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A B S T R A C T   

Effective hemostasis for noncompressible bleeding has been a key challenge because of the deep, narrow, and 
irregular wounds. Swellable gelatin is an available hemostatic material but is limited by weak mechanical 
strength and slow liquid absorption. Herein, the design of a gelatin and graphene oxide (GO) composite sponge 
(GP-GO) that possesses stable cross-linked networks and excellent absorbability, is reported. The GP-GOs are 
constructed via the thermal radical polymerization technique, using methacrylate gelatin (Gel-MA) and poly 
(ethylene glycol) diacrylate (PEGDA) as the crosslinker, while GO is uniformly fixed in the network via the curing 
reaction to further strengthen the stability. The optimized GP-GO5 with GO addition (5 wt%) exhibits high 
porosity (> 90%), distinguished liquid absorption rate (106 ms), rapidly responsive swelling (422% expansion 
within 10 s), and stable mechanical properties. The addition of GO effectively reinforces coagulation stimulation 
of GP-GOs though the stimulation of platelets and the enrichment effect at the interface, significantly reducing 
the blood coagulation index (BCI) (< 17.5%). Hemostatic mechanism study indicated the liquid absorbability of 
GP-GOs is the critical foundation to trigger the subsequent physical expansion, blood cells enrichment, and 
coagulation stimulations. Besides, GP-GO5 exhibits excellent biosafety assessed by hemolysis and cytotoxicity. 
Under the synergistic effects, the biocompatible GP-GO5 showed excellent hemostatic properties in the hemo
stasis of severe bleeding and noncompressible wounds compared with a pure gelatin sponge (GP) and the 
commercial hemostatic agent Celox™. This study demonstrated a promising candidate for practical application 
of noncompressible wound hemostasis.   

1. Introduction 

Severe bleeding is life-threatening, which can occur both externally 
and internally, including extensive epidermal damage, arterial lacera
tions, and severe perforation bleeding [1]. Effective intervention before 
hospitalization is of great significance for improving patient survival 
[2]. At present, a variety of hemostatic materials have been developed 
for emergency hemostasis, including gauze [3,4], bandage [5], hydrogel 
[6,7], powder [8], and so on. These hemostatic materials show good 
hemostasis for superficial trauma, but exhibit shortcomings in coping 
with noncompressible wounds caused by penetration and stab. 
Noncompressible wounds have faced the immediate challenge of being 
deep, narrow, and irregularly shaped [9,10]. The above hemostatic 

agents are either difficult to reach the bleeding site or are easily washed 
away by the blood, resulting in poor treatment outcomings. At the same 
time, the inconvenient packaging form and the poor coagulation per
formance also limit the treatment of noncompressible wounds with 
present hemostatic agents. There are urgently needed innovative he
mostatic materials for noncompressible wound bleeding [11]. 
Compared with other types of hemostatic materials, the hemostatic 
sponge has the advantages of being compressible, easy to package, easy 
to fit, and staying on the bleeding site to form physical pressure [10,12]. 
The development of a hemostatic sponge capable of rapid hemostasis 
will be of considerable significance for the treatment of noncompressible 
wound bleeding. 

Gelatin, a product of partial hydrolysis of collagen, is widely used in 
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the field of biomedicine due to its unique advantages in terms of price, 
biocompatibility, biodegradability, and modifiability [13]. Gelatin has 
swelling properties. It can absorb 5–10 times the weight of water and 
swell. Previous studies on hemostatic sponges used gelatin as the main 
composition to generate physical compression through a higher swelling 
rate, thereby promoting hemostasis [14,15]. Gelatin is also able to 
aggregate and activate platelets and rapidly form stable blood clots [16]. 
However, the inherent low mechanical properties and slow liquid ab
sorption rate of gelatin are detrimental to rapid hemostasis in 
noncompressible wounds [17]. Gelatin-based hemostatic sponges pre
pared by relying only on the non-covalent cross-linked networks usually 
show low mechanical properties, especially in the aqueous environment 
[18]. The non-covalent cross-linked networks are easily destroyed, 
which limit the application in hemostasis [19]. Additionally, the slow 
liquid absorption rate gives rise to the extended expansion equilibrium 
time of gelatin-based sponge, reducing the efficiency of wound filling 
and the final hemostasis [20,21]. Therefore, the use of covalent cross
linking strategy and material compounding strategy are needed to 
improve its mechanical strength and water absorption rate, which is 
essential to enhance geltain sponge hemostatic performance in 
noncompressible wounds. 

Graphene oxide (GO) is a derivative of graphene that possesses 
abundant hydrophilic oxygen-containing functional groups, such as 
hydroxyl, epoxy, and carboxyl groups [22]. These hydrophilic 
end-groups accompanied by the hydrophobic backbone endow GO with 
amphiphilic properties. Due to these specific amphiphilic properties and 
unique two-dimensional sheet structure, GO exhibits ideal channels for 
water transportation, thereby improving the absorbability of materials 
[23,24]. Previously, we reported a series of GO-based hemostatic 
sponges, which confirmed their potential application as a wound dres
sing by rapidly liquid absorption [25,26]. In addition, the other study 
confirmed that upon contact with blood, GO induces a strong aggrega
tion response in platelets. Its efficiency is comparable to that of 
thrombin [27]. Zhang et al. prepared a composite sponge of N-alkylated 
chitosan and GO. By exploring the optimal ratio, it was confirmed that 
the addition of a higher proportion of GO had more significant platelet 
activation and higher coagulation efficiency [28]. Besides, it was 
revealed that the excellent toughness and tensile properties of GO 
notably improve the mechanical strength of polysaccharide materials 
[29,30]. Therefore, it is believed that compounding GO would be able to 
ameliorate the physical defects of the gelatin sponge and reinforce its 
coagulation stimulation, thereby developing into a novel hemostatic 
material for noncompressible wounds. 

Here, we proposed a facile method for preparing a series of gelatin/ 
GO composite sponges (GP-GOs) with different GO contents for hemo
stasis in noncompressible wounds. GP-GOs were constructed by covalent 
crosslinking of methacrylate gelatin (Gel-MA), poly(ethylene glycol) 
diacrylate (PEGDA), and GO using a thermal radical polymerization 
technique. GP-GOs were successfully prepared, and the liquid absorp
tion properties, swelling properties, and mechanical strength were sys
tematically characterized. The multiple coagulation mechanisms of the 
composite sponge were demonstrated using blood clotting testing, ag
gregation of platelets and erythrocytes, stimulation of platelets, and 
activation of the coagulation pathway. The rat femur injury model and 
rat liver puncture model were used to mimic acute trauma and 
noncompressible wound bleeding. They demonstrated the superior he
mostatic effect of GP-GOs in vivo, which outperformed the commercial 
hemostat, Cleox™. Therefore, these biocompatible GP-GOs showed 
good potential for hemostatic applications in noncompressible wounds. 

2. Experiment 

2.1. Materials 

Gelatin was purchased from Solarbio Co. Gel-MA was prepared ac
cording to the report method [31]. Graphite (80 mesh) was purchased 

from Qingdao Jinrilai Co., Ltd., Shandong, China. The GO solution was 
prepared with the Hummers’ method [32]. Celox™ was obtained from 
Medtrade Products Ltd. (Crewe, U.K.). Other reagents were obtained 
from Sinopharm Chemical Reagent Co., Ltd., and they were used as 
received without any further purification. 

2.2. Preparation of GP-GO sponge 

The GP-GOs were prepared by a thermal radical polymerization 
technique. Briefly, Gel-MA was dissolved in deionized water, and mixed 
with the crosslinked agent PEGDA. The mass ratio of Gel-MA: PEGDA 
was controlled at 1:1 (w/w). Then, GO solution (10 mg/mL) and the 
initiator APS were added and mixed thoroughly by a high-shear ma
chine. GO accounted for 0, 1, 5, 10, and 20 wt% of the total solid mass, 
and the obtained GP-GOs were donated as GP, GP-GO1, GP-GO5, GP- 
GO10, and GP-GO20, respectively. The mass ratio of APS was controlled 
at 1:4 to the total solid content (w/w). The specific formula for the 
synthesis of GP-GOs were shown in Table S1.Then, the mixed solution 
was put into a reaction vessel at 70 ◦C for 4 h. Finally, the hydrogels 
were soaked in the reaction vessel for 48 h, and the water was replaced 
every 12 h, and then freeze-dried for 48 h to obtain a GP-GO composite 
sponge. 

2.3. Characterizations 

Gel-MA was characterized by 1H NMR, which was recorded on a 
Bruker AV III 400 spectrometer using D2O (Fig. S1). A scanning electron 
microscope (SEM, Hitachi S-4700) was used to observe the microscopic 
morphology of the GP-GOs. Fourier transformed infrared spectroscopy 
(FTIR, PerkinElmer, Spectrum 100), element analysis (EA, Vario 
Elcube), and X-ray photoelectron spectra (XPS, KRATOS AXIS SUPRA) 
were used to investigate the chemical composition of the GP-GOs. 
Thermogravimetric analysis (TGA, Mettler Toledo TGA/DSC1/1100SF) 
was used to determine the graphene content composition of GP-GO5. 

2.4. Porosity measurement 

The porosity of GP-GOs was measured by previously reported 
methods [33]. Briefly, The pre-weighed sponge (W0) was immersed in 
absolute ethanol, and the saturated weight (W1) was recorded. The 
porosity calculation formula was as follows: Porosity = (W1 – W0)/(ρ ×
V). Among them, ρ is the density of absolute ethanol, and V is the volume 
of the sponge. 

2.5. Liquid absorption measurement 

The liquid absorbability of GP-GOs included the liquid absorption 
amount and the liquid absorption rate. The liquid absorption amount 
was measured by the weight loss method. A pre-weighed sponge (W0) 
was immersed in water and recorded the saturated weight (W1). The 
calculation formula of water absorption was as follows: Liquid absorp
tion = (W1 – W0)/W0 × 100% [28]. The liquid absorption rate was 
recorded by high-speed cameras [25]. 

2.6. Expansion ratio measurement 

The expansion ratio of the GP-GOs was calculated from the volume 
measured at a predetermined time [34]. A pre-measured volume of dry 
GP-GOs was soaked in water and swelled. At a predetermined time 
(within 120 s), the volume of the sponge was recorded. The calculation 
formula of the expansion ratio was as follows: Expansion ratio (%) 
=Vl/Vf, where Vl is the volume at the next moment, and Vf is the volume 
at the previous moment. 
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2.7. Rebound rate measurement 

The rebound rate of GP-GOs was measured by the height measured 
by repeated compression of weights. A 100 g weight was pressed on the 
sample. Compress the height to 50% of the last height, and record the 
rebound height. Repeated the cycle 20 times, and the formula for 
calculating the rebound rate was as follows: Rebound rate (%) = Hf/Hl 
× 100%, where Hl is the height of the sponge before the last compres
sion, and Hf is the height of the sponge after the rebound. 

2.8. Hemostatic testing 

2.8.1. In vitro blood clotting testing 
The blood clotting index (BCI) of GP-GOs was measured by previ

ously reported methods [35]. Anticoagulated whole blood was collected 
from SD rats. After the anticoagulated whole blood was incubated with 
GP-GOs for 5 min, the deionized water was added to make the blood 
cells swell and burst. The absorbance value of the sample solution at 
540 nm was measured. The deionized water and PBS without added 
samples were used as negative and positive controls, respectively. The 
calculation formula of blood clotting index (BCI) was as follows: BCI (%) 

= (Abssample – Abs+) / (Abs– – Abs+) × 100%. 

2.8.2. In vivo hemostatic performance 
This study strictly complied with the review opinions of the Labo

ratory Animal Welfare Ethics Committee of the China-Japan Friendship 
Hospital (No: zryhyy 21–21–10–01). All SD rats (250 ± 20 g, 7 weeks 
old, male) were purchased from Beijing Weitong Lihua Laboratory An
imal Technology Co., Ltd. In this study, self-bleeding was used as the 
blank, and the commercial hemostatic material Cleox™ was used as the 
control. Before surgery, all rats were anesthetized with 1.25 mL of 10% 
chloral hydrate (0.5 mL/100 g). The anesthetized SD rats were fixed on 
the operating table for experiments. After the experiment, the SD rats 
were immediately injected with air to the heart, and they died 
painlessly. 

Femoral artery puncture: The inguinal artery was severed by a 
scalpel. The materials cover the arterial wound area, and were slightly 
peeled off every 10 s to determine the hemostatic time. The blood lose 
was determined by weighing the weight of the material before and after 
hemostasis [35]. 

Liver puncture: The surgical procedure was evaluated according to 
a reported method [36]. The experimental approach was as follows: The 

Fig. 1. Preparation and morphologies of GP and GP-GOs. (a) Schematic of the GP-GOs preparation. (b)The digital photo and SEM image of the GP and GP-GOs (scale 
= 200 µm). 
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abdominal cavity was opened and exposed the liver. Then, the liver was 
clamped, and penetrated with a 7 mm punch. A waterproof surgical 
cloth was placed under the liver, and the filter paper was placed on the 
surgical fabric. For the experimental group, GP-GO5 (7 mm, thickness 2 
mm) was placed in the liver wound, and the bleeding time was recorded. 
The blood lose was determined by weighing the weight of the material 
and the filter papebefore and after hemostasis. 

2.9. Hemostatic mechanism 

2.9.1. Blood cells absorption 
The blood cells absorbability of GP-GOs was evaluated according to a 

reported method [37]. Briefly, after the sponge was incubated with 
blood cells, the free blood cells on the surface of the sponges were 
washed with PBS. Deionized water was used to lyse the blood cells 
anchored in the sponges to get a hemoglobin solution. The blood cell 
adhesion capacity of the samples was measured based on the absorbance 
at a wavelength of 540 nm. The blood cell adsorption without the 
sample treatment was a blank control. 

2.9.2. Platelet absorption 
The platelet adhesion ability of the samples was measured by the 

lactate dehydrogenase (LDH) assay [38]. Lysates were measured by LDH 
assay kit (Solebold, China) to quantify the number of adherent platelets. 
The unadded sample group was used as a blank control to calculate the 
adsorption percentage. 

SEM was used to observe microscopic morphological changes 
erythrocytes and platelets. A drop of blood cell dilution or whole blood 
was dropped onto the surface of the material, incubated at 37 ◦C for 3 
min, and washed with PBS 3 times to remove unabsorbed blood. After 

fixing with 2.5% glutaraldehyde solution at 4 ◦C for 2 h, the samples 
were eluted with a series of gradient concentrations of ethanol and 
dried. The interfacial interactions of samples were observed by SEM 
after spraying gold. 

2.9.3. linical standard coagulation tests  
The prothrombin time (PT) and activated partial thromboplastin 

time (APTT) were tested with MC-2000 semiautomatic coagulation 
analyzer (TECO, Germany). The supernatant was collected from fresh 
blood by centrifugation to obtain platelet-poor plasma (PPP) [35]. The 
reagents were incubated with the samples for 30 min at 37 ◦C. PPP (50 
μL) and 100 μL detection reagent (100 μL) were added to each 
measuring tube for testing. The pure PPP with no added sample was used 
as a control. 

2.10. Biocompatibility 

2.10.1. In vitro hemolysis test 
The in vitro hemolysis test of GP-GOs was evaluated according to a 

reported method [39]. The anticoagulant 2 mL and PBS 8 mL were 
mixed to obtain an erythrocyte volume solution. The supernatant was 
removed by centrifuge 3 times. The washed red blood cells were diluted 
10-fold to prepare erythrocyte suspension. The powdered sample (1 mg) 
was mixed with 1 mL of erythrocyte suspension. Then they were incu
bated for 1 h at 37 ◦C, centrifuged at 2000g for 15 min, and measured the 
absorbance of the supernatant at 540 nm. The negative control group 
consisted of 1 mL of red blood cell suspension, and 0.1 mL of red blood 
cells and 0.9 mL of deionized water were mixed as the positive control 
group. The calculation formula of hemolysis rate was as follows: He
molysis rate (%) = (Abssample – Abs+) / (Abs– – Abs+) × 100%.  

Fig. 2. Characterization of GP and GP-GOs. (a) The porosity of GP and GP-GOs. (b) FTIR spectra of GP and GP-GOs. (c) The results of fitting N 1 s of XPS spectra of GP 
and GP-GO5. (d) The EA test and C/N of GP and GP-GOs. Data were presented as mean ± SD (n = 3); * *p < 0.01, * **p < 0.001. 
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2.10.2. Cytotoxicity test 
The cytocompatibility of GP-GOs was investigated by the extraction 

solution method using rat fibroblast cells (L929) as a model. The sample 
powder was added to the medium to prepare a 5 mg/mL leaching so
lution and incubated for 24 h. After passing through the membrane, 
L929 cells were added to each well of a 96-well plate. After incubation 
for 24 h, the cells were subjected to an MTT assay. Finally, the absor
bance value was measured at 570 nm. Biocompatibility results were 
calculated as the relative percentage of cell viability compared to un
treated cells. 

2.11. Statistical analysis 

All data in this study were expressed as mean ± standard deviation. 
Each test was repeated at least 3 times. The two-tailed Student t-test was 
used to evaluate the selected samples, and the difference was considered 
significant when the statistical significance level was p < 0.05. 

3. Results and discussion 

3.1. Characterization of GP-GO 

As Fig. 1a illustrated, the GP-GO hemostatic sponges were con
structed via a thermal radical polymerization technique. The main cross- 
linked network was composed of Gel-MA and PEGDA. Gelatin is a he
mostatic biological macromolecule with swelling properties, while 

PEGDA is a crosslinker to increase the crosslinking density. Besides, GO 
was added into the cross-linked network. It would be tightly firmed 
through the curing reaction between its epoxy groups and the amino 
groups of Gel-MA. GO strengths the GP-GO sponge, and importantly, it 
can activate platelets and trigger a coagulation cascade. To explore the 
effects of different contents of GO on physicochemical properties of the 
sponges, a series of GP-GOs were obtained by altering the content of GO 
(0 wt%, 1 wt%, 5 wt%, 10 wt%, and 20 wt%), namely GP, GP-GO1, GP- 
GO5, GP-GO10, and GP-GO20. 

The morphologies of GP and GP-GOs were shown in Fig. 1b. After 
polymerization, GP and GP-GOs changed from a liquid state to a stable 
hydrogel state. After freeze-drying, the obtained GP was a tidy white 
sponge. With the addition of GO, GP-GOs were brown, and their surface 
gradually became rougher. Rough surfaces favored cell adhesion 
compared to smooth surfaces [17]. The SEM images clearly showed the 
pore structure of GP and GP-GOs (Fig. 1b). From the perspective of 
microstructure, GP had regular pore structures in both cross and rip 
sections. In the cross-section, the pore size of GP was approximately 
100–200 µm. In the rip section, the regular interlayer structure could be 
observed obviously. The layer spacing was approximately 60–80 µm. 
For GP-GO1, the connection between hole walls was discontinuous due 
to the GO sheets doping, and the interlayer structure was irregular. 
These changes were more distinct when the addition amount of GO was 
further increased to 5 and 10 wt%. The interlayer structure was loose 
and irregular, and the cross-section showed connected pores from 
several micrometers to several hundreds of micrometers. When the 

Fig. 3. Absorption and swell properties. (a) The morphological changes of GP and GP-GOs with liquid absorption. (b) A drop in water absorption rate of GP and GP- 
GO5. (c) The liquid absorption amount and rate of the sponges. (d) The expansion rate of the GP and GP-GOs. (e)The rebound rate of GP and GP-GOs. Data were 
presented as mean ± SD (n = 3); #p < 0.05, ##p < 0.01, ***p < 0.001. 
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addition amount of GO was up to 20%, the obtained GP-GO20 showed a 
completely irregular laceration structure both in the cross and rip sec
tions. The results demonstrated that adding GO sheets decreased the 
number of cross-linkers. The GO sheets destroyed the compact linear 
structure of the sponge and drove the formation of a large number of 
micro-pores. 

Accordingly, the specific surface area of GP-GOs would be increased 
in comparison with GP sponge. The porosity of GP-GOs increased with 
the increase of GO content (Fig. 2a). The porosity of GP-GO5 was more 
than 90%, while that of GP was only 49.49 ± 7.64%. These results were 
consistent with the SEM observation. 

The chemical structure of GP-GOs was investigated using FTIR 
(Fig. 2b) and XPS spectra (Fig. 2c). As shown in FTIR spectra, the 
characteristic peaks of GP-GOs appeared at 3330 cm–1 (C-OH stretching 
vibrations), 1734 cm–1 (C––O stretching vibrations), 1653 cm–1, 
543 cm–1and 1248 cm–1 are respectively reclassified as amide I (peptide 
C––O stretching), amide II (N-H bending), and amide III (C-N stretching 
and N-H bending). Especially, the peak belonging to C––O stretching at 
1653 cm–1 in GP-GOs spectra was obviously enhanced, suggesting that 
the curing reaction happened between the amino groups of Gel-MA and 
the epoxy groups of GO [40]. To prove this fact, the surface composition 
of GP and GP-GO5 was further analyzed by XPS. The N 1 s photoelec
trons characteristic in GP and GP-GO5 spectra were fitted by the XPS 
peak fit software (Fig. 2c). The N 1 s peak could be characterized by 
contribution at 399.5, 400.1, and 401.6 eV, arising from the amine 
(C-NH2), the amide (O––C-N-), and charged amine moieties (NH3

+) [41]. 
It was clearly revealed that the amine groups in GP-GO5 were signifi
cantly reduced. On the contrary, the amide groups were increased 
compared with those in GP, suggesting that GO was effectively immo
bilized in the structure by a curing reaction. 

The composition of GP-GOs was investigated by elemental analysis 
and TGA tests. Elemental analysis showed the relative amount of each 
element (Fig. 2d). Out of all the raw materials, element N only existed in 
Gel-MA. That was, with the addition of GO, C/N would gradually in
crease. The results showed that the C/N mass ratio increased from 5.84 
(GP, C 46.48; N 7.96) to 7.06 (GP-GO20, C 47.47; N 6.72), confirming the 
successful construction of this series of GP-GOs with different GO ad
ditions [25]. In addition, represented by GP-GO5, the decomposable and 
non-decomposable parts of the material were characterized by TGA 
(Fig. S2). The results showed that GP-GO5 had a first-stage mass loss at 
about 200℃, mainly caused by GO reduction. The mass loss of the 
second step occurred at about 300℃, which might cause by GP 
decomposition. Thereby, the mass loss of each stage can be theoretically 
calculated that the GO content in GP-GO5 was 5.08%, which was 
consistent with the actual additional amount. 

3.2. Absorption and mechanical properties 

Based on the porous structure and specific surface area of GP-GOs, 
we speculated that GP-GOs had good liquid absorption capacity. We 
subsequently evaluated the water absorption performance of GP-GOs 
from two levels. Firstly, the uncompressed sponges (1 cm × 0.36 cm2) 
were placed in 3 mL of the water (methylene blue was added for 
observation) to assess the water absorption of the whole sponge. As 
shown in Fig. 3a, GP was a relatively hydrophobic sponge. It maintained 
the original morphology even though entirely exposed to the liquid. 
There was no apparent water absorption that occurred last for 5 s. 
Conversely, the GP-GOs exhibited a better liquid absorbability 
compared with GP. A significant improvement could be observed when 
the addition amount of GO was increased to 5 wt%. The fabricated GP- 
GO5 absorbed water immediately at the moment of contact and rapidly 
expanded simultaneously. Finally, GP-GO5 sucked up whole water 
within 3 s. GP-GO10 showed a similar effect to GP-GO5. When the 
amount of GO was added up to 20 wt%, the situation had changed. 
Although filled with liquid in the shortest time, the liquid absorption 
amount was significantly reduced, suggesting that adding too much GO 

would be detrimental to fluid absorption (Fig. 3a). 
Subsequently, the liquid absorption rate of GP-GOs was character

ized using a high-speed camera (Fig. 3b). When a droplet of water was 
dropped, it could stably stay on the surface of GP and was gradually 
absorbed not until 1200 ms. Significantly, GO could shorten the liquid 
absorption time of GP-GOs, and they were positively correlated with the 
addition amount of GO (Fig. 3c). Represented by GP-GO5, a droplet of 
water could be absorbed entirely within 106 ms, 11 times faster than GP. 
This implied that GO was crucial for regulated the rapid liquid absorp
tion behavior of GP-GO. For one thing, GO could alter the wettability of 
the gelatin sponge. The hydrophilic end-groups of GO effectively 
captured liquid. The subsequent rapid liquid transportation between GO 
nanosheets could be considered the frictionless transfer channel that 
accelerated the liquid internalization [23,24]. For another, appropriate 
but not excessive GO addition strengthened the mechanical strength of 
GP-GOs and created an abundant macro-porous structure that facilitated 
liquid storage. As Fig. 3c illustrated, adding 1 wt% of GO could increase 
the liquid absorbed amount of GP-GO1, but more GO addition would 
gradually attenuate the liquid absorbed amount of GP-GOs. These re
sults demonstrated that excessive GO addition worked as radical 
quencher that damaged the cross-linked network of GP-GOs, which 
resulted in pore collapse that attenuated liquid absorbability [42]. 

The expansion property of GP-GOs was evaluated (Fig. 3d). We first 
confirmed the expansion behavior of GP-GO in the incompressible state. 
GP showed 500 times expansion of its original volume after total liquid 
absorption. The expanded ratios of GP-GOs were negatively correlated 
with the additional amount of GO. The highest expansion capacity was 
around 400% for the GP-GO1, followed by GP-GO5 and GP-GP10 with 
expansion ability of ~180% and 160%, respectively, and finally by the 
GP-GP20 with an expansion ability of 114%. Nonetheless, the addition of 
GO significantly improved the expansion rate of GP-GOs. Within the first 
10 s in contact with the liquid, the more GO added, the faster the 
expansion rate (inset in Fig. 3d). Considering the practical applications, 
GP-GOs would be more practical to stuff the wound in a compression 
situation. The GP-GOs, therefore, were compressed to 50% of their 
original volume to simulate the actual situation. GP-GOs exhibited a 
similar expansion rate to the uncompressed state. The GO content was 
positively correlated with the expansion rate (Fig. S3). The final 
expansion ratio of the water-swellable GP-GOs after compression was 
increased compared to the uncompressed state. Represented by GP-GO5, 
GP-GO5 can swell 422% within 10 s, which was benefit for blocking the 
bleeding point in such a short time. Meanwhile, GP-GO5 was flexible and 
was able to tailor into various shapes (Fig. S4), and the fast expansion 
rate of GP-GO5 that compressed in a syringe could be also observed in a 
video (Video S1). Collectively, GP-GOs were compressible materials 
that would facilitate intimate contact with injured surfaces [43]. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.colsurfb.2022.112891. 

Subsequently, dynamic compressive strain tests were performed to 
characterize the mechanical strength of GP-GOs (Fig. 3e). In this assay, 
50% compressive strain was employed onto GP-GOs by using a 100 g 
weight, and the resilience capacity of the compressed GP-GOs was 
observed without liquid absorption. Both GP and GP-GOs could rebound 
to more than 80% of their original height after 20 compression cycles, 
except for GP-GO20. The resilience performance of GP-GO20 disappeared 
after 5 cycles of compression, and some quality loss after 20 cycles of 
contraction. This could be attributed to the destruction of the irregular 
pore structure in GP-GO20 after compression, which could not support 
the rebound of the sponges. Additionally, GP-GO5 exhibited excellent 
compression flexibility and shape memory behavior. When GP-GO5 was 
completely compressed in the dry state, it immediately recovered its 
original shape after immersing in water (Fig. S5). The shape recovery 
ability was maintained after repeated repetitions. Therefore, the addi
tion of appropriate GO will enhance the stability of mechanical prop
erties, which is of great significance for effectively resisting blood 
pressure shocks. 
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3.3. Blood cell adsorption and activation 

The absorption amount of red blood cells and platelet of GP-GOs 
were assessed (Fig. 4a and b). After co-incubation for 30 min, the GP- 
GOs exhibited a significantly higher adhesion of platelets and red 
blood cells than GP. Their maximum absorption amounts were reached 
when using GP-GO5, in which its absorption amount of platelet and red 
blood cells was 2.7 and 1.4 times higher than those of the GP. While 
further adding GO resulted in a negative output. These results could be 
attributed to the following aspects. The first and most important thing 
was that the stable and abundant pore structure and efficient fluid ab
sorption capacity of GP-GOs played an essential role in capturing blood 
components [44]. Second, on the premise of rapid absorption, the main 
cross-linked network consisting of swellable gelatin captured liquid 
rapidly. GP-GOs expanded promptly, which played provided a larger 
specific surface area for the rapid adhesion and enrichment of blood 
cells and platelets. Thirdly, GO possessing abundant carboxyl groups 
activated platelets and induced their aggregation. When platelets were 
activated, ADP and thrombin A2 was released to accelerate the adhesion 

of more platelets [27]. To further demonstrate this viewpoint, the ad
hesive blood components on GP-GOs were intuitively observed by SEM 
(Fig. 4c and d). GP-GO5 was used as the representative and was 
co-incubated with whole blood in PBS. It could be clearly observed from 
the visual observation that many blood cells were gathered on the sur
face of GP-GO5, and the blood cells have tightly adhered to the surface of 
the material. In turn, the control group GP had less adhesion to blood 
cells (Fig. 4e). At the same time, further enlarging the field of view, 
platelets were rarely observed in the GP group, and platelets in the 
activated state were even less so. The platelets on the surface of the 
intercepted GP-GO5 were activated and tightly adhered to the material, 
which was accompanied by fibrous formation (red arrow in Fig. 4f). 
Apparently, GP-GO5 promoted a large aggregation of platelets and red 
blood cells, which facilitated the rapid formation of blood scabs [45]. 

3.4. In vitro coagulation behavior 

The in vitro coagulation behaviors of the GP-GOs were then inves
tigated. BCI is a commonly used method to evaluate the in vitro 

Fig. 4. Clotting properties. (a) The results of blood cell adsorption. (b) The results of platelet adsorption. (c) and (d) SEM of red blood cells in GP and GP-GO5. (e) and 
(f) SEM of red blood cells and platelets in GP and GP-GO5. Data were presented as mean ± SD (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001. 
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coagulation ability of hemostatic materials. Fig. 5a showed an optical 
photograph of the hemoglobin solution released from uncoagulated red 
blood cells. Compared with the control group GP, GP-GOs showed 
lighter color in vision. Statistical analysis showed that the BCI of all GP- 
GOs was lower than 17.5%, which was significantly lower than that of 
GP (34.3 ± 2.8%) (Fig. 5b). The results of BCI showed that the GP-GO 
composite sponge significantly promoted blood coagulation. At the 
same time, we found that, under the premise of stable structure, the BCI 
value was positively correlated with porosity; e.g., GP-GO10 had the 
lowest BCI value (8.7 ± 2.6%), which was nearly 4 times lower than GP. 
Whereas for GP-GO20, a slightly increased BCI value (14.1 ± 4.1%) was 
observed, confirming that the collapsed structure after absorbing water 
was not conducive to coagulation. Therefore, a synergistic effect of 
structural stability and clotting stimulation was essential for hemostasis. 

To explore the coagulation mechanism of GP-GOs, the activation of 
GP-GOs on the coagulation cascade was studied. The coagulation 
cascade is involved in how blood clots are formed in the body. Through 
the combined pathway developed by the extrinsic pathway and the 
intrinsic pathway, each coagulation factor is activated. Finally, fibrin 
(factor Ia) is activated to seize the platelet to block and form a network, 
which promotes the formation of blood scabs [39,46]. Fig. 5c and 
d showed the APTT and PT times of GP-GOs, GP, and the blank group, 
representing their intrinsic and extrinsic coagulation ability. Compared 
with the blank group (37.9 ± 1.6 s), GP could shorten the APTT time 
(31.0 ± 2.0 s). While introducing GO into GP, the obtained GP-GOs 
showed a shorter APTT time than GP because of the activation of 
coagulation factor XII by the negatively charged carboxyl functional 
group in GO. This implied that GP-GOs could trigger the intrinsic 
pathway of the coagulation cascade and accelerated coagulation [35]. 

For the extrinsic pathway, we found that the PT value of GP-GOs was not 
significantly different from that of the blank group. In other words, 
GP-GOs mainly activated endogenous pathways upon exposure to blood, 
thereby promoting thrombosis. 

3.5. In vivo coagulation behavior 

Based on careful consideration of liquid absorption performance, 
expansion performance, rapid resilience, and in vitro hemostasis per
formance evaluation, GP-GO5 was finally selected as the final material 
for animal experiments. The rat arterial hemorrhage model and rat liver 
puncture model were used to evaluate the hemostatic performance of 
GP-GO5 (Fig. 6). Celox™, one of the standard contents of the U.S. mil
itary first aid kit by the United States in 2010, was used as the control 
group [47,48]. 

The rat arterial hemorrhage model was first used (Fig. 6a). The rat 
femoral artery was severed entirely; GP-GO5 was then used to cover the 
wound with constant pressure. When the wound was no longer bleeding 
after removing GP-GO5, the times could be recorded as hemostatic time. 
Statistical results revealed that GP-GO5 could stop bleeding within 77 
± 17 s, which was significantly shorter than GP and Celox™ (117 ± 11 s 
and 101 ± 9 s) (Fig. 6b). Even more excitingly, the blood lost in the 
group of GP-GO5 was only 0.96 ± 0.76 g, 62.0% and 64.1% less than 
those in the groups of GP and Celox™, respectively (Fig. 6c). Addi
tionally, compared with GP, GP-GO5 not only showed a significant he
mostatic effect but also rapidly absorbed arterial hemorrhage without 
outflow during surgery. When hemostasis was completed, the material 
was opened, and there was prominent blood scab formation at the 
wound site. This implied that GP-GO5 has excellent arterial an acute 

Fig. 5. In vitro hemostatic performance test. (a) BCI optical photograph. (b) The results of BCI tests. (c) and (d) APTT and PT analysis of GP and GP-GOs. Data were 
presented as mean ± SD (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001. 
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Fig. 6. Hemostasis in vivo. (a) The operational process of femoral artery hemostasis test (1: Expose the femoral artery, 2: Completely cut the femoral artery with a 
scalpel, 3: Sponge compression for hemostasis, 4: Complete hemostasis). (b) Hemostasis time of all samples in rat femoral artery injury. (c) Blood loss of all samples in 
rat femoral artery injury. (d) Operation process of hepatic hemostatic test (1: Expose the liver, 2: Punch a penetrating liver defect with a diameter of 7 mm, 3: Put a 
sponge into the defect to stop bleeding, 4: Stop bleeding completed). (e) The photo of blood stains on filter paper after hemostasis. (f) Hemostatic times and (g) blood 
loss of all samples in rat liver volume defect injury.Data were presented as mean ± SD (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001. 
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hemostatic ability. 
Subsequently, rat liver puncture models mimic bleeding from 

noncompressible wounds (Fig. 6d). A hole with 7 mm diameter was 
made in the liver of the rat, and GP-GO5 was inserted into the hole. GP- 
GO5 quickly absorbed blood and exerted rapid resilience and expansion 
properties. The wound was sealed and stopped bleeding in the syner
getic effects of physical compression and coagulation stimulations. The 
filter paper was used to collect the oozing blood (Fig. 6e). It was 
observed that apart from the group of GP-GO5, all the other filter papers 
in the groups of the blank, GP and Celox™, showed significant blood 
oozing from the wound. GP-GO5 expanded rapidly after bloodsucking, 
stopped bleeding within 36.0 ± 5.3 s (Fig. 6f), and the blood loss was 
only 0.20 ± 0.04 g (Fig. 6 g). These two critical indicators in the group 
GP-GO5 were the lowest among all the test groups. Besides, after he
mostasis, GP-GO5 was easily peeled off without secondary bleeding. For 
the commercially available hemostat Celox™, it was the powder that 
was highly adhesive to wounds after hemostasis and was not easily 
removed from wounds. These results confirmed that GP-GO5 would be 
an excellent candidate for dealing with noncompressible wound 
bleeding. 

The above studies demonstrated that GP-GO5 possessed excellent 
hemostatic performance. It could be attributed to the synergistic effect 
of multi-mechanism of hemostasis, including physical interactions and 
coagulation stimulations (Fig. 7). As an essential foundation, GO addi
tion enriched the pore structure and modulated the wettability of 

gelatin-based sponges, thereby endowed GP-GO5 with astonishing liquid 
absorbability. When applied to an noncompressible wound, GP-GO5 
quickly absorbed the blood and triggered its rapid rebound and expan
sion. Within a short time, the wound was firmly extruded by GP-GO5. In 
the presence of physical compression and accompanied by rapid liquid 
absorption, numerous platelets, and blood cells would be enriched at the 
interface between GP-GO5 and the wound, forming an initial coagula
tion plug. Furtherly, plenty of platelets were activated and the intrinsic 
coagulation cascade were triggered by GP-GO5, resulting in the forma
tion of a stable fibrin network that accelerated coagulation. 

Accordingly, the synergistic effect of multiple mechanisms plays a 
crucial role in the rapid hemostasis of noncompressible wounds. It was 
reported that hydrophilic hemostatic materials will lead to a large 
amount of blood loss because of their liquid absorbability, which is a 
negative effect on hemostasis [3,49]. Interestingly, GP-GO5 possessed 
astonished liquid absorbability and also exhibited the best hemostatic 
performance, including shortest hemostatic time and lowest blood loss 
compared with Celox™ and GP. The rapid liquid absorbability of 
GP-GO5 was the critical foundation to trigger the subsequent physical 
rebound and expansion, blood cells and platelets enrichment, and 
coagulation stimulations [50]. Secondly, expansion capacity of GP-GOs, 
which was determined mainly by expansion ratio and speed, was 
essential for dealing with incompressible wounds [51]. Though GP 
possessed highest expansion ratio than GP-GOs, it exhibited an unsat
isfactory hemostatic performance. As reported in the literature, the 

Fig. 7. Schematic illustration of the synergistic hemostasis mechanism for GP-GO.  
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limited expansion speed affected subsequent hemostatic process, and 
the comprehensive properties, rather than expansion ratio, were 
essential for the hemostasis [52]. At the same time, structural stability is 
indispensable for the hemostatic effect of GP-GOs [53,54]. The pores 
collapse after liquid absorption would decrease the absorbability, 
weaken the enrichment of blood cells and platelets at the interface, 
which gave rise to the slow coagulation. Therefore, the 
multi-mechanisms synergy based on the rapid liquid absorption prop
erties can effectively improve the hemostatic performance of the sponge. 

3.6. Biocompatibility 

In vitro hemolysis experiments were conducted to evaluate the blood 
compatibility of the raw materials Gel-MA, GO, GP, and GP-GO5. As 
shown in Fig. 8a, the hemolysis rate of free GO was 12.8 ± 0.4%, which 
was much higher than the hemolysis safety line of 5%. Conversely, the 
hemolysis rate of both Gel-MA, GP, and GP-GO5 was less than 5%, 
indicating their good blood compatibility [55]. Additionally, cytotox
icity evaluation suggested that the cell survival rate in the GO group was 
reduced to a certain extent (90.8 ± 1.1%), which was slightly lower than 
that of blank cells but higher than the cell safety line of 80% (Fig. 8b). 
After fixing GO in the polymerization system by curing reaction, the cell 
survival rate of GP-GO5 reached about 100%, indicating its cyto
compatibility. Therefore, GP-GO5 was a biocompatible hemostatic 
sponge. 

4. Conclusion 

We developed a series of gelatin/GO composite hemostatic sponges 
GP-GOs via radical polymerization. GO was uniformly distributed in the 
cross-linked network, which established numerous pore structures and 
provided effective liquid transport channels for GP-GOs. The obtained 
GP-GO with optimized GO addition amount (5 wt%) exhibited high 
porosity (> 90%), distinguished liquid absorption rate (106 ms), rapidly 
responsive swelling (422% expansion within 10 s), and stable mechan
ical properties. Meanwhile, in vitro coagulation experiments showed 
that the addition of GO significantly enhanced the coagulation stimu
lation of GP-GOs at the interface, and triggered the extrinsic cascade 
pathway to promote coagulation. Hemostatic mechanism studies 
revealed that the fluid absorption capacity of GP-GOs was the critical 
foundation to trigger the subsequent physical expansion, blood cells 
enrichment, and coagulation stimulations. Under these synergistic ef
fects, GP-GOs exhibited excellent hemostatic properties, which were 
significantly better than the commercially available hemostatic agent 
Celox™ in both the rat femoral artery model and liver puncture model. 
Overall, our research demonstrated the importance of multi-mechanism 
synergistic hemostasis for incompressible wounds and provided a 
promising candidate for practical application of noncompressible 
wound hemostasis. 
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