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Efficient and safe hemostasis for trauma-induced bleeding remains a critical challenge. In this study, we
developed a peptide-immobilized graphene/chitosan composite sponge (GCCS-TRAP) for enhanced hemostatic
performance. The thrombin receptor-activating peptide (TRAP) was precisely immobilized on the surface of a
graphene/chitosan crosslinked sponge via thiol-ene photoclick chemistry. GCCS-TRAP exhibited outstanding
liquid absorption capabilities, absorbing up to 30 times its own weight with a rapid absorption rate of
0.27 seconds. The sponge also demonstrated remarkable mechanical strength of 96.3 kPa. More importantly,
GCCS-TRAP effectively activated platelets and the coagulation cascade, showing superior in vitro coagulation
properties with a blood coagulation index of 7.1 %. In a rat femoral artery hemorrhage model, GCCS-TRAP
achieved rapid hemostasis within 81.3 seconds, reducing blood loss by up to 62 % compared to commercial
hemostatic materials such as chitosan-based powders, gelatin-based sponge, and polysaccharide-based powders.
Additionally, GCCS-TRAP exhibited excellent biocompatibility, with minimal hemolysis and cytotoxicity. This
innovative strategy of peptide immobilization via light-controlled chemistry offers a promising approach to
designing next-generation hemostatic agents, optimizing peptide usage while maximizing hemostatic efficacy

and safety.

1. Introduction

Trauma-induced bleeding is a common occurrence in both everyday
life and on the battlefield. Severe bleeding can lead to complications
such as hypothermia, hypotension, organ failure, hemorrhagic shock,
and even death[1-3]. Uncontrolled bleeding, in fact, remains the lead-
ing cause of trauma-related fatalities, with a mortality rate reaching up
to 50 %[4,5].

Over the past few decades, various hemostatic materials have been
developed to address uncontrolled bleeding[6-15]. Polysaccharides,
such as oxidized cellulose and starch, promote hemostasis by absorbing
plasma at the wound site, rapidly aggregating blood cells and platelets
[16,17]. Inorganic materials, like kaolin and montmorillonite, facilitate
hemostasis through the synergistic effects of blood absorption and
coagulation cascade activation[18-20]. In contrast, bioactive com-
pounds, such as fibrinogen and thrombin, possess stronger coagulation
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properties that promote clotting by activating platelets or the coagula-
tion cascade[21-23]. To further enhance hemostatic capacity, clotting
peptides have gained significant attention. For instance, snake venom
peptides, such as hemocoagulase (reptilase), are used to treat both in-
ternal and external bleeding[24,25]. Clotting is rapidly initiated even at
their nanomolar concentrations due to the potent action in inhibiting
plasminogen activator, releasing tissue factors, and enhancing platelet
adhesion and aggregation[26]. Additionally, thrombin
receptor-activating peptide-6 (TRAP), corresponding to amino acids
42-47 of the thrombin receptor, has been shown to induce platelet ag-
gregation by activating the PAR-1 receptor on platelets[27-30]. How-
ever, the strong coagulation activity of these peptides can lead to severe
thrombosis, including deep vein thrombosis (DVT), pulmonary embo-
lism, cerebral embolism, and infarction[31]. Therefore, it is crucial to
fully harness the hemostatic potential of these peptides while mitigating
their toxic side effects.
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Graphene-based sponges have shown immense potential in hemo-
stasis[32-36]. Crosslinked graphene-based sponges can absorb a droplet
within 40 ms and absorb approximately 112 times their own weight in
water, demonstrating exceptional liquid absorption capacity[37].
Additionally, it has been reported that the raw material, graphene oxide
(GO), enhances coagulation by activating Src kinase and releasing
intracellular calcium[38,39]. Furthermore, our previous studies have
indicated that graphene-based sponges serve as a robust platform for
anchoring guest molecules due to the unique two-dimensional lamellar
structure of graphene. For example, we have developed composite
sponges by immobilizing inorganic clays, such as zeolite, montmoril-
lonite (MMT), and ophicalcite (OPH), within graphene-based sponges
[40-42]. These composite sponges combine the potent clotting proper-
ties of clays with the advantage of avoiding heat-damaging of zeolite and
toxic side effects of MMT and OPH. Furthermore, thrombin solution can
be sprayed directly onto the surface of the graphene-based sponge,
preventing the burst release of thrombin while preserving its bioactivity
[43]. Consequently, graphene-based sponges offer versatility in
combining with hemostatic guest molecules. This non-covalent binding
strategy, however, may carry the risk ofin vivo thrombosis due to their
potential release, especially the peptides possessing strong clotting
ability. Beyond safety concerns, there is a need to consider the economic
aspects. The challenge lies in optimizing the graphene-based sponge
platform to reduce the usage of hemostatic peptides, minimize their
toxic side effects, and maximize their hemostatic properties.

Herein, a peptide-immobilized graphene/chitosan composite sponge
(GCCS-TRAP) was developed for controlling severe bleeding. TRAP was
successfully grafted onto a graphene/chitosan crosslinked sponge
(GCCS) via thiol-ene photoclick chemistry. This light-controlled, precise
immobilization method allows for controlled and stable presentation of
TRAP on the sponge surface, ensuring its safe and effective hemostatic
activity. The porosity, liquid absorption capacity, blood cell adsorption,
and platelet activation of GCCS-TRAP were thoroughly evaluated. The
hemostatic efficiency of GCCS-TRAP showed superior hemostatic per-
formance in a rat femoral artery hemorrhage model compared to com-
mercial hemostatic materials, such as chitosan-based powders, gelatin-
based sponge, and polysaccharide-based powders. This approach pro-
vides a promising method for improving the safety and efficacy of he-
mostatic peptides. Moreover, the findings offer valuable insights for the
design of next-generation hemostatic agents, demonstrating that light-
controlled chemical immobilization can be an effective strategy for
developing safer and more efficient hemostatic materials in the future.

2. Materials and methods
2.1. Materials

Chitosan was purchased from TCI Company (molecular weight is
100-200 kDa, viscosity is 5-20 mPa.s, degree of deacetylation is
75-85 %). Graphite (80 mesh) was purchased from Qingdao Jinrilai Co.,
Ltd., Shandong, China. Graphene oxide (GO) solution was synthesized
by using the modified Hummers’ method[37], and the concentration of
GO solution was 10 mg/mL. Poly (ethylene glycol) diacrylate (PEGDA)
was purchased from MACKLIN Company (Average molecular weight is
400). TRAP-SH (cysteine moiety with a free thiol group was engineered
into the C-terminus of a TRAP6 peptide sequence, the sequence is
Ser-Phe-Leu-Leu-Arg-Asn-Cys, molecular weight 743.89 Da, purity
98 %) was purchased from Nanjing Laiang Biotechnology Co., Ltd.
Celox™ was obtained from Medtrade Products Ltd (Crewe, U.K.).
Gelatin sponge was obtained from Hefei Qihao Medical Technology Co.
Polysaccharide hemostatic powder was obtained from Shandong Syk-
esys Bio-technology Co. Other reagents were obtained from Sinopharm
Chemical Reagent Co., Ltd., and they were used as received without any
further purification.
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2.2. Synthesis of methacryloylated chitosan (MAC)

The synthetic route and method of MAC[44,45] were shown in
Supplementary Material (Fig. S1). The chemical structure of MAC was
determined by 'H spectra (Fig. S2). The degree of substitution of
methacryloyl group on MAC was 28 %.

2.3. Synthesis of GCCS

GO aqueous solution and MAC aqueous solution were mixed and
stirred for 3 minutes. Then, crosslinking agent PEGDA and initiator
potassium persulfate (KPS) were added to the above mixed solution and
stirred for 3 minutes to fully mix. The mixed solution was reacted in an
oven at 70 °C for 4 hours to obtain a hydrogel. Reactant ratios are given
in Table S1 of the Supplementary Data. The hydrogel was then soaked in
deionized water for 24 hours to remove the unreacted portion and then
freeze-dried for 48 hours to obtain the composite sponge GCCS.

2.4. Synthesis of GCCS-TRAP

A small molecule coupling agent with carbon-carbon double bond 3-
(Trimethoxysilyl) propyl methacrylate (KH570) was used to construct a
vinyl coating on the sponge surface. A mixed solution was prepared by
adding KH570, deionized water and ethanol in the ratio of 1:1:18 into a
culture flask and mixing thoroughly. The substrate sponge GCCS was
placed in the mixed solution and the pH of the solution was adjusted to
4.0-4.5. The culture flask was then heated to 70 °C in a sand bath and
kept for 4 hours. The sponge was then removed, washed twice with
ethanol (100 mL), soaked in deionized water overnight and freeze-dried
to obtain the silane coupling agent KH570 grafted sponge GCCS-KH570.

TRAP-SH was immobilized on the surface using Click chemistry.
TRAP-SH was dissolved in PBS containing EDTA (pH = 8.0) with the
addition of the photo initiator DMPA. The concentration of the peptide
solution was 0.25 mg/mL. The sponges were immersed in this solution
and irradiated for 180 s under 365 nm, 15 mW/cm? UV light. Subse-
quently, twice the volume of deionized water was added to the reaction
solution and the resulting composite sponges were ultrasonically
cleaned for 15 minutes to remove the clotting peptides physically
adhering to the sponges. After freeze-drying for 48 h, the surface-
immobilized clotting peptide composite hemostatic sponge GCCS-
TRAP was obtained.

2.5. Characterization

Scanning electron microscopy (SEM, 7800) was employed to observe
the inside structure. Energy-dispersive spectrometry mapping (EDS
mapping, Hitachi S-4700) was used to analyze elements. Infrared
spectroscopy was used to determine the changes in the functional groups
before and after the reaction in order to confirm that the reaction had
taken place. XPS was used to determine the Si element content on the
sponge surface.

2.6. Quantitative peptide grafting amount

The Ellman’s reagent method was used to determine the amount of
peptide grafted[46]. Plotting standard curve: Prepare the reaction buffer
by adding 1 mM EDTA to a 0.5 M PBS solution (pH 8.0). Dissolve 4 mg of
DTNB in 1 mL of reaction buffer to prepare Ellman’s reagent solution.
Dissolve 1 mg of TRAP-SH in the prepared buffer and dilute to obtain a
series of TRAP-SH standards at 1000, 500, 250, 125, 62.5, 31.25 ug/mL.
Ellman’s reagent solution was mixed 1:10 v/v in each standard. The UV
absorbance of the reaction mixture at 412 nm was determined. A stan-
dard curve is generated from the data obtained.

Determination of peptide grafting on sponge surface: Three groups
were set up. The experimental conditions for Group A were sponge
immersed in a buffer solution containing TRAP-SH and subjected to UV
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irradiation. Group B had the UV irradiation removed and the rest of the
conditions were kept the same as that of Group A. Group C had the buffer
solution containing TRAP-SH replaced with a buffer without TRAP-SH,
and the rest of the conditions were kept the same as that of Group A.
100 pL sonicated solution from Group A, Group B and Group C were
reacted with 10 pL of Ellman’s reagent solution, and the absorbance of
the solution at 412 nm was measured as Absgoup A, AbSgroup B, and
Absgroup . The corresponding concentrations of Cgroup 4, Cgroup B, and
Cgroup ¢ were calculated from the standard curves. Peptide loading
concentration = (Cgroup B - Cgroup A - Cgroup ¢) X V/S, where V represents
the volume of reaction solution and S represents the area of the sponge
irradiated by UV light.

2.7. Porosity measurement

The porosity of materials was measured by previously reported
methods[37]. Briefly, The pre-weighed sponge (W() was immersed in
absolute ethanol, and the saturated weight (W;) was recorded. Porosity
is calculated using the formula: Porosity = (W; — Wo)/(p x V). Among
them, p is the density of absolute ethanol, and V is the volume of the
sponge.

2.8. Liquid absorption measurement

The liquid absorption amount was measured by the weight loss
method|[37]. Briefly, a pre-weighed sponge (W() was immersed in water
and recorded the saturated weight (W;). Water absorption is calculated
using the formula: Liquid absorption = (W; — W()/Wg x 100 %. The
liquid absorption rate was recorded by high-speed cameras. The contact
angle between the liquid and the sponge was measured by a contact
angle apparatus (CA 100A).

2.9. Mechanical strength evaluation

GCCS and GCCS-TRAP are compressed at 50 % strain and are shape-
fixed. The mechanical strength of the shape-fixed sponges was tested by
contacting the sponges with water or blood, or by pressing the water or
blood out of the sponges. The process was recorded with a digital camera
to calculate the shape recovery rate and time. In addition, ten cycle
stress-strain curves of GCCS and GCCS-TRAP were measured using a
universal testing machine (EZ-Test, SHIMADZU).

2.10. Whole blood clotting evaluation

The blood clotting index (BCI) of materials was measured by previ-
ously reported methods[33]. Fresh citrated whole blood (CWB) was
obtained from SD rat heart blood (blood: sodium citrate = 9:1). Sponge
(1 x 1 x 0.5 cm®) was incubated with 110 pL recalcified CWB solution
(100 pL. CWB and 10 pL 0.2 M calcium chloride solution) and incubated
for 5 minutes. Then, 25 mL DIW was added and shake at 30 rpm for
10 minutes. The absorbance value of the sample solution at 540 nm was
measured (MAPADA UV-1100 spectrophotometer). DIW and PBS
without added samples were used as negative and positive controls,
respectively. The BCI is calculated using the formula: BCI (%)
= (AbSsample — Abs_) / (Abs,. — Abs_) x 100 %, where Absgmple, Abs, and
Abs_ value represented the absorbance values of sample, DIW and the
PBS, respectively.

2.11. APTT and PT assays

The prothrombin time (PT) and activated partial thromboplastin
time (APTT) were tested with MC-2000 semiautomatic coagulation
analyzer (TECO, Germany). Platelet-poor plasma (PPP) was prepared by
centrifuging the CWB to collect supernatant at 3000 rpm at 4 °C for
15 min[47]. Sponge powder and PPP were mixed to obtain 1 mg /mL
solution. The solution to be tested was put into the detection hole of an
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automatic coagulation instrument for detection. The pure PPP with no
added sample was used as a control.

2.12. Blood cells adhesion assays

The blood cells absorbability of materials was evaluated according to
a reported method|[33].

2.12.1. Red blood cells absorption

Briefly, red blood cells suspension (RBCs) was prepared by centri-
fuging CWB at 3000 rpm for 15 minutes. The sponge (5 mg pieces) was
incubated with 100 pL RBCs at 37 °C for 1 hours. Free blood cells on the
surface of the sponges were washed with PBS. 4 mL DIW was added to
lyse RBCs and release hemoglobin for 1 hours. 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.

2.12.2. Platelet absorption

The platelet-rich plasma (PRP) was prepared by centrifuging CWB at
1500 rpm for 5 minutes. The sponge (5 mg pieces) was incubated with
50 pL PRP at 37 °C for 1 hours. Free platelets on the surface of the
sponges were washed with PBS. 0.6 mL of 1 % Triton X-100 was used to
lyse attached platelets for 1 hours at 37 °C. Lysates were measured by
lactate dehydrogenase (LDH) assay kit (Solarbio, China) at OD 490 nm
to quantify the number of adherent platelets. The unadded sample group
was used as a blank control to calculate the adsorption percentage.

2.13. Platelet activation test

Sponges were immersed in PBS and incubated at 37 °C for 2 hours.
PRP was added to PBS at a volume ratio of 1:20, and the mixture was
incubated at 37 °C for 1 hours. After fixing with 2.5 % glutaraldehyde
solution at 4 °C for 2 hours, the samples were eluted with a series of
gradient concentrations of ethanol (50 %, 60 %, 70 %, 80 %, 90 %, and
100 %) each for 10 minutes and dried. The samples were observed by
SEM after spraying gold.

2.14. In vivo hemostatic properties test

This study strictly complied with the review opinions of the Labo-
ratory Animal Welfare Ethics Committee of the Beijing Yongxinkangtai
Technology Development Co. (Approval no. YXKT2024L040). All SD
rats (250 + 20 g, 7 weeks old, male) were purchased from Beijing
Weitong Lihua Laboratory Animal Technology Co., Ltd. Before surgery,
all rats were anesthetized with isoflurane. The vessel was completely cut
off with a scalpel, and materials were applied to the arterial wound area
with appropriate pressure. After the hemostasis was completed, blood
loss and hemostasis time were recorded. Blank group does not use any
material to stop bleeding, and the commercial hemostatic material
Celox™, gelatin sponge and polysaccharide hemostatic powder were
used as the control.

2.15. Biocompatibility

2.15.1. In vitro hemolysis test

The in vitrohemolysis test of materials was evaluated according to a
reported method[41]. Washed CWB were diluted 10-fold to prepare
erythrocyte suspension. The powdered sample (1 mg) was mixed with
1 mL of erythrocyte suspension. Then solutions were incubated for
1 hours at 37 °C, and centrifuged at 10000 x g for 5 minutes. The
absorbance of the supernatant was measured at 540 nm. The negative
control group consisted of 1 mL of red blood cell suspension, and 0.2 mL
of red blood cells and 0.8 mL of DIW were mixed as the positive control
group. The calculation formula of hemolysis rate was as follows: He-
molysis rate (%) = (Abssample — Abs) / (Abs_ — Abs,) x 100 %, where
Abssample, Abs, and Abs_ value represented the absorbance values of
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sample, DIW and erythrocyte suspension, respectively.

2.15.2. Cytotoxicity test

The cytocompatibility of materials was investigated by the extraction
solution method and direct contact method using rat fibroblast cells
L1929 (from cell resource center, IBMS, cams/PUMC, Beijing, China). For
the extraction solution method, the sample powder was added to the
complete medium (CM, 90 % RPMI-1640 medium, 10 % fetal bovine
serum (FBS) and 1 % antibiotics) incubated for 24 hours to prepare
10 mg/mL leaching solution. The leaching solution was sterilized by
filtration using a sterile 0.22 pm membrane filter. L929 cells were seeded
in 96-well plates at a density of 5 x 10* cells/mL and pre-cultured at
37 °C with 5 % CO2 for 24 hours. Then the leaching solution replaced the
original medium. After an additional 24-hour incubation, 10 pL of MTT
solution (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazole bromide,
5 mg/mL) was added and culture for 4 hours. Cell viability was then
assessed via the MTT assay at 570 nm, with biocompatibility expressed
as a percentage of cell viability relative to untreated controls.

For the direct contact method, the sponge was cut into disks with
4 mm diameter and 2 mm thickness. The sponge disks were sterilized by
UV irradiation and equilibrated in CM for 12 hours. L929 cells were
seeded in 96-well plates at a density of 5 x 10* cells/mL and pre-
cultured at 37 °C (5 % COy) for 24 hours. The sponge disks were then
added to each well, ensuring that the medium level remained slightly
below the sponge surface for optimal cell-sponge contact. The MTT
assay was performed following the same protocol as the extraction so-
lution method.

2.16. Statistical

All tests were processed in triplicate and similar results were ac-
quired. 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. "*p > 0.05,
*p < 0.05, * *p < 0.01, * **p < 0.001, * ** *p < 0.0001.

3. Results and discussion
3.1. Synthesis and characterization of GCCS-TRAP

The preparation of GCCS-TRAP was illustrated in Fig. la. Firstly,
MAC, GO and PEGDA were mixed to prepare GCCS. In this process, MAC
and PEGDA formed crosslinked networks by thermal radical polymeri-
zation reactions. Meanwhile, GO was compounded into the crosslinked
network to obtain GCCS via a ring-opening reaction between the epoxy
and amine groups. Subsequently, GCCS was further modified with
KH570 to introduce the olefinic double bonds. TRAP was effectively
grafted onto surface of GCCS through thiol-ene photochemical click
chemistry (Fig. 1b). Because GO is a carbon material that is impervious
to light, TRAP was able to immobilize precisely on the surface of the
sponge rather than inside. SEM images showed that GCCS-TRAP had a
richly interconnected porous structure (Fig. 1c, d; Fig. S3). As shown in
the FTIR spectra (Fig. 1le), intensity of the C—=C stretching vibration
belonging to MAC (1546 cm™) and the epoxy stretching peak of GO (860
cm™!) were reduced, which proved the successful synthesis of GCCS. The
stretching vibration bands at 1665 cm™ appeared in GCCS-TRAP (Top),
which belonged to C=0 in the amide group of TRAP. According to the
elemental analysis results (Fig. 1f, Table S2), the presence of the Si
element in both GCCS-TRAP (Top) and GCCS-TRAP (Bot) indicated the
successful modification with KH570, while the presence of the S element
in GCCS-TRAP (Top) confirmed the successful grafting of TRAP. The EDS
mapping (S element) results of GCCS-TRAP (Top) also confirmed the
presence of TRAP (Fig. 1g; Fig. S4). The results of Elman’s reagent
method assay showed that the amount of grafted peptide on the surface
of GCCS-TRAP (Top) was 30.62 + 0.85 pg/cm2 (Table S3). These results
indicated the successful construction of the GCCS-TRAP network
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structure.
3.2. Evaluation of liquid absorption performance

The rapid liquid absorption properties of hemostatic materials,
which are related to the internal structure, play a crucial role in pro-
moting blood coagulation[37,43]. As shown inFig. 2a, the porosity of
GCCS and GCCS-TRAP (Bot) is 87.9 % and 91.6 %, respectively, while
the porosity of GCCS-TRAP (Top) slightly decreases to 74.2 % due to the
grafting of TRAP. The high porosity of GCCS-TRAP corresponds to the
porous structure observed in its SEM images. GCCS-TRAP, GCCS-TRAP
(Bot), and GCCS-TRAP (Top) absorbed 36, 37, and 30 times their own
weight of liquid due to their high porosity, respectively (Fig. 2b).
Moreover, the GCCS could absorb a drop of liquid within 40 ms (Fig. 2c).
Although the liquid absorption rate decreased due to the grafting of
KH570 and TRAP, the GCCS-TRAP could still rapidly absorb the same
amount of liquid within 0.27 s (Fig. 2¢c, d). Therefore, GCCS-TRAP was a
hydrophilic material with excellent liquid absorbability. It can quickly
enrich blood cells and platelets by rapidly absorbing plasma from blood,
accelerating blood clotting.

3.3. Mechanical properties of GCCS-TRAP

In dealing with uncontrollable bleeding, high mechanical strength is
necessary for hemostatic materials[48]. As shown inFig. 3a, both the
compressed GCCS and GCCS-TRAP could retain their original shapes.
Upon contact with water or blood, they quickly absorbed the liquid,
allowing the sponges to restore their original form. Additionally, after 5
compression-recovery cycles, GCCS and GCCS-TRAP were still able to
recover 98.3 % and 96.7 % of their original height within 1.7 sand 1.9 s
in water, respectively (Fig. 3b, ¢, Fig. S5). Even after 10
compression-recovery cycles, GCCS and GCCS-TRAP maintain excellent
recovery rates and recovery times (Fig. S6). Meanwhile, GCCS and
GCCS-TRAP were able to recover 92.4 % and 93.0 % of their original
height within 2.6 s and 2.8 s in the present of blood, respectively. In
addition, we further investigated the mechanical strength of the mate-
rial by measuring the stress-strain curve of the sponge during cyclic
compression. As shown in Fig. 3d and 3e, the stresses of GCCS and
GCCS-TRAP after being compressed by 50 % are 99.0 kPa and 96.3 kPa,
respectively (Table S4). The stresses of GCCS and GCCS-TRAP decreased
by only 10.1 % and 11.4 % after ten cycles of compression. These results
demonstrate that GCCS-TRAP possesses excellent compression strength,
stability, and shape recovery. The outstanding mechanical properties of
the sponges are attributed to the composite structure of MAC and GO.
The crosslinked network of MAC and PEGDA ensures structural stability,
while GO modulates the pore structure and liquid absorption capacity,
ultimately contributing to efficient rebound performance of the sponges
[33,471].

3.4. In vitro coagulation properties

The blood clotting performance of the materials was evaluated using
a dynamic whole blood clotting test. A lower BCI indicates a better
clotting performance. As shown in Fig. 4a, the BCI for GCCS, GCCS-
TRAP (Bot), and GCCS-TRAP (Top) were 23.9 %, 26.1 %, and 7.1 %,
respectively. Under the clotting stimulation of TRAP, the BCI value of
GCCS-TRAP (Top) decreased by 73 % compared to GCCS-TRAP (Bot),
demonstrating excellent in vitro clotting performance. Next, the activa-
tion of the coagulation cascade pathways was tested. As shown in
Fig. 4b, the Prothrombin Time (PT) values for GCCS, GCCS-TRAP (Bot),
and GCCS-TRAP (Top) were 7.6 s, 7.5 s, and 7.4 s, respectively; all of
them were lower than that of the control group (10.0 s). The reduction
in PT values indicated the activation of the extrinsic coagulation
pathway, likely due to the stimulating effect of the amino groups in
chitosan. No significant difference in PT values was found between
TRAP and the control group, suggesting that TRAP did not activate the
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*p < 0.05, * *p < 0.01.
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extrinsic coagulation pathway. The Activated Partial Thromboplastin
Time (APTT) test results (Fig. 4c) showed that the APTT values for
GCCS, GCCS-TRAP (Bot), and GCCS-TRAP (Top) were 40.6 s, 41.1 s, and
40.9 s, respectively, all slightly lower than that of the control group
(43.6 s). The decrease in APTT indicated the activation of the intrinsic
coagulation pathway, which was attributed to the activation effect of the
negatively charged carboxyl groups in GO. Therefore, GCCS-TRAP could
activate both the extrinsic and intrinsic coagulation pathways, acceler-
ating the conversion of fibrinogen to fibrin. Interestingly, TRAP alone
did not activate either coagulation pathway, but GCCS, GCCS-TRAP
(Bot), and GCCS-TRAP (Top) were able to activate both pathways.

The role of TRAP was to mimic thrombin function by activating the
protease-activated receptor (PAR-1) signaling on platelets, leading to
platelet aggregation and activation[49]. Thus, TRAP may directly acti-
vate platelet function without affecting the coagulation cascade.
Therefore, we evaluated the interactions between GCCS-TRAP and red
blood cells or platelets. The aggregation of red blood cells and platelets
within the sponges indicated the potential for blood clotting. As shown
inFig. 4d, the red blood cell adsorption rates for GCCS and GCCS-TRAP
(Bot) were 47.9 % and 42.5 %, respectively. The adsorption rate of
GCCS-TRAP (Top) was slightly lower at 36.6 %. Regarding platelet
adsorption performance, the adsorption rates of GCCS, GCCS-TRAP
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Fig. 4. In vitro haemostatic assays of GCCS-TRAP. (a) BCL, (b) PT and (c) APTT test of GCCS, GCCS-TRAP (Bot) and GCCS-TRAP (Top); adsorption ratio of (d) RBCs
and (e) platelets in GCCS, GCCS-TRAP (Bot) and GCCS-TRAP (Top). (f) SEM images of interfacial interaction between platelets and the GCCS-TRAP (Top). Error bar
indicate S.D (n = 3), ™ p > 0.05, *p < 0.05, * *p < 0.01, * **p < 0.001, * ** *p < 0.0001.

(Bot), and GCCS-TRAP (Top) were 14.4%, 11.0 %, and 44.3 %,
respectively (Fig. 4e). Fig. S7 shows the corresponding SEM image.
Significantly, the platelet adsorption rate of GCCS-TRAP (Top) was three
times higher than that of GCCS-TRAP (Bot). Additionally, SEM images
clearly displayed the platelets that adhered on the surface of GCCS-TRAP
(Top) extended pseudopodia, indicating the activation of these platelets
(Fig. 4f). These results clearly demonstrate the potent platelet aggre-
gation and activation effects of GCCS-TRAP. Compared to both GCCS
and GCCS-TRAP (Bot), GCCS-TRAP (Top) not only activates both the
extrinsic and intrinsic coagulation pathways but also promotes stronger
platelet aggregation and activation. Thus, the in vitro hemostatic per-
formance of GCCS-TRAP(Top) was significantly improved, as confirmed
by the reduced BCI values in the GCCS-TRAP(Top) group.

3.5. In vivo hemostatic properties

A rat femoral artery hemorrhage model was used to mimic massive
human bleeding. Severe bleeding was induced by completely transecting
the femoral artery of the rat, and the hemostatic performance of the
sponges was then evaluated (Fig. 5a). Commercially available hemo-
stats, such as chitosan hemostatic powder (Celox™), gelatin hemostatic
sponges and polysaccharide hemostatic powders, were used as the
positive controls. As Fig. 5b & 5c¢ shown, the hemostatic time of GCCS
was ~ 101.0 s, which was not significantly different from that of Celox™

(113.5 s). In contrast, the hemostatic time for GCCS-TRAP was 81.3 s,
which represented a 54 % and 28 % reduction compared to the blank
group and the Celox™, respectively. Additionally, the blood loss for
GCCS was 1.69 g, which decreased of 37 % compared with that of
Celox™ (2.68 g). This occurred because the powdery form of Celox™
was easily washed away by heavy bleeding, preventing it from effec-
tively contacting the bleeding site. GCCS-TRAP possesses excellent
compression strength, stability, and shape recovery. When applied to a
wound, GCCS-TRAP effectively expands after absorbing blood, allowing
it to better compress the wound. This ensures a close fit between the
sponge and the wound, which is crucial for forming a physical barrier to
promote hemostasis. Thus, the sponge form of GCCS-TRAP adhered well
to the wound and rapidly absorbed fluids, accelerating the formation of
a clot at the wound site. Significantly, the blood loss for GCCS-TRAP was
only 1.03 g, which showed ~83 % and ~62 % reduction compared with
those of the blank group and the Celox™ group, respectively. GCCS-
TRAP also outperformed the other two commercial hemostatic mate-
rials, gelatin sponge and polysaccharide hemostatic powder in terms of
hemostatic performance. This fully demonstrated the superior perfor-
mance in stopping serious artery hemorrhage. Furthermore, the excel-
lent mechanical strength of GCCS-TRAP ensures that it does not rupture
under pressure during hemostasis, thus preventing hemostatic failure.
Upon removal from the wound, the GCCS-TRAP remains intact with no
residue left behind, thereby avoiding secondary injury caused by
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Fig. 5. In vivo hemostatic performance of GCCS-TRAP (a) Hemostatic process of GCCS-TRAP in SD rat artery injury model; (b) Hemostatic time and (c) blood loss of
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residual material.

3.6. Hemostatic mechanism of GCCS-TRAP

The excellent hemostatic performance of GCCS-TRAP was attributed
to the synergistic effects of rapid absorbability and strong hemostatic

sponge contained a continuous porous structure with a high porosity
of 74.2 %, which provided channels and space for blood from the wound
to enter the sponge. Moreover, GO improved the hydrophilicity of GCCS-
TRAP, enabling it to rapidly absorb fluids. This allowed GCCS-TRAP to
quickly absorb plasma from the wound blood, thereby concentrating

stimulation (Fig. 6). In terms of rapid absorbability, the GCCS-TRAP
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validated the strong absorbability of GCCS-TRAP.

For hemostatic stimulations, GCCS-TRAP promoted clotting by
activating both platelets and the coagulation cascade pathways. First,
TRAP activated PAR-1 on the surface of platelets by mimicking
thrombin, leading to platelet activation. The activated platelets then
underwent physical changes in their GP IIb/Illa receptors[49], which
provided high-affinity binding sites for fibrinogen. The above results
promoted fibrinogen cross-linking and platelet aggregation. According
to the literature, TRAP alone can promote coagulation by activating
platelets, but it does not activate the extrinsic or intrinsic coagulation
cascade pathways[46]. Interestingly, in our study, GCCS-TRAP activated
both platelets and the coagulation cascade pathways, as evidenced by
the reduction in PT and APTT values. The activation of the extrinsic
coagulation pathway was likely due to the positively charged amino
groups on chitosan. The intrinsic coagulation pathway was typically
activated by negatively charged groups, such as carboxyl groups. GO
contains abundant carboxyl functional groups, and some studies have
shown that GO can activate the intrinsic pathway through negatively
charged activation of Factor XII[3]. Through the combined activation of
both extrinsic and intrinsic coagulation pathways, Factor X is converted
into Factor Xa, triggering a cascade of reactions that ultimately result in
the conversion of fibrinogen to fibrin, achieving the main goal of sec-
ondary hemostasis.

Thus, GCCS-TRAP achieved rapid hemostasis for arterial bleeding
wounds through its fast liquid absorption and multiple hemostatic
stimuli, including the activation of platelets and both the extrinsic and
intrinsic coagulation cascades. Notably, TRAP was immobilized on the
sponge surface precisely. The surface fixation strategy reinforced the
interface stimulus and enhanced hemostatic effects. As a result, we
reduced the amount of peptide and lowered the cost while achieving the
effective hemostatic properties.

3.7. The compatibility of GCCS-TRAP

Subsequently, the compatibility of GCCS, GCCS-TRAP (Bot), GCCS-
TRAP (Top), and TRAP was evaluated. As shown in Fig. 7a, the hemo-
lysis ratios of GCCS, GCCS-TRAP (Bot) and GCCS-TRAP (Top) were
2.9 %, 3.0 % and 2.7 %, respectively. Interestingly, the hemolysis rate of
GCCS-TRAP (Top) decreased from 4.0 % for TRAP to 2.7 %, indicating
that TRAP was well-anchored on the surface of GCCS through the thiol-

Colloids and Surfaces B: Biointerfaces 253 (2025) 114757

Furthermore, we assessed the cytocompatibility of the materials with
L1929 cells. As shown in Fig. 7b, c, after 24 hours using the extraction
solution method, the cell viability ratios for the GCCS, GCCS-TRAP
(Bot), and GCCS-TRAP (Top) groups were 89.5%, 97.5%, and
104.8 %, respectively. The results of the direct contact method test
showed cell viability ratios of 86.4 %, 89.0 % and 91.7 % for the GCCS,
GCCS-TRAP (Bot) and GCCS-TRAP (Top) groups, respectively. There
was no significant difference in cytotoxicity results at 24 and 48 hours.
These results revealed the good biocompatibility of GCCS-TRAP.

4. Conclusions

In summary, we successfully developed a TRAP-grafted chitosan/
graphene composite sponge (GCCS-TRAP) for efficient and rapid arterial
hemostasis. The innovative use of thiol-ene photoclick chemistry
allowed for the precise immobilization of TRAP onto the surface of the
GCCS, ensuring controlled and stable peptide presentation. GCCS-TRAP
demonstrated exceptional fluid absorption capacity and induced mul-
tiple hemostatic responses, including platelet stimulation and the acti-
vation of both the extrinsic and intrinsic coagulation cascades. In a rat
femoral artery hemorrhage model, GCCS-TRAP achieved faster hemo-
stasis and significantly reduced blood loss compared to commercially
available chitosan-based hemostatic powder (Celox™), as well as poly-
saccharide hemostatic powders and gelatin sponges. Importantly, GCCS-
TRAP showed no hemolysis or cytotoxicity, confirming its excellent
biocompatibility and safety. These findings highlight that GCCS-TRAP is
a highly effective and safe hemostatic material, with superior perfor-
mance in arterial bleeding control, making it a promising candidate for
applications in trauma care.
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