hydrogel and immune cells will be further elucidated 
in future studies; Secondly, the versatile bioactivities contained in ECM 
rapidly induce the neovascularization and enhanced endothelial cell 
functions, accelerating the formation of blood vessels and bile ducts; 
Finally, the reinforced substance transport capacity promoted the 
complete materials biodegradation and induced neonatal tissues, and 
achieved functional regeneration of the liver.

Fig. 7. a) H&E staining of liver bleeding site at day 14 and 28 postoperatively treated by ESU (electrosurgery unit) and APSO powder (normal group, health liver 
tissue); b) Sirius red staining images and c) positive area (%) of different groups at day 28; d) Schematic diagram and e) results of rabbits blood routine tests during 
tissue repair. (****P < 0.0001, ns: no significant difference).
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Fig. 8. a) CD31 IHC staining and b) quantitative analysis of liver repair area in normal, ESU and APSO groups at day 28; c) CK19 IHC staining and d) quantitative 
analysis of liver repair area in all groups at day 28; e) Periodic Acid-Schiff (PAS) staining and f) relative PAS+ area of liver repair area in all groups at day 28; g) 
Evaluation of liver function at day 28; h) Schematic diagram of ECM-based powder safely biodegraded in vivo and in situ induced tissue functional repair after 
hemostasis. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no significant difference).
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3. Conclusion

In this study, we prepared all-in-one ECM-based powders aimed at 
achieving efficient hemostasis while facilitating in situ tissue functional 
repair. Utilizing the inherent hydrophilicity and multi-crosslinking 
strategy of materials, the ECM-based powders demonstrate liquid ab
sorption and ultrafast self-assembly within 5 s, forming a hydrogel with 
excellent wet bio-adhesion. This effectively integrates the advantages of 
both powder- and hydrogel-type hemostats. Moreover, profited from the 
excellent biocompatibility and bioactivity of ECM, the material en
hances angiogenesis and endothelial cell functions. In vivo experiments 
reveal that the ECM-based powders have excellent hemostasis effects in 
multifarious rabbit non-compressible and massive hemorrhage models, 
which can quickly self-assemble to seal the bleeding site and greatly halt 
blood loss. More importantly, as the material biodegrades in vivo, the 
inherent biological cues can induce the vessels and bile ducts formation 
in defected liver, promoting in situ tissue functional repair after 
hemostasis.

In summary, the comprehensive results support the high application 
potential of all-in-one ECM-based powders in many fields. Due to the 
significant advantages of portability and ease of use, it is of great 
application value and provides a competitive solution in dealing with 
emergencies such as battlefield, natural disaster, traffic accident and so 
on. Given the versatile bioactivities and tissue repair ability, the ECM- 
based hemostatic powder has shown a broad application prospect in 
many clinical fields such as skin wound repair, closure and repair of 
damaged organs, and even in endoscopic-related surgeries.

4. Materials and methods

4.1. Preparation of the modified SIS and SA

The SIS (i.e., decellularized porcine small intestine submucosa) was 
prepared according to the previously described procedures [30]. Briefly, 
market-sourced fresh porcine small intestines underwent mechanical 
excision of the tunica serosa and tunica muscularis. And following a 
multi-step decellularization process and lyophilization, the SIS mem
branes were obtained. Hydroxylated SIS (SIS-OH) is prepared using 
enzymatic-digested SIS solution by convenient amidation reaction. 
Finally, the resultant product is obtained by dialysis and lyophilization. 
The details are provided in the Supporting Information.

A two-step process was designed to synthesize ADA-PBA. Firstly, 
aldehydeated sodium alginate (ADA) was prepared by oxidation reac
tion based on the strong oxidation property of NaIO4. Secondly, ADA 
and 3-aminophenylboronic acid (PBA) were reacted under the catalysis 
of EDC. Finally, the ADA-PBA was gained after dialysis and lyophiliza
tion outlined earlier. The details are provided in the Supporting 
Information.

4.2. Preparation of the ECM-based powders

The ECM-based powder was conveniently prepared by freeze-drying 
and physical grinding of hydrogel. Initially, SIS-OH and ADA-PBA were 
individually dissolved in PBS, with concentrations of 5 % and 10 %, 
respectively. Subsequently, these two solutions were combined in a 1 : 2 
vol ratio, ensuring a uniform mixture. To form ECM-based hydrogels, 
the pH of the mixture was carefully adjusted to 7–8 using an alkali so
lution. The freeze-dried ECM-based hydrogel was ground by grinder (70 
Hz, 45 s, 3 times) to prepare powder. In this study, three kinds of ECM- 
based materials (AP, APS and APSO powders) with different components 
were prepared.

4.3. Chemical structure and morphology of materials

The chemical structure of SIS-OH and ADA-PBA were determined by 
FTIR (INVENIO R, Bruker). That of APSO hydrogel after self-assembly 

was determined by FTIR (INVENIO R, Bruker) and XPS (C 1s 284.6 
eV, Axis Ultra DLD, Kratos). The materials morphology and elements 
distribution were observed using SEM (SU3500, Hitachi) and EDS (Aztec 
X-Max20, Oxford) respectively. Additionally, the representative 
powder-type hemostatic products were also used for comparison, 
including Celox™, Zeolite and Yunnan Baiyao powder (YB). And the 
average size of hemostatic powders was analyzed according to the SEM 
images using Image J software (n = 30). All samples are required gold 
spraying to enhance electrical conductivity. The details are provided in 
the Supporting Information.

4.4. Liquid absorption and rapid self-assembly capacity

PBS and anticoagulant blood (3.8 wt% sodium citrate solution: 
blood = 1 : 9, v/v) were used as the representative liquid to evaluate the 
liquid absorption capacity of the Celox™, Zeolite, YB, AP, APS and APSO 
powders. The liquid absorption (wt%) of the powders were quantified, 
and the speed of water absorption was evaluated by the 30s/5s liquid 
absorption (%) (n = 3). Moreover, the liquid absorption process of he
mostatic powders was recorded by optical static contact angle 
measuring instrument (DSA25, KRUSS). The rapid self-assembly ability 
of the powder was evaluated with an inverted tube method. The APSO 
powder was introduced into a tube with anticoagulant blood and turned 
over it after 5 s, then the tube was observed and photographed. The 
Celox™, YB and Zeolite powders were used as the comparation. The 
details are provided in the Supporting Information.

4.5. Rheology and bio-adhesion properties evaluation

All the rheology tests were performed via a rotational rheometer 
(Physica MCR302, Anton Paar) with plate rotor (PP25-3) with a 0.5 mm 
gap size. The frequency sweep mode (0.1–100 Hz), the strain sweep 
mode (1–300 %) and the alternate step strain sweep with the cyclic 
strain (low strain: 1 %, high strain: 300 %) were carried out to charac
terize the rheological properties of the samples. The details are provided 
in the Supporting Information.

The wet bio-adhesion property of AP, APS and APSO powders was 
initially assessed via tensile test carried out by an universal mechanical 
test machine (Instron 5967, USA) (n = 3). Meanwhile, the commercial 
fibrin glue (Guangzhou Bioseal Biotech Co., Ltd., China) was selected for 
testing following the manufacturer’s instructions. The assessment of the 
bio-adhesive capability in wet conditions was conducted through wet 
pigskin adhesion experiment and heavy lifting test. The whole processes 
were recorded using electronic devices. Then, the interface between 
hydrogel and pigskin was observed by SEM. The details are provided in 
the Supporting Information.

4.6. Biocompatibility of the ECM-based powders

Human umbilical vein endothelial cells (HUVECs), NIH-3T3 and 
bone marrow-derived stem cells (BMSCs) were used to evaluate the 
material’s cytocompatibility. The effect of materials on cell viability and 
proliferation was assessed using a live/dead staining kit (40747ES76, 
Yeasen, China) and CCK-8 assay (40203ES80, Yeasen, China), respec
tively. The complete medium was used as a control. The hemocompat
ibility of the material was determined using a hemolysis test, and the 
saline and 0.1 % Triton X-100 had served as negative and positive 
controls, respectively (n = 3). The histocompatibility was estimated by 
subcutaneous implantation in rats. The details are provided in the 
Supporting Information.

4.7. Enhanced cell recruitment evaluation

The scratch assay and Transwell migration method were used to 
assess the effect of material extract on the cell recruitment. For the 
former, the HUVECs were seeded onto 6-well culture plates. After 
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reaching the desired confluency, a straight scratch was created after 
serum starvation. Subsequently, the original medium was replaced with 
material conditioned medium, with images captured over time. Com
plete culture medium without serum was used as a control. The optical 
microscope images were captured at 24 and 48 h, and the migration rate 
was calculated (n = 3). For Transwell migration method, The HUVECs, 
NIH-3T3 and BMSCs were then seeded into the upper chamber, while 
conditioned medium containing different ECM-based materials was 
added to the lower chamber. After 24 h, the cells in lower chamber were 
fixed, stained with 0.5 % crystal violet (Beyotime, China), and photo
graphed. The migrated cells were quantified using Image J software (n 
= 3). The details are provided in the Supporting Information.

4.8. Angiogenesis and enhanced HUVECs functions evaluation

Tube formation assay was carried out to evaluate the angiogenesis of 
AP, APS and APSO. The HUVECs were seeded on gelated Matrigel 
(Sigma, USA), which cultured under different material conditioned 
medium. After incubation for 3, 6 and 9 h, the situation of tube for
mation was photographed. To further assess tube formation capability, 
the total length and number of mesh were analyzed using Image J 
software (n = 3). The NO and prostaglandin-I-2 (PGI2) level were 
assessed using NO fluorescence probe (DAF-FM DA, 40769ES50, Yeasen, 
China) and enzyme linked immunosorbent assay (ELISA), respectively. 
The details are provided in the Supporting Information.

Genes critical to the function of angiogenesis and endothelial cells 
are detected by RT-qPCR. The relative level of Egf, Vegf-a, bFgf, eNos, 
Ang-2 and Hif-1α expression was expressed as 2− ΔΔCt, and Gapdh served 
as a housekeeping gene for the normalization of data (n = 3). The 
primers sequences are listed in Table S1. The details are provided in the 
Supporting Information.

4.9. Hemostasis performance in vivo

The animal experiments in this study were approved by the Animal 
Protection and Use Committee of Sichuan University (No. 20240718005 
and 20230120001), and the relevant ethical guidelines were strictly 
observed during the experiment.

The hemostatic ability of ECM-based powder was evaluated by using 
the model of non-compressible hemorrhage in rabbit liver volume 
defect. Male New Zealand white rabbits weighing 2.5–3.0 kg were 
anesthetized with pentobarbital sodium (1.1 mL kg− 1). A deep defect 
with a diameter of 10 mm and a depth of 5 mm was constructed on the 
lobus dexter lateralis of rabbit liver with a biopsy to build a of liver 
injury hemorrhage model. Hemostasis was immediately performed with 
Celox™, AP, APS and APSO powders, and the blank group was not 
treated with hemostasis. The hemostasis process was recorded, and the 
outgoing blood is collected with a clean filter paper to estimate blood 
loss. For building the rabbit cardiac perforation model massive hemor
rhage, the rabbit right ventriculus dexter was perforated with a 50 mL 
syringe needle after the heart expose, and APSO and Celox™ powders 
were applied. In addition, the blood flow in separated femoral artery 
was blocked with two clamps, perforated by 2 mL syringe. The APSO 
powder was used and in situ self-assembly using PBS, and the control 
group was covered with gauze, the blood loss was recorded within 5 min 
of restoring blood flow.

In order to further explore the process of hemostasis, the bleeding 
sites of rabbits were collected after euthanasia following being observed 
by SEM after fixation with paraformaldehyde, gradient dehydration, 
critical point drying, and gold spraying. Furthermore, the fixed liver 
samples were paraffin embedded, sectioned, dewaxed and rehydrated 
for H&E staining.

4.10. In-situ liver defect repair

The liver repair after hemostasis ability of ECM-based powder was 

evaluated by using the model of non-compressible bleeding in rabbit 
liver volume defect consistent with the above. After hemostasis, the 
abdomen was sutured, and the rabbits were feed to order. ESU group 
performed hemostasis with electric knife, and other operations were the 
same as before. The electric knife was selected as the coagulation mode, 
the power of the electric knife was adjusted, and the electric knife was 
used to stop bleeding in the defect of the liver, and meanwhile minimizes 
damage to surrounding tissues.

4.11. Histological and hematological analysis

Rabbits were euthanized on postoperative day 14 and 28, and liver 
was fixed in 10 % neutral buffered formalin. The embedded liver sam
ples were sliced for subsequent histological evaluation. H&E staining 
was used to assess tissue repair. Sirius red staining was used to visualize 
the deposition of collagen fibers. Liver glycogen expression in the 
regenerating area was assessed by PAS staining. Furthermore, IHC 
staining of CD31 (11265-1-AP, 1 : 2000, Proteintech) and CK19 
(ab220193, 1 : 150, Abcam) was used to assess neovascularization and 
nascent bile ducts, respectively. The details are provided in the Sup
porting Information.

On postoperative day 14 and 28, the blood in the ear artery was 
collected after disinfection using the blood collection needles. Blood was 
injected into the blood vessel collection for blood routine and blood 
biochemical test according to the manufacturer’s instructions. The 
processed blood samples were sent to West China-Frontier Pharma Tech 
for testing.

4.12. Statistical analysis

All data were presented in the form of mean ± standard deviation. 
Statistical analysis was carried out utilizing software (GraphPad Prism, 
v8.0). The statistical significance between two groups was evaluated 
through Student’s t-test, while one-way ANOVA was employed to assess 
significance among multiple groups. P value less than 0.05 was deemed 
statistically significant. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001).
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