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A B S T R A C T   

Hydrophilic hemostatic sponge plays an important role in trauma bleeding control because of its robust coag
ulant functions. However, its strong tissue adhesion can easily result in wound tear and rebleeding during 
removing the sponge. Herein, the design of a hydrophilic anti-adhesive chitosan/graphene oxide composite 
sponge (CSAG) that possesses stable mechanical strength, rapid liquid absorption and strong intrinsic/extrinsic 
coagulation stimulations, is reported. For one thing, CSAG exhibits outstanding hemostatic performance, which 
significantly outperforms two commercial hemostats in two in vivo serious bleeding models. For another, CSAG 
shows low tissue adhesion; its peeling force is approximately 79.3 % lower than the commercial gauze. More
over, in the peeling process, CSAG triggers partial detachment of the blood scab, because of the exist of bubbles 
or cavities at the interface, allowing the CSAG to be easily and safely peeled off from the wound without 
rebleeding. This study opens new avenues in constructing anti-adhesive trauma hemostatic materials.   

1. Introduction 

Using hemostatic materials against massive hemorrhage is crucial for 
saving patients life (Guo, Dong, Liang, & Li, 2021; Wang, You, Dai, Tong, 
& Wu, 2020). The coagulation process assisted with hemostatic mate
rials involves the contact between the materials and wound, the blood 
clot formation triggered by the materials and the stripping of the ma
terials. The removal of the materials, however, frequently causes sec
ondary bleeding accompanied by serious pain and a high infection risk 
(Li et al., 2019; Zhang et al., 2021a, b). To date, superhydrophobic 
coating on the material surface is a predominant strategy for achieving 
anti-adhesion, such as superhydrophobic polydimethylsiloxane/TiO2 

film (Liu et al., 2020), polytetrafluoroethylene/carbon nanofibers patch 
(Li et al., 2019), and beeswax/carbon nanofibers/kaolin gauze (Li, Niu, 
Zhao, Yap, & Li, 2021). The superhydrophobic surfaces are commonly 
blood repellent, preventing blood from entering materials (Jokinen, 
Kankuri, Hoshian, Franssila, & Ras, 2018). These hydrofuge hemostatic 
strategies, therefore, maximally supper the formation of scab/material 
composite that effectively avoids secondary bleeding. However, it 
should be noted that the non-contact between blood (in which coagu
lation factors and platelets are inside) and the materials sacrifice the 
coagulation stimulations induced by the materials (Li et al., 2019; Zhu 
et al., 2018); the trigger of the coagulation pathway mainly relies on the 
body itself. In this regard, the body will lose the ability of bleeding 
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control in the case of severe hemorrhage, whilst the blood will overflow 
from the gap between the wound and the material, resulting in frequent 
hemostasis failure (Long et al., 2021; Moradi, Hadjesfandiari, Toosi, 
Kizhakkedathu, & Hatzikiriakos, 2016). 

Comparatively, hydrophilic hemostatic materials are conducive to 
hemorrhage control. They can effectively stop bleeding by accumulating 
blood cells to form a thrombus and exerting a cascade response of 
coagulation (Fang et al., 2020; Liang et al., 2019; Wang et al., 2017). 
Previous studies revealed that a hydrophilic surface rather than a hy
drophobic surface drives the formation of stable blood scabs, which is 
critical to sealing the wound and reducing blood loss (Ruhoff et al., 
2021). However, hydrophilic hemostatic materials used as anti-adhesion 
materials are still in their infancy, and there are two facing challenges. i) 
A controversial obstacle is that hydrophilic materials easily absorb 
excess blood which would lead to the formation of the material/scab 
composite, subsequently resulting in secondary bleeding (Li et al., 2019; 
Long et al., 2021). But till now, there is currently no clear conclusion on 
the effect of the material/scab composite on secondary bleeding. The 
separation process of the hemostatic material from the blood scab has 
rarely been studied. ii) It should be noted that the tissue around the 
wound will have strong adhesion with the hydrophilic surface because 
of diverse non-covalent interactions such as hydrogen bond interaction 
and charge interaction (Hong et al., 2019; Song et al., 2021). For 
example, chitosan is a widely used hemostatic polysaccharide due to its 
excellent aggregation effect on blood cells (Deineka et al., 2021; Hu, 
Zhang, Lu, Li, & Li, 2018; Li et al., 2020b, b). But there is an inevitable 
strong adhesion between chitosan and tissue because of their charge 
interactions (Mati-Baouche et al., 2014). The adhesion strength of 
chitosan-based hemostatic hydrogels to porcine skin can be up to 68.5 
kPa (Song et al., 2021), which is strong enough to tear the wound and 
destroy the blood scab, resulting in secondary bleeding. Therefore, the 
development of hydrophilic anti-adherent hemostatic materials is of 
great significance and challenging. 

Graphene oxide (GO) is a two-dimensional carbon nanomaterial that 
has super-affinity with water (Gulzar et al., 2017; Reina et al., 2017; 
Zhang et al., 2020). Its three-dimensional porous sponges possess ultra- 
fast liquid absorption ability (Nair, Wu, Jayaram, Grigorieva, & Geim, 
2012; Quan et al., 2015; Yang et al., 2021). Furthermore, GO can evoke 
strong aggregatory response in platelets due to the oxygenated func
tional groups on its surface, which can promote the formation of blood 
clots (Kumari, Singh, Singh, Grácio, & Dash, 2014; Singh et al., 2011). 
According to reports, GO-based composites exhibit excellent biocom
patibility (Depan, Girase, Shah, & Misra, 2011; Liao, Lin, Macosko, & 
Haynes, 2011), and show excellent hemostatic potential (Li et al., 2016; 
Li, Quan, Xu, Deng, & Wang, 2018a; Quan et al., 2016; Wu, Du, Wenjing, 
Li, & Wang, 2022). More importantly, the negatively charged GO has 
revealed charge repulsion with tissue (Liu, Zhang, He, Zhao, & Bai, 
2010), and their two-dimensional lamellar structure increases the 
roughness of its composites (Lu et al., 2018; Uysal, Akbulut, Tokur, 
Algül, & Çetinkaya, 2016). These properties are in favor of reducing 
adhesion force at the material/tissue interface and facilitating the non- 
bleeding separation of the composites from the wound. Therefore, it 
could be speculated that GO would be a potential material to improve 
the hemostatic properties of the composites and impart their anti- 
adhesive properties. 

Herein, a series of hydrophilic chitosan/GO composite sponges 
(CSAGs) was constructed via a thermal radical polymerization tech
nique. GO was used as the key additive to enhance the mechanical 
strength, fluid absorption capacity, coagulation stimulation and simul
taneously to reduce wound adhesion force of CSAGs. It is hypothesized 
that CSAGs give full play to the advantages of hydrophilic materials for 
rapid hemostasis, and prevent secondary bleeding via anti-adhesive to 
the wound. To verify the hypothesis, the hemostatic performances of 
CSAGs were evaluated via rat femoral artery lethal hemorrhage model 
and rat liver lethal hemorrhage model, two commercial hemostats 
QuikClot® and CELOX™ were used as controls. Furthermore, the anti- 

adhesive properties of CSAGs were evaluated via rat dorsal adhesion 
model using QuikClot® gauze as a control. Finally, the anti-adhesion 
mechanism of CSAGs was fully investigated through the adhesion 
strength and peeling process of CSAGs from the tissue/scabs. 

2. Materials and methods 

2.1. Materials 

Chitosan (molecular weight is 100–200 kg/mol, viscosity is 5–20 
mPa.s, degree of deacetylation is 75–85 %) was obtained from Tokyo 
Chemical Industry (TCI). CELOX™ was obtained from Medtrade Prod
ucts Ltd. (Crewe, U.K.). QuikClot® combat gauze was obtained from Z- 
Medica. SurgiSeal® was obtained from Adhezion BIOMEDICAL®. 
Graphite powders (80 mesh) were purchased from Qingdao Jinrilai Co., 
Ltd., Shangdong, China. Sodium nitrate (NaNO3, AR), sulfuric acid 
(H2SO4, 98 %), hydrochloric acid (HCl, 37 %), ammonium persulfate 
(APS, 98 %), hydrogen peroxide (H2O2, 30 %), N,N′-Methyl
enebisacrylamide (MBA, 98 %) and potassium permanganate (KMnO4, 
99.9 %) were obtained from Sigma-Aldrich Co., Ltd. The graphene oxide 
(GO) solution was synthesized by using the modified Hummers’ method 
(Hummers Jr & Offeman, 1958), and the concentration of GO solution 
was 10 mg/mL. Methacrylic anhydride was purchased from Bide Phar
matech Co., Ltd., Shanghai, China. Other reagents were obtained from 
Sinopharm Chemical Reagent Co., Ltd., and used as received unless 
otherwise stated. 

2.2. Synthesis of methacrylamide chitosan (MAC) 

The synthetic route of MAC was shown in Fig. S1. Briefly, chitosan 
(1.2 g) was dissolved in 2 wt% acetic acid at room temperature (RT) with 
a magnetic stirrer for 12 h and then filtered to remove insoluble impu
rities to give a 3 wt% chitosan solution. Methacrylic anhydride was 
added to the chitosan solution at 1 M equivalents per chitosan repeat 
unit. The mixture was allowed to be reacted for 12 h at RT with constant 
shaking. The resulting milky suspension was dialyzed against (molecular 
weight cut-off range 8000–14,000) water for 3 days to remove by- 
product acrylic acid and unreacted methacrylic anhydride. The resul
tant MAC was obtained by freeze-drying for 5 days and stored at − 20 ◦C 
until use. The chemical structure of MAC was determined by 1H, 13C, 
HSQC and HMBC NMR spectra (Fig. S2-S5). The degree of substitution of 
methacryloyl group on MAC was 28 %. 

1H NMR (600 MHz, D2O): δ 5.65 (d, 2H, H-8, H-8′), 4.50 (s, 1H, H-1), 
4.10–3.20 (m, 7H, H-2, H-2′, H-3, H-4, H-5, H-6), 2.73 (s, 1H, H-2′′), 2.06 
(s, 3H, H-9), 1.96 (s, 3H, H-7). 

13C NMR (600 MHz, D2O): δ 18.0 (C-10), 22.4 (C-12), 55.5 (C-2, C- 
2′), 56.7 (C-2′′), 60.3 (C-6), 72.2 (C-3, C-3′), 74.1 (C-3′′), 74.9 (C-5, 5′, 
5′′), 78.1 (C-4, C-4′), 79.4 (C-4′′), 101.5 (C-1, C-1′), 102.4 (C-1′′), 122.0 
(C-9), 139.1 (C-8), 172.5 (C-7), 174.8 (C-11). 

2.3. Synthesis of CSAGs 

CSAG composite sponges were prepared by MAC, acrylamide (AAM), 
and GO with APS as the initiator agent and MBA as a crosslinking agent. 
Hydrothermal synthesis and freeze-drying methods were adopted to 
fabricate the porous composite sponge. The procedures of CSAGs in 
detail were available in SI Materials and methods. The sponges were 
coded as CSAG0, CSAG10, CSAG20, and CSAG33, where the numbers after 
CSAGs represent the proportion (wt%) of GO, respectively. The sponge 
components in detail were shown in Table S1. 

2.4. Characterization 

Scanning electron microscopy (SEM, 7800) was employed to observe 
the inside structure of the CSAGs. Fourier transform infrared (FT-IR) 
spectra of the pure GO, the MAC, and the CSAGs were recorded over a 
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wave number range of 4000–500 cm− 1. Energy-dispersive spectrometry 
(EDS, Hitachi S-4700) was used to analyze the surface element content 
of the CSAGs. 

Zeta potential (Malvern NanoSizer ZS 2000) was used to analyze the 
effect of GO addition on CSAGs potential, which helped to explore the 
contribution of charge to hemostasis. In brief, CSAGs were ground into 
powder and dissolved in water at 1 mg/mL, the suspension was fully 
dispersed by ultrasound for 3 h. The dispersion was directly tested for 
Zeta potential. 

2.5. Liquid absorption performance 

2.5.1. Porosity 
The porosity of the sponge was determined according to reported 

methods (Yang et al., 2019). In brief, the sponge was cut into small 
pieces and immersed in ethanol for 30 min to allow the sponge to fully 
absorb ethanol. Then, the sponge was removed from ethanol and 
weighed immediately. Porosity was calculated by the following Eq: 
porosity (%) = (W2 – W1)/(ρV0) × 100 %, where ρ represented the 
density of ethanol (0.785 g/cm3), W1 and W2 represented the mass of the 
sponge before and after absorbing ethanol, V0 represented the volume of 
sponge. 

2.5.2. Liquid absorption rate and weight 
The liquid absorption of CSAGs was evaluated by measuring the 

absorption rate of a drop of water and the amount of water absorbed. 
The process of water droplet absorption was observed by a high-speed 
camera at 40 frames per second, and the absorption rate was deter
mined by calculating the number of frames required for the water 
droplet to completely absorb from the contacting sponge surface. Liquid 
absorption volume was determined by soaking the sponge in deionized 
water (DIW), and calculated by the following Eq: Abs. weight = (W2 – 
W1)/V0, where W1 and W2 respectively represented the weight before 
and after CSAGs absorb water, V0 represented the volume of the sponge. 

2.6. Shape memory ability 

The shape-memory property of the CSAG0 and CSAG33 were evalu
ated. The CSAG0 and CSAG33 were compressed with 70 % strain and 
achieved shape fixation. Shape memory was tested by contacting the 
shape-fixed CSAG0 and CSAG33 with water or blood or by compressing 
the water or blood out of the sponge. The process was recorded by a 
digital camera, shape recovery ratio and time were measured. 

2.7. In vitro coagulation properties 

2.7.1. Whole blood clotting index (BCI) 
Fresh citrated whole blood (CWB) (blood: 3.8 % sodium citrate =

9:1) was obtained by mixing SD rat heart blood with sodium citrate. The 
sponge was cut into small pieces (1 × 1 × 1 cm3) and incubated at 37 ◦C 
for 5 min. 110 μL recalcified CWB solution (100 μL CWB and 10 μL 0.2 M 
calcium chloride solution) was dropped onto the sponge surface and 
incubated at 37 ◦C for 5 min. 25 mL DIW was added to dissolve 
uncoagulated red blood cells. The absorbance of the obtained solution 
was measured at the wavelength of 542 nm (MAPADA UV-1100 spec
trophotometer). 25 mL DIW and 110 μL CWB were utilized as the 
negative control. The BCI value is calculated by the following Eq: BCI 
(%) = Abssample/Absreference value × 100 %, where Abssample and Absre

ference value represented the absorbance values of the sample and the 
reference value, respectively. 

2.7.2. APTT and PT assays 
The prothrombin time (PT) and activated partial thromboplastin 

time (APTT) were tested with XL-1000e automatic coagulation analyzer 
(ZONCI, China). In brief, fresh CWB was centrifuged at 3000 rpm at 4 ◦C 
for 15 min to collect the supernatant to obtain platelet poor plasma 

(PPP). Sponge powder and PPP were mixed to obtain 1 mg /mL solution, 
PPP solution was utilized as the control group. The solution to be tested 
was incubated at 37 ◦C for 5 min and then put into the detection hole of 
an automatic coagulation instrument for detection. 

2.8. Interaction with blood cells 

2.8.1. Red blood cells (RBCs) and platelet adhesion assays 
The interactions between the CSAGs and RBCs were investigated 

with the previously reported method with some modifications (Liang 
et al., 2019). Before the test, red blood cells suspension (RBCs) were 
prepared by centrifuging CWB at 3000 rpm for 15 min. 100 μL RBCs 
were dropped onto the top of the sponge (5 mg pieces) and incubated at 
37 ◦C for 1 h. Then gently rinse the sponge with PBS to remove unad
hered red blood cells, and 4 mL DIW was added to lyse RBCs and release 
hemoglobin for 1 h. The OD value of supernatant was measured at 540 
nm, and 100 μL RBCs and 4 mL DIW were utilized as the control group. 
The percentage of adherent erythrocytes is calculated by the following 
Eq: RBCs adhesion (%) = ODsample/ODreference value × 100 %, where 
ODsample represented the OD value of sponge at 540 nm, and ODreference 

value represented the OD value of the control group at 540 nm. 
The interactions between various hemostats and platelets were 

further evaluated. Before the test, the platelet-rich plasma (PRP) was 
prepared by centrifuging CWB at 1500 rpm for 5 min. 50 μL PRP were 
dropped onto the top of the sponge (5 mg pieces) and incubated at 37 ◦C 
for 1 h. Then gently rinse the sponge with PBS to remove unadhered 
platelets, 0.6 mL of 1 % Triton X-100 was used to lyse attached platelets 
for 1 h at 37 ◦C to release lactate dehydrogenase (LDH) enzyme. The 
LDH content was determined by Determined by LDH kit (Biyuntian, 
China). 50 μL PRP were utilized as the control group, and the OD value 
of the solution at 490 nm was determined. The percentage of adherent 
platelets was calculated by the following Eq: platelets adhesion (%) =
ODsample/ODreference value × 100 %. 

2.8.2. Platelet activation test 
In brief, sponges (1 × 1 × 0.25 cm3 pieces) were immersed in PBS 

and incubated at 37 ◦C for 2 h. PRP was added to PBS at a volume ratio of 
1:20, and the mixture was incubated at 37 ◦C for 1 h. Soaked sponge 
were dehydrated with 50 %, 60 %, 70 %, 80 %, 90 %, and 100 % ethanol, 
each for 10 min. Freeze-drying and metal-spraying processes were 
finished for SEM observation. 

2.9. In vivo hemostatic properties 

Rat liver perforation wound model was used to assess the hemostatic 
properties of CSAGs for deep incompressible wounds. All animals were 
treated and cared for in accordance with the National Research Coun
cil’s Guide for the care and use of laboratory animals and under super
vision and assessment by the SPF Animal Department of Clinical 
Institute in China− Japan Friendship Hospital (Approval no. 211001). 

SD rats (250–280 g, 8 weeks) were anesthetized by intraperitoneal 
injection of 10 % chloral hydrate (1 mL per 200 g rat weight). The 
thoracic cavity was opened with surgical scissors, and circular perfora
tions were made in the liver using a punch (7 mm in diameter). Then the 
liver was placed on pre-weighed double-layer filter paper, and the pre- 
compressed sponge (12 mm before compression, 6 mm after compres
sion) was immediately filled into the liver hole to stop bleeding. Blood 
loss and time to hemostasis were recorded. The SD rats were euthanized 
by cervical dislocation. 

A femoral artery injury model was used to assess the hemostatic 
properties of the CSAG33 for severe, large wounds. SD rats (250–280 g, 8 
weeks) were anesthetized, the epithelial tissue and muscle were cut with 
a scalpel to fully expose the rat’s femoral artery. The vessel was 
completely cut off with a scalpel to create uncontrolled hemorrhage, and 
materials were applied to the arterial wound area with appropriate 
pressure. After the hemostasis was completed, the weight of the material 
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after hemostasis was subtracted from the weight of the material before 
hemostasis to obtain the blood loss, and the hemostasis time was 
recorded. 

2.10. In vivo anti-adhesion properties 

The anti-adhesion properties of the sponge on the wound were 
evaluated by using the rat back adhesion model. The rat back adhesion 
test was adapted from previous reports (Li et al., 2019). The back hair of 
anesthetized rats (250–280 g, 8 weeks of age) was removed with a 
shaver and depilated with Veet depilatory cream, and the back skin was 
disinfected with 75 % v/v ethanol. Use the scalpel to make two incisions 
with a length of 1 cm on the back of the rat. Materials (1 × 1.5 × 0.2 
cm3) were applied to the wound and gently pressed to ensure that the 
wound fits with the sponge for 1 h, so as to make the blood clot fully 
mature and coagulate. We only gently compressed the dressing to ensure 
good contact between the wound and the dressing. Then we fixed the 
sponge with the lower hem of the tension machine and peel the sponge 
vertically along the wound to measure the maximum peeling force of the 
sponge in the process of peeling from the wound. 

2.11. Adhesion between CSAGs and tissue/scab 

The inner surface of porcine skin and fat-removing porcine intestine 
were fixed to the petri dish, and sponges (CSAG0, CSAG10, CSAG20, 
CSAG33) were placed on a fixed mucosal surface and a pressure of 100 g 
was applied for 1 min. Finally, sponges were gently removed and 
porcine skin and mucosal surface state were recorded by a digital 
camera. 

Adhesive properties of tissue and scab were determined according to 
previously reported methods with a slight modification (Li et al., 2018a, 
b). A surface tensiometer (DCAT 21) was used to measure adhesion 
strength. Preparation of clot: Recalcified CWB and frozen fresh plasma 
(FFP) (100 μL CWB/FFP and 10 μL 0.2 M calcium chloride solution) was 
added dropwise to the plate, and the blood coagulated for 30 min at 
room temperature and suitable humidity to form a blood scab. Sponges 
(0.5 × 0.5 × 0.5 cm3 pieces) were fixed on the machine with a thin line, 
and tissue/scab was fixed on the lifting table. Sponges were attached to 
the surface of tissue/scab and pressurized with a weight of 20 g for 1 min 
to make it fully bonded. With the operation of the tensiometer, the 
sponge was gradually separated from the tissue/scab surface, and the 
mass distance curve of adhesion strength was obtained. 

2.12. Peeling CSAGs from material/scab composite 

A 2 × 8 mm2 rectangular hole was cut out of the side wall of the 
silicone tube, the fresh porcine skin was fixed on the periphery of the 
tube and a hole was cut out at the same position; the lower end of the 
tube was sealed, and blood was added from above to simulate real 
vascular bleeding. Calcified anticoagulant whole blood (1 mL) was 
dripped between the pig skin and the material for 1–2 h to form blood 
scabs to seal the wound. Then blood was injected into the tube, and the 
material was gently stripped from the wound to observe whether the 
wound is bleeding. 

2.13. In vitro hemolysis 

The hemolysis test was adapted from previous reports with some 
changes (Li et al., 2016). Sponge powder was added to PBS and treated 
with ultrasound for 2 h to prepare the concentration of 15.6, 31.3, 62.5, 
125, 250, 500 and 1000 μg/mL dispersion. 0.2 mL of diluted RBCs were 
added into 0.8 mL dispersions of different concentrations. All samples 
were incubated at 37 ◦C for 3 h, and then centrifuged at 10000 g for 5 
min. The OD value of obtained supernatant was read at 540 nm, PBS 
(+RBCs) and deionized water (+RBCs) were utilized as negative and 
positive controls. The hemolysis rate was calculated by the following Eq: 

hemolysis (%) = (ODsample – ODnegative)/(ODpositive – ODnegative) × 100 
%, where Abssample, Absnegative and Abspositive are the absorbance values 
of the sample group, the negative group and the positive group at 540 
nm, respectively. 

2.14. Cytotoxicity evaluation 

The cytotoxicity of sponge on mouse fibroblast L929 (from cell 
resource center, IBMS, cams/PUMC, Beijing, China) was evaluated by 
the leaching method. Firstly, the sponge was cut into 5 mg pieces and 
mixed with RPMI-1640 medium at the concentration of 10 mg/mL at 
37 ◦C for 24 h to obtain the leaching solution. The complete medium 
(CM) was composed of 90 % RPMI-1640 medium, 10 % fetal bovine 
serum (FBS) and 1 % antibiotics. The L929 cells will be regulated to 5 ×
104/mL in CM and cultured at 37 ◦C (5 % CO2) for 12 h. The medium 
was replaced with the leaching solution for 24 h, and CM containing 
unreacted RPMI-1640 medium was used as the control group. After PBS 
washing the cells two to three times, 5 mg/mL 3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazole bromide (MTT) solution was added and cul
ture at 37 ◦C for another 4 h. The OD value at 490 nm of the supernatant 
was read, and the cell viability RGR was calculated by the following Eq: 
RGR (%) = ODtest/ODreference value × 100 %, where ODtest is the absor
bance of sponge group at 490 nm, ODreference value is the absorbance of 
the control group at 490 nm. 

2.15. Statistical 

All tests were processed in triplicate and similar results were ac
quired. GraphPad Prism 8 software was used for statistical analysis of 
the data. Values are expressed as the means ± standard deviation (SD). 
Student’s t-test was used for the treatment comparison. P-values <0.05 
were considered to be statistically significant difference. 

3. Results and discussion 

3.1. Synthesis and characterization of CSAGs 

The MAC/GO composite sponges, CSAGs, were constructed via the 
free radical polymerization technique. MAC and AAM formed a cross- 
linked network through olefin polymerization in the presence of the 
initiator APS; at the same time, GO covalently bonded on the network by 
ring-open reaction of epoxy (Fig. 1a). To study the effects of different GO 
addition on the physicochemical properties of the sponges, a series of 
CSAGs (CSAG0, CSAG10, CSAG20, CSAG33) were prepared by varying GO 
proportions (0, 10, 20, 33 wt%) (Table S1). While GO proportion was 
>33 wt%, the construction of CSAG was failed. Thus, the CSAGs added 
>33 wt% of GO would not be discussed in the follow-up. 

The CSAGs colors changed from white to brown with the increased 
addition of GO (Fig. 1b). CSAG0 (without GO) exhibited a compact 
packing structure. Differently, CSAG10, CSAG20, and CSAG33 possessed a 
porous structure, and their pore size gradually increased (Fig. 1c). The 
porosity of CSAGs increased from 31.3 % for CSAG0 to 79.3 % for 
CSAG33 (####, p = 0.000009, Fig. 1d). This implied that adding GO 
sheets quenched partial free radicals in polymerization, resulting in a 
loose cross-linking network (Wenjing et al., 2022; Yan et al., 2018) 
(Fig. S6 and S7). Therefore, CSAG33 showed high porosity. The suc
cessful construction of CSAGs by addition reaction and curing reaction 
was further demonstrated by FTIR spectra and elemental analysis. The 
absorption signal of C––C stretching vibration (1546 cm− 1) belonging to 
MAC disappeared (Xie et al., 2020), as well as the epoxy stretching peak 
strength (860 cm− 1) belonging to GO decreased (Acik et al., 2011) 
(Fig. 1e). The C/N of CSAG0, CSAG10, CSAG20, and CSAG33 sponge 
gradually increased with the GO addition, 3.7, 4.1, 4.8 and 5.4, 
respectively (Fig. 1f). Additionally, their zeta potential also decreased 
gradually and tended towards electrical neutrality (Fig. 1g) because of 
the shielding effect of negatively charged GO. 
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GO doping could notably improve the absorption characteristics of 
CSAGs. Their liquid absorption capacity was correlated positively with 
the content of GO, which increased significantly from 397 mg/cm3 of 
CSAG0 to 718 mg/cm3 of CSAG33 (###, p = 0.0002, Fig. 1h). Further
more, by altering their wettability and providing water transport 
channels, GO could accelerate the liquid absorption rate of CSAGs 
(Depan et al., 2011; Hegab & Zou, 2015; Zhang et al., 2021a, b). The 
liquid absorption rate of CSAGs decreased from 740 ms for CSAG0 to 93 
ms for CSAG33 (####, p = 0.00002, Fig. 1i, Fig. S8). Therefore, CSAG33 
has a high absorption capacity and ultrafast liquid absorption rate, both 
of which were critical for hemostatic materials when dealing with severe 
trauma bleeding. 

3.2. Shape memory characteristics 

Accordingly, the shape memory property of CSAG33 was then stud
ied. As shown in Fig. 2a, CSAG33 was easily fixed and rapidly restored its 
original shape after liquid (water/blood) absorption by filling liquid into 
the porous cavity through the rapid absorption characteristic. It recov
ered to >93 % compression height in water or blood (####, p =
0.000002) within 3 s (####, p = 0.00032, Fig. 2b, c). In contrast, CSAG0 
only recovered to 14 % in water and did not even rebound in blood. This 
implied that GO additives played pivotal parts in strengthening the 
durability and mechanical integrity of CSAGs. The interconnected 
porous structures in CSAG33 could withstand compression by 

Fig. 1. Characterization of CSAGs. (a) Preparation process of CSAGs; (b) Photograph and (c) cross section SEM image of the CSAGS; (d) Porosity of CSAGs; (e) FT-IR 
spectra of CSAGs, MAC and GO; (f) Elemental analysis of CSAGs; (g) Zeta potential, (h) water absorption and (i) absorption rate of a drop of water of CSAGS. Error bar 
indicate S⋅D (n = 3), # means the contrasts between experimental groups and CSAG0, #/*p < 0.05, ##/**p < 0.01, ###/***p < 0.001, ####/****p < 0.0001. 
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transferring the mechanical stress (Li et al., 2020b, b). In the cyclic 
compression rebound test (Fig. 2d, e), CSAG33 maintained a high 
rebound ratio (93 %) and short rebound time (2.6 s) after five cycles of 
compression in water. In terms of blood, it only showed a slight exten
sion of rebound time (0.6 s) at the fifth cycle of compression. Overall, 
CSAG33 sponge has fast and stable shape memory characteristics that aid 
the hemostasis of deep incompressible wounds. 

3.3. Blood cells and platelets adhesion properties 

The first stage of coagulation process is the aggregation and activa
tion of red blood cells and platelets, and the subsequent formation of the 
initial clotting plug. As such, we quantitated the blood cell aggregation 

ability of CSAGs. The commercial hemostats, QuikClot® combat gauze 
and CELOX™ powders were used as controls. As shown in Fig. 3a and b, 
the adsorption ratio of red blood cells and platelets in CSAG0 group were 
40.9 % and 50.9 %, respectively, which were significantly higher than 
those in QuikClot® (6.8 %, ****, p = 0.000033; and 6.2 %, ***, p =
0.000682) and CELOX™ groups (10.1 %, ****, p = 0.000005; and 12.2 
%, ****, p = 0.000019). Notably, CELOX™ is also positively charged, 
but its capacity for red blood cells adsorption is far less than that of 
CSAG0. Interestingly, the adsorption of red blood cells and platelets by 
CSAG33 was 8.3 % (*, p = 0.0116) and 4.4 % (*, p = 0.0307) higher than 
those of CSAG0, respectively. This indicated that negatively charged GO 
addition might not attenuate the blood-cells capture ability of chitosan- 
based sponge. Importantly, the increasing porosity of CSAG33 provided a 

Fig. 2. Mechanical properties of CSAGs. (a) Photographs shape memory performance of CSAG33 in water and blood. (b) Recovery ratio and (c) recovery time of 
CSAG0 and CSAG33 in water and blood. The recovery ratio of CSAG33 rebound in (d) water or (e) blood at 1, 3, 5 compression-recovery cycles. Error bar indicate S⋅D 
(n = 3), ****p < 0.0001. 

Fig. 3. In vitro clotting properties of CSAGs. (a) RBCs and (b platelets adsorption ratio of QuikClot®, CELOX™, CSAG0 and CSAG33. (c) SEM images of interfacial 
interaction between platelets and the CSAG33. (d) PT, (e) APTT and (f) BCI test of CSAG0, CSAG33, QuikClot®, CELOX™ and cross-linked graphene sponge (CGS). 
Error bar indicate S⋅D (n = 3), # means the contrasts between experimental groups and control, #/*p < 0.05, ##/**p < 0.01, ###/***p < 0.001, ####/****p < 0.0001. 
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large number of absorption channels, significantly facilitating the cap
ture and storage ability of red blood cells and platelets. To elucidate the 
effect of CSAGs on platelet activation, CSAG33 was immersed in a PBS 
solution containing PRP (Fig. 3c). Free platelets in PBS were adsorbed on 
the surface of CSAG33 and displayed pseudopodia-like morphology, 
indicating platelets activation on the surface of CSAG33. These results 
demonstrated that CSAG33 could effectively accumulate blood cells and 
activate platelets, which was in favor of accelerating the formation of 
primary clotting plugs. 

3.4. In vitro coagulation properties 

The second stage of coagulation process is the reinforcement of the 
initial clotting plug by activating the cascade response of coagulation. 
Accordingly, the coagulation indexes, PT and APTT, were used to assess 
the activation of endogenous and exogenous coagulation pathways by 
CSAGs. The PT of CSAG33 decresed notably from 12.7 s to 10.4 s (##, p =
0.0052), and showed no significantly difference with that of CELOX™ 
(9.9 s, ns, p = 0.498, Fig. 3d). CSAG0, on the other hand, did not show 
exogenous coagulation stimulation accompanied with an unchanged PT 
value. These results demonstrated that the presence of GO was required 

Fig. 4. In vivo hemostasis and anti-adhesion performance of CSAGs. (a) Hemostatic process of CSAG33 in SD rat artery injury model. (b) Hemostatic time and (c) 
blood loss of blank, CELOX™, QuikClot®, CSAG0, CSAG20 and CSAG33 in SD rat artery injury model. (d) Hemostasis of the materials in SD rat liver punching model. 
(e) Statistical hemostatic time and (f) blood loss of blank, CELOX™, QuikClot®, CSAG0, CSAG20 and CSAG33 in SD rat liver punching model. Error bar indicate S⋅D (n 
= 5), # means the contrasts between experimental groups and blank, #/*p < 0.05, ##/**p < 0.01, ###/***p < 0.001. 
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for CSAG33 to excite exogenous coagulation stimulation. Similarly, 
CSAG33 also stimulated the endogenous coagulation pathway, signifi
cantly decreasing the APTT value from 35.7 s to 29.2 s (##, p = 0.0011, 
Fig. 3e). This could be attributed to the negatively charged carboxyl 
functional group of GO, which could activate the transformation of 
coagulation factor XII to XIIa. As such, CSAG33 would promote blood 
clotting by simultaneously activating exogenous and endogenous 
coagulation pathways. Accordingly, the BCI of CSAG33 was then used to 
evaluate their final blood clotting ability in vitro (Fig. 3f). The lower BCI 
value showed the lower heme content released by the blood, repre
senting the better blood coagulation performance. The BCI values of 
CSAGs were significantly lower than CGS (79.7 %), indicating that 
CSAGs have excellent in vitro coagulation properties. CSAG0 (19.2 %) 
showed lower BCI values than the commercial hemostat, QuikClot® 
(34.2 %; **, p = 0.0068) and CELOX™ (27.7 %; *, p = 0.0316), sug
gesting that micro-pore structure was benefited for blood clotting. 
Moreover, GO addition could accelerate liquid absorbability and trigger 
coagulation stimulations of CSAGs, thereby reinforcing hemostatic 
performance. The CSAG33, therefore, exhibited the lowest BCI values 
(10.2 %; ####, p = 0.00002) among all the experimental groups. These 
results indicated that CSAG33 possessed excellent hemostatic efficiency 
in vitro. 

3.5. In vivo hemostasis of CSAGs 

The assays of hemolysis and cell tocxicity were first conducted and 
revealed the high biocompatibility of CSAG33 (Fig. S9 and S10). Sub
sequently, the bleeding control and anti-adhesive properties of CSAGs 
were evaluated using a rat femoral artery injury model (Fig. 4a). In this 
case of severe bleeding, CSAG33 was able to absorb blood quickly 
without overflowing, resulting in successful hemostasis. Statistical 
analysis revealed that CSAG33 exhibited the best hemostatic perfor
mance (Fig. 4b and c), it stopped the bleeding within 66.7 s (#, p =
0.0410), which was 34 %, 40 %, 18 % and 32 % faster than CELOX™, 
QuikClot®, CSAG20 and CSAG0, respectively. Hydrophilic materials like 
gauze, have been reported to absorb large amounts of blood, resulting in 
excessive blood loss. Differently, CSAG33 possessed hydrophilic prop
erties while minimized blood loss significantly. CSAG33 had the lowest 
blood loss of 1.03 g (#, p = 0.0340), which was 62 %, 61 %, 23 % and 53 
% less than CELOX™, QuikClot®, CSAG20 and CSAG0, respectively. 
These results were mainly due to the fact that hydrophilic CSAG33 could 
rapidly absorbs plasma, enriches blood red blood cells and platelets at 
the bleeding site, and promotes the rapid formation of primary clotting 
clots. At the same time, CSAG33 displayed multiple coagulation stimuli 
to promote rapid fibrin production. As a result, a stable blood scab forms 
quickly at the wound to stop the bleeding. In addition, CSAG33 can be 
easily detached from the wound with a slight adhesion to the tissue 
(Fig. S11). After detachment, a dark red scab remained steadily in the 
wound that avoided secondary bleeding (the white circle in Fig. 4a). 
Therefore, CSAG33 was effective in controlling severe bleeding and 
enabling safe debridement. 

Subsequently, a rat liver injury model was further used to evaluate 
the hemostatic potential and anti-adhesion property of CSAG33 for 
noncompressible wounds (Fig. 4d). Significantly, the hemostatic time of 
CSAG33 was reduced to 32.3 s compared with 138.3 s of the untreated 
blank group (##, p = 0.0025, Fig. 4e). Furthermore, it was about 53 %, 
62 %, 33 % and 48 % lower than those of CELOX™ (68.7 s, **, p =
0.0013), QuikClot® (86.0 s, ***, p = 0.0007), CSAG20 (62.0 s, **, p =
0.0049) and CSAG0 (48.0 s, *, p = 0.0410). The blood loss of CSAG33 
group decreased to 0.20 g from 0.71 g of the blank group (##, p =
0.0026), which was about 44 %, 54 %, 26 % and 41 % lower than those 
of CELOX™ (0.36 g, *, p = 0.0482), QuikClot® (0.44 g, **, p = 0.0026), 
CSAG20 (0.27 g, *, p = 0.0274) and CSAG0 (0.34 g, *, p = 0.0336; 
Fig. 4f). The results showed that the hemostatic performance of CSAGs 
were positively correlated with the GO addition amount. The excellent 
hemostatic properties of CSAG33 are mainly accounted for its rapid 

shape recovery ability (Fig. 2). When CSAG33 came into contact with 
blood, it quickly absorbed plasma and returned to its original shape, 
which filled the wound and applied sufficient pressure to stop bleeding. 
Conversely, CELOX™ and CSAG0 could not expand to fill the wound nor 
quickly form blood scabs, resulting in continuous bleeding. Interest
ingly, the CSAG33 sponge could be easily removed from the liver hole 
without causing wound tearing and secondary bleeding, and no sponge 
residue was found on the pore wall (Fig. S12). Therefore, CSAG33 shows 
good hemostatic and anti-wound adhesion effects in deep non- 
compressible wounds. 

3.6. In vivo rat back incision anti-adhesion of CSAGs 

In order to further investigate the anti-adhesive properties of CSAGs, 
a classical rat dorsal incision model was used to quantitatively evaluate 
their peeling force. As shown in Fig. 5a, gentle pressure was applied to 
the materials (QuikClot®, CSAG0 and CSAG33) to fit the bleeding 
wound. After 2 h, the materials were slightly stripped from the wound 
(Fig. 5b-5d). It could be observed that QuikClot® and CSAG0 adhered 
strongly to the tissue. The tissue was pulled up to >1 cm without peeling 
off the material (Fig. 5b′ and c′, Video S1). The wounds were severely 
torn after the material peeling, and secondary bleeding was observed 
(Fig. 5b′′ and 5c′′). On the contrary, CSAG33 could be easily stripped 
from the wound (Fig. 5d′, Video S2), and the wound in CSAG33 group 
was tightly closed without secondary bleeding (Fig. 5d′′). Quantita
tively, CSAG33 showed the lowest wound peeling force of 213 mN, 
which was 79.3 % and 56.5 % lower than QuikClot® and CSAG0 (1031 
mN, *, p = 0.0125 and 490 mN, #, p = 0.0298, respectively, Fig. 5e). The 
medical wound sealant SurgiSeal® sealed the wound well, but its strong 
adhesive caused severe tearing of the wound and secondary bleeding 
during the peeling (Fig. S13, Video S3). Comparatively, the peeling 
strength of CSAG33 was 86 % lower than that of SurgiSeal® (Fig. S14), 
which can effectively prevent secondary damage. In addition, The 
tissue-peeling force of CSAG33 was about 10 times smaller than that of 
hydrocolloid dressings, and was about 5 times smaller than that of 
polyurethane and acrylate dressings (Klode et al., 2011). Therefore, 
CSAG33 significantly weakened the adhesion to the tissue for easy, non- 
secondary damage peeling. 

3.7. Exploring the anti-adhesion mechanism of CSAGs 

Accordingly, anti-adhesion mechanisms of CSAGs were studied 
(Fig. 6a). The adhesion of materials and tissue were first investigated 
using porcine skin and intestinal mucosa. The CSAGs were found to be 
intact remained intact after being peeled from the inner surface of the 
porcine skin, and there were no material residue on the porcine skin 
(Fig. 6b). However, when porcine intestinal mucosa was used instead of 
the porcine skin, CSAG0 and mucosa formed a strong adhesion, which 
resulted in material broken to numerous residues during the peeling 
process (Fig. 6b, Fig. S15). Differently, CSAG10, CSAG20 and CSAG33 
were easier to peel off than CSAG0, and there are no material rupture or 
residues. These results could be attributed to the GO addition. It could 
improve the mechanical strength of CSAGs on the one hand; on the other 
hand, GO addition might attenuate the adhesion between CSAGs and 
tissue, thereby modulating the interfacial interaction (Hamedi, Moradi, 
Hudson, Tonelli, & King, 2022). 

To verify the above conjecture, the peel strength of CSAGs against 
porcine mucosal tissue was quantified by a crack-opening model (Mati- 
Baouche et al., 2014) (Fig. 6c, Fig. S14). The adhesion force was a 
strictly negative correlation with the content of GO addition (Fig. 6d). 
The peel strength of CSAG0, CSAG10, CSAG20 and CSAG33 against the 
porcine tissue were 9.03 kPa, 8.56 kPa (ns, p = 0.2), 6.41 kPa (***, p =
0.0008) and 4.78 kPa (*** p = 0.0002), respectively. This implied that 
GO obviously weakened the adhesion of CSAGs to tissue. Furtherly, the 
peel strength of CSAGs against blood scab was evaluated (Fig. 6e). The 
peel strength of CSAG0 against blood scab was 0.24 kPa, and that of 
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CSAG10 (0.18 kPa, ns, p = 0.06), CSAG20 (0.15 kPa, **, p = 0.003) and 
CSAG33 (0.12 kPa, **, p = 0.002) decreased gradually, which was 
consistent with the results of adhesion between CSAGs and tissue. 
CSAG33 showed the lowest peel strength either against tissue and scab, 
fully confirming its outstanding in vivo anti-adhesion properties. Inter
estingly, the peel strength of CSAG33 against blood scab was one order of 
magnitude lower than that against tissue (Fig. 6f). The difference in 
peeling strength may be due to the different composition of the two. i) 
The tissue surface has various proteins, glycogenic substances, etc., 
which provide abundant functional groups to interact with CSAGs 
(hydrogen bonding, electrostatic forces, etc.) (Hamedi et al., 2022; Mati- 
Baouche et al., 2014). ii) Comparatively, the whole blood clot is 
composed of fibrin, platelets and red blood cells (RBCs). The surface of 
the clot is mainly fibrin which containing fewer types and quantities of 
functional groups than tissue, leading to weak interaction (Ariëns, 2016; 
Mosesson, 2005). Besides, during the clot contraction, fibrin forms a 
dense and hydrophobic network structure, which lead to further weak
ening of CSAG adhesion to the clot (Cines et al., 2014; Hamedi et al., 
2022; Wang et al., 2022; Weisel & Litvinov, 2017). We also investigated 
the effect of RBCs on adhesion. The peeling strength of CSAG0, CSAG10, 
CSAG20 and CSAG33 against the FFP clots were 1.83 kPa, 1.51 kPa, 1.03 
kPa and 0.80 kPa, respectively. Interestingly, the peeling strength of FFP 
clots was slightly higher than that of CWB clots (Fig. S16). This may be 
because the absent RBCs decreased the mechanical strength of the clot, 
which resulted in a larger contact area with the CSAGs when 

compression, and thus increased the adhesion strength compared to 
CWB clots (Liang, Chernysh, Purohit, & Weisel, 2017). Nevertheless, the 
adhesion strength of the FFP clot was much less than that of the tissue. 
Therefore, it was concluded that the composition leads to the difference 
in adhesion strength between tissue and blood clot, which is consistent 
with our previous conclusions. Anyway, this result demonstrated that 
the adhesion between the materials and tissue, rather than adhesion 
between the materials and blood scab, led to severe laceration and 
secondary bleeding. 

Additionally, the formed material/scab composite was a problem 
that could not be ignored. A prevailing view is that a superhydrophobic 
surface prevents secondary bleeding by avoiding the formation of ma
terial/scab composites; but traditional hydrophilic hemostatic mate
rials, e.g. gauze, will absorb a large amount of blood and sequentially 
form the composite, which may lead to the rupture of scab and sec
ondary bleeding (Wang et al., 2019; Zhang et al., 2013). Accordingly, we 
studied the peeling process of CSAG33 from the material/scab composite 
(Fig. 7a). It could be observed that the blood unimpeded flew out from 
the ‘wound’ once injected into the silicone tube (Fig. 7b, Video S4); 
while the wound was blocked by the CSAG33/scab composite, the blood 
was stably enclosed in the tube (Fig. 7c). Then, the CSAG33 was slightly 
peeled off from the wound (Video S5). Interestingly, the CSAG33/scab 
composite could be ripped along the interface. The residue scabs on 
tissue retained a certain thickness, effectively preventing the blood from 
flowing out of the tube (Fig. 7d). The surfaces of the separated scab were 

Fig. 5. In vivo anti-adhesion assays of 
CSAGs. (a) Photographs of wound in rat 
back incision adhesion model, Quik
Clot®, CSAG0 and CSAG33 applied on 
the wounds. Photographs of (b) Quik
Clot®, (c) CSAG0 and (d) CSAG33 
peeling process (b′, c′ and d′ represent 
the material and wound state during 
peeling; b′′, c′′ and d′′ represent the 
material and wound state after peeling). 
(e) Peeling force of QuikClot®, CSAG0 
and CSAG33. Error bar indicate S⋅D (n 
= 3), # means the contrasts between 
experimental groups and QuikClot®, 
#/*p < 0.05.   
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uneven, which might because of the presence of cavities at the interface 
between the material and the crust. All in all, CSAG33 can safely be 
separated from the scabs to prevent secondary bleeding. 

Based on the above results, we concluded that CSAG33 effectively 
controlled serious hemorrhage without second bleeding because of its 
hydrophilic and anti-adhesion properties. Hydrophilicity was the 
fundamental property of CSAG33 that accumulat red blood cells and 
platelets, triggered intrinsic/extrinsic coagulation stimulations, and 
formed a thick and stable blood scab to stop bleeding (Fig. 8a). Impor
tantly, the low tissue adhesion and easy scab-separation contributed 
significantly to the safe peeling of CSAG33 from the wound without re- 
bleeding (Fig. 8b). 

For one thing, GO addition attenuated adhesion strength between 
CSAGs and tissue (Fig. 8b). The possible explanations were: i) GO 
addition weakened the interaction of CSAG33 with tissue. There was 

electrostatic interaction between positively charged CSAG0 and nega
tively charged sialic acid residues on tissue surface mucin (Hamedi et al., 
2022; Wu et al., 2017), which was the leading cause of wound adhesion; 
while the addition of negative GO shielded the positive charge of 
CSAG33 and significantly attenuated the electrostatic interaction force. 
Besides, the presence of the amino group in chitosan could form 
hydrogen bonding with different proteins and amino acids on the tissue 
surface (Mati-Baouche et al., 2014). The addition of GO depletes the 
positively charged amino group by curing reaction, which may weaken 
the hydrogen bond between CSAG33 and tissue. ii) GO addition 
increased the porosity and surface roughness of CSAG33. The porosity 
and roughness of the substrate surface have an important impact on 
tissue adhesion. When the rough surface comes into contacted with 
tissue, bubbles or cavities would be generated at the interface that 
effectively weakened their adhesion (Van der Leeden & Frens, 2002). 

Fig. 6. In vitro anti-adhesion assays of CSAGs (a) Schematic diagram of adhesion test of CSAGs to porcine skin and porcine intestinal mucosa. (b) Photograph of 
porcine skin and mucosa after CSAGs peeling. (c) Schematic diagram of quantitative analysis of peeling strength between CSAGs and tissue/scab. Peeling strength of 
CSAGs against (d) tissue and (e) scab. (f) Comparison of the peeling strength of CSAGs on tissue and scab. 
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Two-dimensional lamellar structure GO was compounded into a linear 
chitosan polymer network, which increased the porosity and roughness 
of CSAG33 (Zhang et al., 2013). Consequently, CSAG33 was easy to be 
peeled from the wounds by reducing electrostatic interaction, hydrogen 
bond interaction and increasing surface roughness. 

For another, partial detachment of the CSAG33/scab composite sus
tained the wound seal (Fig. 8b). Previous studies revealed that an intact 
blood clot is relatively stable, whereas it is easily torn when it acquires a 
defect. The defect will be further enlarged mechanically, leading to the 
clot detached along the peeling direction (Liu, Bao, Ma, Kastrup, & Li, 

2021; Tutwiler et al., 2020). Consistently, high porosity and roughness 
CSAG33 might introduce bubbles or cavities i.e. physical defects at the 
interface. As Fig. 7 and Fig. 8b illustrated, the scab could be gradually 
torn when the CSAG33 was peeled off (also see Video S5). The resulted 
uneven surface between blood scab and CSAG33 implied the existence of 
cavities. They could drive the transverse detachment of CSAG33/scab 
composite in the presence of peeling force. As such, the removal of 
CSAG33 would take away part of the blood scab (He et al., 2022), but 
most of the blood scab remained on wound to avoid re-bleeding. 

Collectively, CSAG33 was an effective anti-adherent hydrophilic 

Fig. 7. Separation assays of material and scabs. (a) Schematic diagram of the peeling model. CSAG33 was fixed by blood scabs to porcine skin wrapped in silicone 
tubing, a notch was created in the same place on the porcine skin and the silicone tube, blood was injected into a silicone tube and the CSAG33 was carefully peeled 
from the blood scab. (b) Photograph of the blood being injected directly into the tube and (c) the tube blocked by the CSAG33/scab composite. (d) Photograph of 
‘wound’ and CSAG33 after peeling. 

Fig. 8. Schematic diagram of hemostasis and anti-adhesion mechanism of CSAG33. (a) First, the CSAG33 rapidly absorbed plasma to enrich blood red blood cells and 
platelets for the rapid formation of primary clotting clots. Second, the CSAG33 simultaneously activated exogenous and endogenous coagulation cascade pathways to 
reinforce the initial clotting plug through rich stimuli. (b) Compared to QuikClot® and CSAG0, CSAG33 exhibited weaker electrostatic interactions, hydrogen bonding 
interactions and higher porosity and surface roughness, which resulting in lower tissue adhesion strength. The removal of CSAG33 was accompanied with the defect- 
driven detachment of part of the blood scab, which sustained the wound seal and achieved non-rebleeding removal. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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hemostatic sponge. First, CSAG33 facilitated the formation of a high- 
density blood clot by hydrophilic interface stimulation. Second, 
CSAG33 had low tissue adhesion because of its special physicochemical 
properties, which was critical to avoid wound tear by attenuating 
stripping force. Third, the subsequent removal of CSAG33 was accom
panied by the defect-driven partial detachment of the blood scab that 
sustained the wound seal. 

4. Conclusions 

In summary, we have firstly developed a series of hydrophilic CSAGs 
that effectively controlled serious hemorrhage without second bleeding. 
CSAG33 with optimal GO addition (33 wt%) achieved rapid hemostasis 
under the synergetic effects of rapid absorption of plasma, large accu
mulation of red blood cells and platelets, and strong activation of 
intrinsic/extrinsic coagulation cascade. The hemostatic efficiency of 
CSAG33 significantly outperformed that of the commercially available 
products CELOX™ and QuikClot® in two serious bleeding models in 
vivo. More importantly, CSAG33 is effectively prevented wound adhe
sions, with a 79.3 % reduction in peeling force compared to the hemo
static gauze QuikClot® in a rat dorsal adhesion model. Anti-adhesion 
mechanism studies indicated that CSAG33 has low tissue adhesion and 
defect-driven partial detachment of the blood scab, allowing CSAG33 to 
be peeled easily and safely from the wound. Thus, we confirmed that 
CSAG33 has great potential in rapid hemostasis and anti-adhesion for 
severe hemorrhage. This study develops a hydrophilic anti-adhesion 
hemostatic material and also provides new concepts for the design of 
anti-adhesive materials. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.carbpol.2023.121058. 
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