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a  b  s  t  r  a  c  t

In  this  study,  we demonstrate  for the  first  time  the remarkable  hemostatic  performance  of  a  cross-linked
graphene  sponge  (CGS)  as  a superb  hemostat.  The  CGS  can  absorb  plasma  immediately  (<40  ms)  to form  a
blood cell  layer  and  promotes  subsequent  clotting.  The  interaction  between  the  interface  of the CGS  and
blood  cells  reveals  that the  fast blood  coagulation  is primarily  attributed  to  the  enrichment  of  hemocytes
and  platelets  on  the  wound  surface.  An  in  vitro  dynamic  whole-blood  clotting  test  further  highlights  the
eywords:
raphene
GS
emostatic sponge
emostasis
lotting

effectiveness  of  the  CGS. Considering  the facile  preparation,  low  cost, nontoxicity,  and  long shelf life  of
the  portable  black  sponge,  the CGS  has  great  potential  for  trauma  treatment.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Graphene, a two-dimensional (2D) monolayer of carbon atoms,
as been studied in recent years as one of the most useful nanoma-
erials [1–5]. Recently, applications of graphene-based materials
n biomedical and pharmaceutical fields have attracted much
ttention due to the materials’ biocompatibility, good water dis-
ersity, potential for functional modification, and unique optical
nd electronic properties. As reported, graphene-based materials
ave been widely utilized as platforms for drug delivery [6,7],
iosensors [8–10], cellular imaging [11–13], and cancer therapy
14–16], demonstrating their promising prospects for use in bio-

aterials. Furthermore, for safe applications in vivo, significant
fforts have been undertaken to improve the biocompatibility of
raphene-based materials including amine modification and het-
roatom doping [6,8,17,18]. However, graphene and its derivatives
re xenobiotic substances. Thus, utilizing their superb charac-

eristics in in vitro biomedical applications should be actively
xplored and developed. To the best of our knowledge, there
re few studies that have focused on graphene-based materials

∗ Corresponding author. Tel.: +86 1064447747; fax: +86 1064416428.
E-mail address: wangxing@mail.buct.edu.cn (X. Wang).

1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.colsurfb.2015.04.067
927-7765/© 2015 Elsevier B.V. All rights reserved.
for use in the field of hemostasis, although hemostatic materi-
als are vital in both civilian and military medicine because rapid
hemostasis is essential for optimal recovery and even survival
[19,20]. Traditional hemostatic agents, such as zeolite [20,21] and
mesoporous silica [22–24], mainly depend on their quick plasma
absorbability to accelerate the aggregation of blood cells, while
chitosan-based hemostatic materials [25,26] promote blood coag-
ulation by charge effect – positively charged chitosan attracts
negatively charged red blood cells to form a layer of blood clot.
These studies especially on the hemostatic mechanisms have a
great significance for the development of new generation of hemo-
static materials.

Among graphene-based materials, cross-linked graphene, gen-
erally prepared from a suspension of graphene oxide (GO)
nanosheets with suitable chemical linkers, has exhibited promi-
nent advantages, including large pore volumes, high surface areas,
low density, and ideal structural stability [27–31], which make it
suitable for hemostatic applications. Cross-linked graphene pos-
sesses a remarkable capability for rapid liquid absorption [32,33],
which inspired us to develop a novel black hemostatic sponge
based on its three-dimensional (3D) structure for rapidly absorb-

ing plasma and thus increasing the concentration of blood cells to
accelerate blood clotting [21,34]. In this study, we  demonstrate for
the first time a cross-linked graphene sponge (CGS) as an exemplary
hemostat and its outstanding hemostatic performance.

dx.doi.org/10.1016/j.colsurfb.2015.04.067
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2015.04.067&domain=pdf
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. Experiments

.1. Preparation and characterization of the CGS

A 200 �l volume of ethylenediamine (EDA) used as a cross-
inking agent was added to 20 ml  GO dispersion (3 mg  ml−1,
repared via a modified Hummers’ method [35]). The mixture was
ealed in a hydrothermal synthesis reaction kettle (inside diame-
er, 4 cm)  and heated to 96 ◦C for 6 h to obtain a GO hydrogel. After
reeze-drying for 48 h, the GO aerogel (GOA) was  embathed with
thyl alcohol in a Soxhlet extractor for 48 h to remove the unreacted
DA. Next, the purified GOA was dried at ambient temperature
or 24 h, and under air conditions, it was treated with microwave
adiation (800 W)  for 5 s to obtain the CGS (3 cm diameter, 1.2 cm
hickness).

Scanning electron microscopy (SEM) was performed using an
-4700 Hitachi microscope. The cross sections of the CGS and
OA samples were observed at different resolutions to com-
are the internal structure before and after microwave treatment.
runauer–Emmet–Teller (BET) surface area measurements were
etermined by the nitrogen gas adsorption method by using a
icromeritics ASAP 2020 analyzer at liquid nitrogen temperature.
ethylene blue (MB) dye adsorption test was further performed

o evaluate the surface area according to the reported method [36].
n elemental analyzer Vario ELcube was used to conduct elemental
nalysis. The CGS and GOA samples were processed into powder,
nd the contents of C, H, O, and N were determined.

.2. Evaluation of the hemostatic performance

A droplet of blood was dropped onto the CGS surface, and a
igh-speed camera (40 ms  per frame) was used to record the entire
rocess of blood absorption. The rate of blood absorption was cal-
ulated based on the frame rate and alignment. Next, the CGS was
ipped in a blood pool to absorb blood adequately. The CGS was
eighed twice before and after dipping to determine the weight

f absorbed blood. The blood absorption capability of the CGS was
resented as the mass ratio of blood and CGS. As a control, the water
bsorption rate and capability were tested using the same method
entioned above.
A rat-tail cutting experiment was used to evaluate the hemo-

tatic performance of the CGS. Healthy male Sprague-Dawley (SD)
ats (250 ± 20 g, 7 weeks of age) were used as animal models. They
ere purchased from the Vital (Charles) River Laboratory, Beijing,
hina. Animals were treated and cared for in accordance with the
ational Research Council’s Guide for the care and use of laboratory
nimals. Each rat was raised in a single cage. The rats were raised
or 3 days in a standard environment to ensure a healthy physio-
ogical state. All rats were anesthetized with 1.25 ml  10% chloral
ydrate (0.5 ml  per 100 g) before surgery. Each rat tail, measuring
6 cm in length, was cut at 6 cm from the tip by surgical scissors.
he wound section was covered with the CGS directly to control
leeding with slight pressing. The hemostatic time was  recorded.
he CGS was weighed before and after hemostasis to determine the
eight of the blood loss. Gauze sponge served as a control in this

tudy.

.3. Interaction between the interface of CGS and blood cells

.3.1. Morphology study of blood cells
A total of 1 ml  volume of phosphate buffered saline (PBS; pH

.4) with 50 �l ACD-whole blood was added onto the CGS (3 cm

iameter, 1.2 cm thickness) surface. The material containing whole
lood was incubated for 3 min  at 37 ◦C. The sample was then gently
insed three times with PBS and immobilized with 2.5% glutaralde-
yde for 2 h at 4 ◦C. Blood cells were dehydrated with 50, 60, 70, 80,
 Biointerfaces 132 (2015) 27–33

90 and 100% ethanol for 10 min. The samples were freeze-dried for
12 h prior to SEM observation [25].

2.3.2. Blood cell adhesion
A small piece of the CGS (1 × 1 cm2, 0.25 cm thickness) was

immersed in 10 ml  PBS for 2 h at 37 ◦C. Next, 0.5 ml  ACD-whole
blood was  added. The material containing whole blood was incu-
bated for 1 h at 37 ◦C. The sample was  then treated according to the
above-mentioned method prior to SEM observation.

2.3.3. Platelet adhesion
The ACD-whole blood was centrifuged at 300 × g for 20 min  at

4 ◦C to obtain platelet-rich plasma (PRP). A portion of the PRP was
further centrifuged at 2000 × g for 20 min  at 4 ◦C to obtain platelet-
poor plasma (PPP). The platelet concentration was adjusted to
1 × 105 platelets �l−1 by adding PPP to PRP, and the number of
platelets was counted by a hemocytometer. The CGS (1 × 1 cm2,
0.25 cm thickness) was  then placed on a Petri dish covered with
PRP and incubated for 1 h at 37 ◦C. The sample was treated accord-
ing to the above-mentioned method prior to SEM observation
[22,37].

2.4. In Vitro dynamic whole-blood clotting

Total 50 �l volume of fresh blood drawn from SD rats was
directly dropped onto four test groups, including a blank, Ca2+ (4 �l
CaCl2 solution, 0.2 mol  L−1), gauze sponge, and the CGS in 50 ml
glass beakers, respectively. The volume of the gauze sponge was
same as that of the CGS (1 × 1 × 0.25 cm3). Each group was allowed
to interact for 30, 60, 120, 180, and 240 s. Then, 10 ml distilled
water was  added slowly down the inside wall of the beaker without
disturbing the clotted blood. The beaker was shaken slightly to dis-
solve free RBCs. The absorbance of each of the resulting samples was
measured by an ultraviolet spectrophotometer at 542 nm.  As a ref-
erence value, the absorbance of 50 �l fresh blood in 10 ml  distilled
water was measured. The content of hemoglobin was  quantified
by the following equation: Hemoglobin absorbance = Is/Ir × 100%,
where Is is the absorbance of the resulting sample, and Ir is the
absorbance of the reference value. This experiment was repeated
three times with different healthy SD rats under the same condi-
tions [38,39].

2.5. Cytotoxicity evaluation

L929 mouse fibroblast cells (purchased from Cell Resource Cen-
ter, IBMS, CAMS/PUMC, Beijing, China) were adjusted to 8 × 105

cells ml−1 in complete medium (CM), which consisted of 90% RPMI-
1640 medium, 10% fetal bovine serum (FBS), and 1% antibiotics
(100 units ml−1 penicillin and 100 units ml−1 streptomycin). The
cell suspension was added into 96-well plates (100 �l per well)
and incubated for 24 h at 37 ◦C in an air environment of 5% CO2.
Meanwhile, 5 ml  RPMI-1640 medium was  added to the CGS  as
the test group, and an equal volume of RPMI-1640 medium was
added to an empty bottle as the negative control group. After
24 h, the impregnating solution was  removed from the test group
and added to the corresponding CM.  After 48 h of incubation, cell
viability was  determined by a MTT  assay kit based on the manu-
facturer’s instructions. The relative growth rate (RGR) of the cells

was calculated according to the following formula: RGR  = Abs490

test/Abs490 control × 100%. Finally, the toxicity grade was  assessed
based on the RGR. This experiment was repeated three times
[40,41].

Administrator
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ig. 1. (a) SEM image of the hierarchical porous structures of CGS. (b) The enlarged
nlarged GOA cell wall. The inset shows a stacked lamellar structure of GO nanoshe

. Results and discussion

.1. Preparation and characterization of the CGS

The CGS was obtained via an optimized version of Hu’s method
32] as described above. To improve the potential hemostatic prop-
rties and practical applications, we optimized the production
rocess by making two changes. First, microwave irradiation was

onducted in air, which not only simplified the manufacturing pro-
ess but also increased the cavity structure of the sponge to enhance
he liquid absorption rate by a large margin. Second, the dosage of

ig. 2. (a) The N2 adsorption–desorption isotherm of the CGS. (b) The BJH pore size distrib
ata  values corresponded to mean ± SD (n = 3).
us structure of the CGS cell wall. (c) SEM image of the cross profile of GOA. (d) The

the EDA linker was optimized to v/v = 1:100 when mixed with the
GO solution, which ensured that a suitable sponge material could
be created.

The internal structure of the CGS is presented in Fig. 1a. The
CGS exhibited a hierarchical porous structure with a large number
of small cavities measuring from tens to hundreds of microme-
ters along the cell wall (Fig. 1b), unlike those observed for the
GOA (Fig. 1c). This network maintained a strong interconnection

between the building layers to prevent the intense microwave
treatment from breaking down the monolithic structure. After
only 5 s of microwave treatment, most of the assembled graphene

ution. (c) BET surface area of CGS and GOA. (d) Elemental analysis of CGS and GOA.
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heets that made up the cell walls separated from each other and
ormed a cellular structure in the CGS (Fig. 1b). On the other hand,
ll of the graphene sheets were stacked closely in the GOA cell
all (Fig. 1d). This prominent difference suggests that the strong

nergy of the microwaves interrupted the interaction between the
raphene sheets and observably increased the specific surface area
f the CGS.

Fig. 2a shows the N2 adsorption–desorption isotherm of the CGS.
ccording to the IUPAC classification, the curve is characterized by

ype-IV with a H2 hysteresis loop at a relative pressure P/P0 ran-
ing from 0.4 to 1.0 [42]. It indicates that irregular size and shape
f pores exists in the CGS material. As a result, a multi-peak curve
as found in the analysis of BJH pore size distribution (Fig. 2b).

he BJH adsorption average pore diameter (4 V/A) is 5.7 nm.  Based
n the data of relative pressure P/P0 ranging from 0.5 to 3.5, the
alculated BET surface area of the CGS (42.9 ± 1.9 m2 g−1) was  sig-
ificantly greater than that of the GOA (0.8 ± 0.2 m2 g−1), as shown

n Fig. 2c. These data indicate that after being cross-linked by EDA,
 large number of the GO sheets aggregated into stacks, which
reatly decreased the surface area of the GOA compared with the
heoretical surface area of single-layer graphene sheets [23,43,44].
owever, after the microwave puffing procedure, this simple and

trong reduction process largely increased the surface area of the
GS by a factor of approximately 54.

In addition, dye adsorption test was also performed to evaluate
he specific surface area [36]. It was determined in an ethanol sus-
ension with MB  dye as a probe. As a result, the specific surface
rea of the CGS (854.9 ± 30.3 m2 g−1) was also greater than that of
he GOA (459.3 ± 43.6 m2 g−1). Compared with the BET method, the
bsolute values were enlarged. It might be owing to the different
olecular interactions. Furthermore, the increment became less.
e speculated that MB  molecules were absorbed in the GOA and

n the CGS with different way, because the GOA has much more
arboxyl and hydroxyl groups (ionic and hydrogen bonding inter-
ctions) than the CGS (�–� interaction). After microwave puffing,
ost of the carboxyl and hydroxyl of the GOA were removed, which

educed the adsorption of MB  molecules in the CGS to a large extent.
Elemental analysis (Fig. 2d) showed that the C/O mass ratio

ncreased to 22.8 (CGS, C 87.44; O 3.83) from 3.1 (GOA, C 65.17;
 21.05), indicating that during the high-energy treatment, most
f the surface and internal oxygenic functional groups had been
emoved. Most of the EDA linkers survived the reduction, as the
ontent (%) of N element was 7.66 for the CGS compared with
he initial value of 11.32 for the GOA, thus supporting the struc-
ural stability of the final CGS product. In addition, according to the
xperiments, using less linker (v/v < 1:250) [32] did not produce
dequate microwave irradiation under air conditions. This material
as too loose to maintain the shape of the sponge after apply-

ng slight pressure, which limited its practical application. More
inker (v/v > 1:50) made the sponge too tight to exhibit sufficient
bsorbability, although microwave puffing could create a porous
tructure. These results are not presented here.

.2. Evaluation of the absorption ability

High-speed imaging showed that a droplet of blood could be
bsorbed onto the CGS within 40 ms,  as shown in Fig. 3b and 3c,
llustrating an ultrafast blood absorption rate. Furthermore, the CGS
ould absorb as much as 147 times its own weight of blood. As a
ontrol, the same phenomena were observed for water; the CGS
ould absorb a droplet within 40 ms  and approximately 112 times
ts own weight of water (Fig. 3a). The time required for the GOA

o absorb as much liquid (water and blood) was more than 200 ms
Fig. 3a), which demonstrated that microwave puffing could sig-
ificantly enhance absorption. Therefore, the ultrafast absorption
f the CGS provides a theoretical foundation for rapid hemostasis.
Fig. 3. (a) Water absorption rate and capability of CGS and GOA. Data values cor-
responded to mean ± SD (n = 6). (b) and (c) Photographs of the blood absorption
process on the CGS sample.

Specifically, once blood contacts the CGS, the moisture of the blood
is absorbed immediately, forming a layer of blood cells between the
wound and the CGS surface. This cell layer clots instantly to achieve
rapid hemostasis.

3.3. Evaluation of hemostatic performance

Fig. 4a shows a representative result obtained from the rat-tail
cutting experiments using the black CGS hemostat (gauze sponge
was used as a control). The bleeding stopped rapidly, and the wound
clotted with only a small number of graphene sheets. The bleeding
time and blood loss are recorded in Fig. 4b. Among the six paral-
lel experiments, the mean bleeding time was 201 ± 46 s, and the
mean blood loss was 0.085 ± 0.025 g. Ruling out the individual dif-
ferences, the CGS could control bleeding within 240 s, whereas the
gauze control could only stop bleeding but did not promote coagu-
lation even after 10 min  [45]. The value of gauze sponge is therefore
not represented in Fig. 4b. These results demonstrated that the CGS
could play an excellent role in hemostasis just by being in contact
with the wound.

3.4. Interaction between the interface of CGS and blood cells

To further reveal the hemostatic mechanism, scanning electron
microscopy (SEM) was  employed to observe the surface adhesion
and morphologies of blood cells and platelets [22,25,37] on the CGS.
Firstly, the cell morphology for the fast absorption of whole blood
was studied by dropping blood onto the CGS surface. The mass of
blood was far lower than the capacity limit of the CGS absorption
to simulate the actual hemostatic process in vitro. Fig. 5a shows
the SEM image of blood cells adsorbed on the CGS surface. A large
amount of red blood cells (RBCs) gathered on the material surface,
and some of them stretched out spiny pseudopodia, as shown in the

enlarged image Fig. 5a′ (marked by the white arrows), where partial
gathered RBCs also altered their shape from distinctive biconcave
disks to irregular deformations. The above phenomena illustrated
that a clotting layer formed on the CGS surface and blood cells
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ig. 4. Evaluation on the hemostatic performance of CGS. (a) The hemostatic effect 

he  hemostasis time and blood loss of six CGS samples. The mean ± SD bleeding tim
roduced physiological changes in this layer. Therefore, rapidly
ncreasing concentration of blood cells could promote their aggre-
ation and deformation on the CGS surface to accelerate blood
oagulation.

ig. 5. SEM images of blood cells and platelets adhesion on the CGS surface. (a) Morph
elective adsorption of blood cells. (b′) Blood cells with regular shape. (c) A few platelets 
 CGS and the control group of gauze sponge, just by contacting with the wound. (b)
01 ± 46 s and blood loss is 0.085 ± 0.025 g (n = 6).
However, in the above experiment, we were not sure whether
the CGS could affect the blood cell physiological action during
the whole coagulation process. To study the effect at the inter-
face, a selective adhesion test of blood cells was conducted by

ology of whole blood fast absorption. (a′) RBCs generated spiny pseudopodia. (b)
adhered on the CGS. (c′) A magnified image of a resting platelet shown in (c).
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ig. 6. (a) In vitro dynamic whole-blood clotting evaluation of CGS and control; Data
olutions of hemoglobin after 60 s.

mmersing a piece of the CGS into a blood culture media and then
dding a few drops of blood into the media to assay the interac-
ions between cells and the material surface. As shown in Fig. 5b,

 distinct amount of blood cells spread on the CGS surface, but
one of them showed deformation or aggregation. Additionally, no
piny pseudopodia for RBC were found (Fig. 5b′). This phenomenon
ndicated that the CGS would not affect blood cells physiological
ction. In addition, in the above assay, almost no platelets were
ound in the SEM images. Therefore, platelet attachment on the CGS
urface was further investigated through incubation with platelet-
ich plasma (PRP). Fig. 5c and 5c′ shows the resulting SEM images.
nly a few platelets adhered on the CGS surface (Fig. 5c), and

he attached platelets displayed regular resting shape (Fig. 5c′).
n other words, the CGS could not induce platelets aggregation or
ctivation. These phenomena indicated that to a certain degree the
GS surface was hemocompatible. It was reported that N-doped or
mine-modified graphene had good hemocompatibility [6,18]. In
he CGS 3D structure, as mentioned above, EDA linkers introduced
mine modification on the GO sheets and linkers rather than oxy-
enic groups that survived the microwave irradiation. As a result,
hrough interacting with the graphene samples, platelets and RBCs
ould not be activated to change their morphologies.

Because the morphology test (Fig. 5a) vividly simulated the pro-
ess of blood coagulation when the wound contacted with the
GS and the adhesion test (Fig. 5b and 5c) revealed the interfa-
ial hemocompatibility of the fabricated material, the experiments
emonstrated that the blood coagulation at the site of bleeding was
ainly due to the concentration of native elements, such as hemo-

ytes and platelets, i.e.,  the fast adsorption process played a curial
ole in clot formation.

.5. In Vitro Dynamic whole-blood clotting

Based on the understanding of the above-mentioned hemo-
tatic mechanism of the CGS, a dynamic whole-blood clotting assay
38,39] was conducted to assess the blood clotting capability of the
GS in vitro. In this assay, fresh blood without anticoagulant was
irectly added to the CGS and gauze sponge (negative control). As
ontrol specimens, the same amount of blood was  added to one
eaker (blank control) and another beaker containing Ca2+ (a coag-
lation factor, positive control). The blood clotting capability was
uantitatively determined using an ultraviolet spectrophotome-
er at 542 nm.  The absorbance value represented the amount of

emoglobin in free RBCs. Four test samples interacted with fresh
lood for different periods. As shown in Fig. 6a, over the initial 60 s,
he absorbance value of the CGS was far lower than that of the other
roups. For all control groups, fresh blood did not clot within 60 s,
s corresponded to mean ± SD (n = 6). (b) Photographs of the corresponding aqueous

as indicated by the high absorbance value that was measured. The
blood in the CGS clotted almost completely after 60 s, whereas the
other control groups required 120, 180, and 240 s. We  deduced that
the CGS could accelerate blood clotting within the initial 60 s, when
the blood coagulants naturally had not yet exerted their effects
(Fig. 6b).

Another physiological reason derived from fast absorbing of
plasma may  also contribute to the quick clotting. Plasma inhibits
blood clotting due to the existence of anticoagulant factors, which
is why  normal blood in vivo will not clot. Once outside of the body,
these factors will lose activity quickly. Sixty seconds may  be the nat-
ural threshold because the absorbance values of the control groups
plummet after this time point. Because the CGS can rapidly absorb
plasma, the anticoagulant factors are separated from whole blood,
resulting in a quick clotting of blood cells by activating the inher-
ent clotting system. This test clearly revealed that the CGS had the
capability to perform blood clotting rapidly once blood made con-
tact with it, perhaps independently of clotting factors, such as the
Ca2+ used in this study.

3.6. Cytotoxicity evaluation

Because the CGS is a chemically modified biomaterial, its bio-
compatibility is a critical factor for practical applications, although,
in our opinion, the main medical application will be the treatment
of traumatic bleeding. The cytotoxicity of the CGS was  evalu-
ated by an MTT  assay [40,41]. The relative growth rate (RGR) was
95.7 ± 7.0% for the CGS with respect to the growth rate of the culture
dish control; thus, the CGS was proved to be noncytotoxic. Accord-
ing to the standard toxicity rating, the CGS was  rated as grade 1,
making it safe to use for traumatic bleeding.

4. Conclusions

We  developed a novel trauma hemostatic material based on a
CGS that could rapidly stop bleeding in approximately 2–4 min. The
CGS absorbs plasma rapidly to increase the concentration of hemo-
cytes and platelets on the wound surface, thus promoting blood
coagulation. In-depth studies revealed that the hemostatic process
on the CGS surface mainly depended on the physical absorption
process instead of clotting factors. To the best of our knowledge,
this is the first report on the use of a graphene material as a
hemostatic agent. Compared with traditional hemostatics, such as

zeolite [20,21], mesoporous silica [22–24], and chitosan hemostatic
materials [25,26], the CGS has many advantages, including facile
preparation, low cost, portability due to its ultra-light weight, long
shelf life, and nontoxicity. Although the hemostatic effect can still
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