
Bioactive Materials 6 (2021) 2089–2104

2452-199X/© 2021 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Cellulose fibers-reinforced self-expanding porous composite with multiple 
hemostatic efficacy and shape adaptability for uncontrollable massive 
hemorrhage treatment 

Yansen Wang a, Yifan Zhao b, Longxue Qiao c, Faxing Zou a, Yajie Xie a, Yudong Zheng a,*, 
Yong Chao c,**, Ying Yang d, Wei He a, Siming Yang e,*** 

a School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing, 100083, PR China 
b Department of Anesthesiology, Medical College of Chinese PLA, Beijing, 100853, PR China 
c Department of Medical Engineering, The First Affiliated Hospital of the PLA General Hospital, Beijing, 100048, PR China 
d First Affiliated Hospital of Medical College, Zhejiang University, Hangzhou, 310003, PR China 
e Key Laboratory of Wound Repair and Regeneration of PLA, Chinese PLA General Hospital, Medical College of PLA, Beijing, 100853, PR China   

A R T I C L E  I N F O   

Keywords: 
Porous materials 
Cellulose fibers 
Self-expanding ability 
Shape-adaptive 
Hemostasis 

A B S T R A C T   

Uncontrollable hemorrhage leads to high mortality and thus effective bleeding control becomes increasingly 
important in the military field and civilian trauma arena. However, current hemostats not only present limitation 
when treating major bleeding, but also have various side effects. Here we report a self-expanding porous com-
posites (CMCP) based on novel carboxymethyl cellulose (CMC) fibers and acetalized polyvinyl alcohol (PVA) for 
lethal hemorrhage control. The CMC fibers with uniform fibrous structure, high liquid absorption and procoa-
gulant ability, are evenly interspersed inside the composite matrix. The obtained composites possess unique 
fiber-porous network, excellent absorption capacity, fast liquid-triggered self-expanding ability and robust fa-
tigue resistance, and their physicochemical performance can be fine-tuned through varying the CMC content. In 
vitro tests show that the porous composite exhibits strong blood clotting ability, high adhesion to blood cells and 
protein, and the ability to activate platelet and the coagulation system. In vivo hemostatic evaluation further 
confirms that the CMCP presents high hemostatic efficacy and multiple hemostatic effects in swine femoral artery 
major hemorrhage model. Additionally, the CMCP will not fall off from the injury site, and is also easy to sur-
gically remove from the wound cavity after the hemostasis. Importantly, results of CT tomography and 3D 
reconstruction indicate that CMCP can achieve shape adaptation to the surrounding tissues and the wound 
cavities with different depths and shapes, to accelerate hemostasis while protecting wound tissue and preventing 
infection.   

1. Introduction 

Uncontrollable bleeding is a major global problem, which can lead to 
significant mortalities in military or civilian populations [1,2]. A huge 
number of deaths occur each year because of ineffective bleeding control 
[3,4]. For patients with sudden and unexpected major bleeding, un-
controllable large vessel bleeding and extensive bleeding from trauma 
tissue are the reasons to high rates of death [5,6]. Prompt and effective 
prehospital/first-aid hemostatic technologies and hemostats can gain 

invaluable time for subsequent therapy and therefore reduce the 
disability and mortality. 

Currently, there are several first-line first-aid hemostatic materials 
equipped by the military, such as HemCon (HemCon Medical Technol-
ogies, Oregon, USA) [7], Celox (MedTrade Products Ltd, UK) [8], 
WoundStat (TraumaCare Inc., USA) [9] and Quikclot (Z-Medica Inc., 
USA) [10]. However, these hemostats have been proved only effective 
for mild to moderate bleeding, and their hemostatic effect is not strong 
enough to deal with large and uncontrollable blood vessel bleeding. 
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Additionally, issues caused by using these hemostats during the hemo-
stasis progress including large side effects, high re-bleeding rates 
(HemCon&Celox) [7], embolic risks (WoundStat), tissue damage and 
debilitation (Quikclot) [11,12], also seriously limit their further appli-
cations. Besides, other hemostatic materials containing animal-derived 
ingredients such as collagen, fibrinogen or thrombin may produce 
allergic reactions or immunogenicity, and cause nerve damage or 
compression of body due to their excessive swelling when used in vivo. 
Generally, to achieve rapid clinical hemostasis, ideal hemostatic mate-
rials need to meet the following requirements: a) strong liquid absorp-
tion capacity; b) suitable mechanical properties to withstand blood 
pressure, compression and friction with surrounding tissues; c) maintain 
structural stability in extreme conditions and cause no damage to wound 
tissue; d) good biocompatibility; e) easy and fast operation. However, 
none of the currently used hemostats can meet all these requirements, 
thus more researches are required to develop novel bio-safe and more 
efficient hemostats for hemorrhage control and the treatment of specific 
wounds. 

Various naturally derived materials has gradually become indepen-
dent or integrated components of many hemostatic materials, as they 
showed the abilities to stimulate coagulation system while reducing 
immunogenicity risks. Products made of cellulose fibers such as cotton 
pads, gauze and foam have been already widely used as simple surgical 
hemostatic equipment in military or civilian field because cellulose are 
abundant in nature and easy to manufacture [13,14]. The results of 
actual application indicated that, when directly applied on a bleeding 
wound, these products may only provide partial hemostatic reaction via 
limited absorbing blood, and additionally, they can easily adhere to 
wound tissue which can be a potential problem during their subsequent 
removal. Therefore, the focus of studies has gradually shifted to use 
chemical modification to improve the hemostatic efficiency of the cel-
lulose fibers while reducing their risks during removal. Modified cellu-
lose refers to the control of cellulose fiber structure in which the primary 
and secondary alcohol moieties are oxidized and converted to carboxyl 
or aldehyde groups, which can prominently regulate its physicochemical 
properties [15,16]. Except the contact activation of the blood coagula-
tion cascade, the acidic pH and the negative charges of these modified 
cellulose fibers are also considered to induce platelet aggregation, 
activation, and stimulate intrinsic pathway of the coagulation system. 
Modified cellulose-based materials are also reported to be biodegradable 
via enzymatic (glycosidase-based) and macrophagic processes [17], and 
the low pH generated by their chemical groups can inhibit the growth of 
some bacterial strains [18]. Recent studies have found that modified 
cellulose can be uniformly dispersed in the matrix of synthetic polymers 
(PVA, PAA, etc.) or natural polymers (fibrin, chitosan, alginate, etc.) to 
not only enhance their mechanical properties but also impart clotting 
properties to the polymer materials [19,20]. 

Large number of porous materials that have been extensively devel-
oped show great potential in stopping major bleeding due to their 
favorable properties, such as high surface area and porosity, ability to 
rapidly absorb liquid [21,22], and good compatibility with common 
hemostatic agents [23,24]. Among them, self-expanding porous materials 
which simultaneously possess absorption capacity, sealing and tampo-
nade effect are gradually used as scaffolds or matrix materials to develop 
hemostatic materials or technologies. One of the expanding porous 
material used for rapid hemostasis in military field has already been 
cleared and approved by FDA and named XSTAT (RevMedx, Wilsonville, 
USA). XSTAT consists of cellulose sponges coated with chitosan [25]. 
After absorbing blood, the sponges can axially expand several times its 
original volume within a very short period of time. XSTAT has been 
experimentally proved to be effective to achieve hemostasis in multiple 
severe hemorrhaging animal models (groins, arteries, and livers, ect) 
[26]. However, due to that XSTAT is composed of miniature cellulose 
sponges with limited volume expansion and mechanical strength, a large 
amount of sponges (more than 90) are needed to fill the wound cavity 
when applied to the hemorrhaging site, and the required hemostatic time 

as well as the time and difficulty to remove all sponges postoperation will 
inevitably increase correspondingly. Self-expanding porous materials 
made of synthetic polymers have also been reported possessing excellent 
hemostatic capability in treating heavy bleeding wounds. One recently 
reported self-expanding porous materials composed of shape memory 
polyurethane (SMP) foams possessed high volume expansion rate and 
water uptake ability which would allow for easy delivery into narrow, 
penetrating wounds, and subsequent expansion to completely fill 
abnormal wound boundaries with a single device [27,28]. Besides, 
researches also show that self-expanding porous hydrogels with rapid 
blood-triggered self-expanding ability show excellent hemostatic capa-
bility in treating lethal noncompressible hemorrhage [29]. Our previous 
research also found that the self-expanding foam composed of polyvinyl 
alcohol (PVA) and alginate exhibited hemostatic effects on treating 
femoral artery bleeding caused by firearm [30]. 

The aim of this study was to improve current materials and tech-
nologies used for hemorrhage control and irregular wound treatment by 
developing novel hemostats with large volume-filling capabilities and 
rapid clotting abilities. Acetalized PVA with porous structure, which is 
prepared by chemically crosslinked PVA with aldehyde (formaldehyde, 
glutaraldehyde, etc.) [31,32], not only inherits the deformability and 
flexibility of porous materials but also exhibits excellent liquid absorp-
tion capacity and high liquid-triggered expansion [33]. Cellulose fibers 
are widely used to enhance the mechanical properties of materials and 
carboxymethyl modification can endow them with hemostatic ability. 
Therefore, introducing CMC into acetalized PVA will be greatly effective 
for reinforced mechanical strength and hemostasis. In this study, a series 
of hemostatic self-expanding porous composites composed of acetalized 
PVA and novel biocompatible CMC were successfully developed. The 
microstructure, liquid absorption, mechanical performance and hemo-
static capacity of the novel CMC fibers were first studied. Then, the CMC 
fibers with high liquid absorption and good hemostatic capacity were 
evenly interspersed inside the composites. The effect of CMC content on 
the physicochemical properties and biocompatibility of the composites 
were systematically investigated. Subsequently, in vitro hemostatic 
performance of the composite including adhesion and activation of 
blood cells, and the abilities to promote thrombus formation and acti-
vate coagulation pathways were successively evaluated. Further, the 
composites were used to treat swine femoral artery lethal injury, and 
hemostatic time and blood loss were measured to investigate the he-
mostatic efficacy of the composites. Finally, Micro-CT and 3D recon-
struction were used to study the shape-adaptive ability of composites to 
wound cavity and tissues. 

2. Material and methods 

2.1. Materials 

TENCEL™ fibers were purchased from Lenzing (Austria). PVA par-
ticles (polymerization degree of 1700 and alcoholysis degree of 99%) 
and calcium chloride were purchased from China Sinopharm Group Co., 
Ltd. LDH (lactate dehydrogenase) was purchased from Shanghai 
Aladdin Reagent Co., Ltd. APTT and PT assay reagents were received 
from Sigma-Aldrich Co. Ltd. L929 cells was provided by Institute of 
Orthopedics, Chinese PLA General Hospital, Beijing. Fluo-4 AM was 
purchased from Beijing Solarbio Science & Technology Co., Ltd. Cell 
Counting Kit-8 (CCK-8), LG-DMEM and Calcein AM⋅PI were purchased 
from Dojindo (Japan), Shanghai yuanye biotechnology Co., Ltd and 
Shanghai yaji biotechnology Co., Ltd, respectively. Deionized water was 
offered by University of Science and Technology Beijing. All other re-
agents were analytical grade and used as received. 

2.2. Preparation of CMC and CMCP composites 

TENCEL fiber is a new generation of biocompatible green fiber with 
excellent flexibility and toughness, and its wet strength is much better 
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than common cotton fibers. In this work, TENCEL fiber was used as the 
original cellulose fiber. Sodium hydroxide was dissolved in 50% ethyl 
alcohol solution to prepare a sodium hydroxide solution with a mass 
fraction of 8%. TENCEL fibers were immersed into the solution at room 
temperature for 1 h. Then, 10% sodium chloroacetate solution was 
added, and the mixture was gently stirred in an oil bath at 35 ◦C for 30 
min. Then the temperature was raised and the mixture was stirred at 
75 ◦C for 30 min, 60 min and 90 min, respectively. After the mixture 
cooled down, the fibers were taken out and washed several times with a 
75% ethanol solution containing acetic acid until neutral. Finally, the 
fibers were dehydrated with absolute ethyl alcohol and dried at 40 ◦C for 
2 h to obtain the carboxymethylated cellulose fibers. According to re-
action time, from 30 min to 90 min, the fibers were named CMC1, 
CMC2, and CMC3 in order. 

Calcium chloride solution with concentration of 0.1 mol/L was 
dropwise added on the surface of CMC until CMC reached a fully 
swelling state. The CMC and Ca2+ mixture with different mass fractions 
were added into a 10% PVA aqueous solution to prepare a gel-like 
mixture. The mixture was stirred and left standing for 30 min to 
obtain even distribution of the components. Aldehyde (molar ratio of 
PVA/aldehyde was 1) solution and a small amount of acid were subse-
quently added to the mixture at room temperature until well mixed. 
Then, the mixture was foamed through supercritical fluid technology, 
with supercritical CO2 as the foaming agent. Finally, the foamed mixture 
was directly placed into molds and underwent vacuum freeze drying. 
The as-prepared porous composite with different CMC content (5, 10 
and 15 wt%) were named as CMCP-1, CMCP-2 and CMCP-3, 
respectively. 

2.3. Structural characterization 

FT-IR spectra of different materials were obtained on a TENSOR II 
spectrometer (Bruker, Germany). The spectra were taken over the 
wavenumber range of 600–4000 cm− 1, with a scanning resolution of 4 
cm− 1, and each sample was scanned for 15 times. The morphology of the 
samples was observed using a SU8020 (Japan) field emission scanning 
electron microscope (FE-SEM) operating at 10 kV. Samples were freeze- 
dried and sputtered with gold before observation. The average pore sizes 
were determined from the optical microscopy (OM) (BK300. OPTEC, 
China) images of different materials using Image J software (Version 
1.50 h. National Institutes of Health, U.S.). The porosity of different 
materials was measured by mercury intrusion method through using a 
PoreMaster 33 mercury porosity analyzer. 

2.4. Expansion properties 

The volume expansion (VE) of CMCP composites was analyzed using 
the following Eq (1). 

VE =
Vn

V0
× 100% (1)  

where V0 and Vn refer to the volume of samples before and after self- 
expansion, respectively. 

The dynamic expansion force test of materials was performed based 
on the method described in previous literature [27,30]. Cylindrical 
sample (50 mg) with a diameter of 9 mm and a height of 5 mm was used 
in this test. Briefly, the sample was placed between the compression 
platen and the operate board of the Texture Analyzer (TAXT plus, Stable 
Micro Systems, UK). Trigger force of 0.1 N was applied before the test 
started. After pre-loading, citrated whole blood (collected from healthy 
donors) was added to initiate the expansion of sample. The distance 
between the compression platen and the operate board remained con-
stant throughout the test, while the expansion force exerted by the 
expansion of the sample was continuously measured for 5 min. The 
buoyancy force exerted by blood was also measured. The dynamic 

expansion forces were calculated through subtracting the buoyancy 
force from the raw force. 

2.5. Anti-impact test 

The anti-impact experiment was performed according to the methods 
described in previous studies [34]. Briefly, a circular cavity with 
diameter of 2.5 cm were created in the center of a fresh porcine thigh 
tissue, and a syringe pump filled with phosphate buffered saline (PBS, 
0.05 mol/L, pH = 7.4 ± 0.2) was connected to the bottom of the tissue 
cavity. After the experiment started, the syringe pump started to pump 
PBS into the cavity. As soon as PBS flowed out of the hole on the top of 
the tissue cavity, the materials (particles with diameter of 9 mm and 
height of 5 mm) were filled into the tissue cavity immediately. A data 
acquisition system was used to measure the generated stress. The flow 
rate of the solution was constantly increased via the pump to exert a 
continuous and increasing pressure on the materials in the cavity. The 
stress required to push the samples out of the tissues were recorded to 
simulate the stress of the arterial blood flow impacting the samples in 
the wound cavity. The maximum stress before pressure loss was 
considered the anti-impact force. Medical gauze was tested under the 
same conditions. All the tests were repeated three times. 

To visually observe the expansion performance of the CMCP, and its 
shape adaptability to the tissue, a random shaped cavity (30-mm wide, 
40-mm high, and 100-mm long) was created in a piece of porcine thigh 
muscle tissue. The contrast agent combined samples were then crammed 
into the cavity followed by adding fresh whole blood. After sufficient 
interactions, the position of the CMCP samples in tissue as well as their 
shape changes during absorbing blood were observed using Micro-CT. 

2.6. Water absorption capacity 

Samples were cut into the same form and the dry weight (W0) of each 
sample was measured before the test. Then, the dry samples were 
immersed in deionized water at 37 ◦C and incubated for 10 min to make 
them reach the saturated water absorption. At different time points, the 
samples were then taken out and gently dabbed on filter papers to 
remove the excess water on the surface, and the wet weight of the 
samples (Wt) was immediately measured. The water absorption capacity 
(Q) was calculated as Eq (2): 

Q=
Wt − W0

W0
× 100% (2)  

2.7. Mechanical properties 

Tensile and compress testing was conducted on a TA-XT plus texture 
analyzer with a constant speed of 2 mm min− 1. The size and shape of the 
samples accorded with ASTM D 638–2003 Type IV specimens. For each 
sample, triplicate tests were carried out. 

2.8. Cell culture 

L929 cells were cultured in DMEM containing 10% fetal bovine 
serum (FBS, Gibco, Thermo Fisher Scientific, USA) and 1% penicillin- 
streptomycin (FBS, Gibco, Thermo Fisher Scientific, USA). The cells 
were maintained on humidified incubator (Panasonic MCO-18AC, 
Japan) with 5% CO2 at 37 ◦C. 

CCK-8 assay: Samples were placed in a 48-well plate and sterilized by 
ultraviolet irradiation for 60 min. L929 cells were then seeded on the 
sample surface at a density of 5 × 104 cells cm− 2. After culturing for 1, 3 
and 7 days, respectively, samples were taken out and placed in culture 
dishes, and 100 μL of serum-free DMEM medium and 10 μL of CCK-8 
reagent were added to the culture dishes. After incubation at 37 ◦C for 
4 h, the absorbance of the supernatant was measured at 450 nm on a 
microplate reader (MULTISKAN MK3, Thermo, USA). 
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Live/Dead staining: Samples were put in a 48-well plate, and a sus-
pension of L929 cells in the fibroblast medium was added to each well at 
a density of 5 × 104 cells cm− 2. The plate was incubated at 37 ◦C in 5% 
CO2. On day 1, 3 and 7 after incubation, the fibroblast medium was 
replaced by PBS solution containing 1.5 μL propidium iodide and 1 μL 
calcein-AM (Calcein-AM/PI Double Staining Kit, Japan) and incubated 
for another 30 min. Then the samples were gently washed with PBS and 
then observed under a fluorescence microscope. 

2.9. Adhesion and activation of blood cells 

Fluorescence intensity (FI) of Ca2+: 10 mL of human blood was collected 
in an anticoagulation tube (Sodium citrate). The blood was centrifuged at 
200 r min− 1 for 15 min to obtain platelet-rich plasma (PRP). 500 μL of 
PRP was added to centrifuge tube (1.5 mL), centrifuged at 1500 r min− 1 

for 15 min, and the supernatant was removed. Then, 10 μL of Fluo-4 AM 
was mixed with the platelets and incubated for 15 min at 37 ◦C in dark 
conditions. Subsequently, sample (10 mg) was added to the tube and 
incubated at 37 ◦C for 15 min, and then 200 μL of 1% Triton-100 was 
added. The mixtures were centrifuged at 12,000 rpm, and 100 μL of su-
pernatant in each tube was transferred to one of the holes in a 96-well 
plate. FI was measured using a Spectral Scanning Multimode Reader 
(Thermo Scientific Varioskan Flash, USA) at an excitation of 494 nm and 
emission of 516 nm. The effect of Ca2+ in the material had been taken into 
account when calculating the FI and the percentage of intracellular Ca2+. 
The control group (PRP only) was tested using the same method as above. 
Each group was measured in triplicates. 

The sample was first immersed in the PRP and incubated at 37 ◦C for 
30 min. Then, the sample was rinsed with PBS solution for three times 
and incubated in PBS with 1% Triton X-100 at 37 ◦C for 1 h. Subse-
quently, the sample was incubated in 2.5% glutaraldehyde, dehydrated 
using a gradient ethanol solution (30, 50, 70, 90 and 100%) and went 
through freeze-drying. The morphology of platelets on the sample after 
incubation were observed through FE-SEM (FV1000, Olympus, Japan). 
The number of platelets on the samples was also quantified using a 
Lactate dehydrogenase (LDH) assay kit (Sigma, Aldrich) by measuring 
the LDH released from the lysed platelets [35]. 

Concentration of CD61 and CD62P (P-selection): The whole blood was 
centrifuged at 200 r min− 1 for 15 min, and 100 μL of the upper PRP was 
taken in each EP tube. Then, sample (10 mg) was added and incubated at 
37 ◦C for 30 min. Next, 1 mL PBS was added to each tube, and the sample 
was rinsed and taken out from the tube. The remaining mixture was 
centrifuged at 1500 r min− 1 for 15 min, and the supernatant was 
removed. 50 μL of FITC (Shanghai Macklin Biochemical Co., Ltd) labeled 
anti-CD61 and anti-CD62p (Sino Biological, China) were added after 
dilution, and the mixture was kept in the dark at 4 ◦C for 20 min. The 
concentration CD61 and CD62p was detected using BD Accuri C6 flow 
cytometer. 

2.10. Hemostasis in vivo 

In vivo experiments were strictly performed accorded with the Guide 
of National Research Council for the care and use of laboratory animals. 
The final criteria for hemostasis were no obvious bleeding, no active 
bleeding and no exudate at the wound site. Prior to testing, all the 
samples were sterilized by cobalt-60 radiation (15 K) for 1 h. 

Liver injury model: Sprague-Dawley (SD) rat (male, 250 g, 5–6 weeks 
old, n = 18) were provided by Chinese PLA General Hospital. The rats 
were restrained and anesthetized with 1.5% isoflurane. Eighteen rats 
were randomly grouped into control, Gauze, and CMC2 groups (n = 6 for 
each group). The middle lobe of the liver of SD rats was cut to expose. 
Incision (2 cm) on the liver was created using a scalpel to initiate 
bleeding [35]. Serous fluid around the liver was carefully removed to 
prevent inaccuracies in the estimation of the blood weight obtained by 
the filter papers. CMC sample (3 × 3 cm) was immediately put on the 
liver cut, and started to record the time. The spilled blood was sucked by 

a piece of pre-weighed filter paper every 10 s until the hemostasis pro-
cess was complete. Then the weight of the sample as well as the filter 
paper with absorbed blood was measured to calculate the mass of total 
blood loss. In the other experimental group, the cut was treated standard 
medical gauze until the bleeding stopped. Group without any treatment 
was used as a blank control. 

Femoral artery injury model: The femoral artery injury experiment was 
performed based on the method described in previous studies [36,37]. 
Bama miniature pigs (n = 12, female, weighing 24.5 ± 2.1 kg) were used 
in the experiment. Before operation, the pigs were restrained, 
pre-anesthetized by injecting 10 w% chloral hydrate (0.5 mL/100 g). 
The pigs were then fixed in the supine position on the 37 ◦C thermostatic 
operation table. One side of the carotid artery was separated, intubated, 
and connected to MP150 multi-channel physiological monitor to 
dynamically monitor the heart rate and base mean arterial pressure 
(MAP) of the pigs before surgery. The surgical procedures were per-
formed by standard aseptic methods. The ear vein of each pig was 
cannulated, and Lactated Ringer’s (LR) solution (5 mL/kg) was admin-
istered to compensate for fluid loss. The left femoral artery was cannu-
lated for monitoring and recording of blood pressure, heart rate, 
electrocardiogram, and body temperature of the animals during the 
whole experiment. In order to obtain more accurate experimental data, 
the carotid artery was also monitored, and the recorded data were used 
as standby data. The pigs were randomly divided into control group (n 
= 4), Combat gauze group (n = 4) and CMCP group (n = 4). To create a 
severe hemorrhage in the groin area, approximately 4–5 cm of the right 
femoral artery was dissected and freed from the surrounding tissues, and 
then the overlying muscle was removed. The artery was then treated 
with 10 mL of 5% lidocaine to prevent vascular contraction and vascular 
spasm. A stabilization period (10 min) was allowed, and then baseline 
data, including the MAP and other vital signs, were recorded. A stable 
MAP of 60 mmHg or higher was required before the experiment. The 
artery was first clamped proximally and distally, and then severed using 
a surgical scissor. The clamps were immediately released, and free 
bleeding was allowed for 30 s. The flowing blood was collected with 
gauze, weighed and recorded as the pretreatment blood loss. While the 
femoral artery was bleeding, CMCP samples were immediately injected 
into the wound cavity using a self-made injector with diameter of about 
3 cm, and manually compressed against the wound with slight pressure 
to keep the composites inside the wound. The compression was per-
formed by the same operator in the same way for each animal. Combat 
Gauze was packed in the bleeding wound in the other group. The injury 
site was visually checked every 30 s, and the time was recorded when 
the hemostasis process was complete. The volume of postoperative 
blood loss was calculated from the change in the weight of gauze and the 
samples (Combat gauze or CMCPs). The total blood loss was expressed as 
the sum of the pretreatment blood loss and the posttreatment blood loss. 
If hemostasis was not achieved or if re-bleeding occurred within 3 min, 
the sample was removed and replaced with another one. If hemostasis 
was achieved and was stable for 10 min, the animal was resuscitated 
intravenously to its baseline MAP with LR solution. Animal survival was 
defined as the presence of heart beats at the end of 180 min. 

2.11. Statistical analysis 

The experimental data were analyzed by one-way analysis of vari-
ance (ANOVA) using SPSS6.0 (Statistical Product and Service Solutions). 
The data were presented as means ± standard deviation (SD). p value <
0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Characterization of the CMC fibers 

The strategy for fabricating CMC fibers is illustrated in Fig. 1a. The 
FT-IR curves of all the CMC samples contained three characteristic 
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absorption peaks of cellulose at 3300, 2850, and 1050 cm− 1, which were 
assigned to the stretching vibrations of the n(-OH), n(-CH2), and n(C–O) 
groups, respectively. By contrast, new absorption peaks appeared at 
1560 and 1420 cm− 1 were assigned to the C––O stretching vibrations of 
the carboxymethyl groups, indicating the successful grafting of car-
boxymethyl groups on the cellulose molecular chains. In addition, the 
intensity of these new absorption peaks varied with the degree of car-
boxymethyl substitution (Fig. 1b). Compared with the original cellulose 
fibers, the transparency of the carboxymethyl modified samples was 
greatly improved in the dry state. After carboxymethyl modification, the 
cellulose fibers showed the ability to rapidly absorb water, and became 
almost transparent after complete water absorption. In addition, the 
CMC fibers would not collapse and exhibited certain mechanical 
strength and adhesive capacity (adhere to the glassware) in the wet state 
(Fig. 1c). The microstructure of the CMC could be observed in Fig. 1d. 
CMC showed typical fibrous network structure in its dry state, long fi-
bers with a diameter less than 10 μm, were intertwined together. After 
absorbing water, a part of long fibers broke into shorter ones with the 
same diameter, and the entangled fibers also became dispersed. CMC 
fibers showed certain water holding capacity owing to their carboxyl 
groups, and they would swell while rapidly absorbing water. Therefore, 
the diameter of the CMC fibers in wet state became slightly larger than 
that of the original fibers. 

CMC fiber bundles maintained good strength and flexibility in the 
dry state. When putting one end of the fibers into water, the water could 
be rapidly absorbed from the bottom up. After completely absorbing 

water, the fibers became almost transparent and showed a certain 
strength, and the absorbed water would not seep under pressure 
(Fig. 2a). The modified fibers also exhibited excellent spinnability and 
could be spun into uniform fibrous cloths with high deformability 
(Fig. 2b). 

As a vital criteria to evaluate the efficiency of carboxymethylation, 
degree of substitution (DS) of CMC was determined using the acid-base 
titration method [38,39]. As is shown in Fig. 2d, CMC with different 
degree of substitution were prepared by controlling the reaction time, 
and the DS gradually increased from 0.34 (CMC1) to 0.68 (CMC3) with 
carboxymethylation time increasing from 30 min to 90 min. With the 
increase of the DS, the volume swelling ratio and the liquid adsorption 
capacity of carboxymethyl cellulose fibers gradually increased (Fig. 2c 
and e). It is worth noting that the CMC fibers with high degree of sub-
stitution did not dissolve in water and still maintained the original fibers 
structure after swelling. Before carboxymethyl modification, strong 
binding force (hydrogen bonds) formed through the interaction of hy-
droxyl groups existed among cellulose fibers. However, after carbox-
ymethylation, some carboxymethyl groups substituted the hydroxyl 
groups, leading to the decrease of the amount of hydroxyl groups on 
microfibers. Therefore, the increase of DS reduced the bonding force 
among cellulose fibers, resulting in a significant decrease in mechanical 
strength and toughness of the CMCs (Fig. 2f). Besides, the repulsive force 
between carboxymethyl groups would also reduce the bonding force 
between the fibers, thereby resulting to the decrease of the mechanical 
strength of CMCs. Fibers with DS of 0.47 (CMC2) possessed large 

Fig. 1. a. Schematic diagram of the fabrication of CMC fibers. b. FTIR spectra of different CMC samples. c. Macroscopic observation of different cellulose samples (5 
cm × 12 cm) and the CMC samples (2 cm × 2 cm) in wet state. d. The microstructure of the CMC in dry and wet state. 
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Fig. 2. a. The original morphology of the CMC and the change of the morphology during water absorption. b. The CMC fibers can be spun into fiber cloth (10 cm × 10 cm) with excellent flexibility. c. Macroscopic 
images of cellulose fibers (2 cm × 2 cm) and different CMC fibers before and after absorbing normal saline. d. The relationship between the DS of different CMC samples and the reaction time. The swelling ratio, 
adsorption capacity (e) and the mechanical strength and toughness (f) of CMC with different DS. Schematic representation (g) and macroscopic images (h) of the in vivo hemostatic evaluation of the CMC2 using rat liver 
hemorrhage model. i. Blood loss and hemostatic time. Error bars, mean ± s.d. *p < 0.05, represents significant difference compared with blank group. This in vivo hemostasis experiment has been successfully repeated in 
rats >10 times, demonstrating the reliability of the CMC treatment. 
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number of carboxymethyl groups while maintaining the flexibility and 
mechanical strength of cellulose fibers, and therefore, it was chosen for 
the subsequent experiments. 

To evaluate the hemostatic performance of CMC2, a rat liver injury 
model was established (Fig. 2g) [40]. Medical gauze was employed as 
control. After 5 s of free bleeding, the bleeding site was treated with 
CMC2. During the hemostasis process, blood around the wound was 
rapidly absorbed by CMC2, and then CMC2 swelled and formed gel-like 
“blood clots” as physical barriers to prevent blood from flowing out. 
After achieving complete hemostatsis, the CMC2 could be easily 
removed, and the wound site did not re-bleed (Fig. 2h). Among all the 
groups, CMC2 group showed the lowest blood loss of 92.7 ± 25.1 mg (n 
= 6). The blood loss of the blank group and gauze group was 429.3 ±
42.2 mg (n = 6) and 253.5 ± 47.9 mg (n = 6), respectively, which was 
significantly much higher than that of CMC2 group (Fig. 2i). Note that 
the CMC with high water absorption capacity would inevitably absorb 
small amounts of body fluids, resulting to that the obtained value of 
blood loss was slightly larger than actual blood loss. Additionally, the 
hemostatic time of the CMC2 group was significantly shortened 
compared with that of the gauze group and the blank group. All the rats 
in the CMC2 group were alive during and after the experiments. 

3.2. Microstructure and morphology of the composites 

The fabrication of the CMCP composites was schematically repre-
sented in Fig. 3. SEM images of both PVA porous material and CMCPs 
exhibited interconnected 3D porous structures. Compared with PVA, 
CMCPs had flatter surfaces as well as uniform and compact macro-
structure. Moreover, large numbers of CMC fibers could be observed 
inside the CMCP, which both located in the interior pores and inter-
spersed inside the composite matrix (Fig. 3b). PVA showed a large 
number of pores on its surface with average pore size over 200 μm. After 
incorporating with CMC, the porosity, pore size and total pore area of 
the CMCP composites decreased with the increasing CMC content, 
whereas the pore size distribution gradually became uniform (Fig. 3c). 
The uniformly distributed CMC increased specific surface area and the 
number of bonding sites inside the composites, and enhanced the 
intermolecular force between PVA and CMC, endowing the composites 
with a uniform and dense network structure. 

The schematic representation of CMCP absorbing water and under-
going self-expansion was presented in Fig. 3d. CMCP would instantly 
self-expand when contacting water, one of the reasons is that water 
entered the interior of the composite through hydrophilic interaction 
and capillary action, induced the swelling of CMC while gradually filled 
all the pores in the interior, and subsequently initiated the volumetric 
expansion. Another possible reason is that water entered the interior of 
the composite, interacted with acetalized PVA molecules in the matrix 
through hydration, and then immobilized by PVA molecules, leading to 
the increase of gaps between the molecular chains (schematic diagram 
of this mechanism is shown in Fig. S1). In addition, due to that CMCP 
possessed high porosity and low relative density, after compression, the 
probability of entanglement or aggregation of the molecular chains was 
greatly reduced, and therefore the composite showed strong ability to 
recover to its original state after the external force was removed. After 
dehydration and fixing, the water filled in the internal pores was 
squeezed out, the binding effect between water and PVA disappeared, 
and the intermolecular entanglement was significantly enhanced, lead-
ing to a shape fixed state of the composite. 

The morphology of the CMCP composite before and after absorbing 
water corresponded with the self-expanding mechanism and was also 
shown in Fig. 3d. The surface of CMCP in its original state and dry state 
showed the collapse of inner pores and networks caused by efflux of 
water and entanglement of molecular chains. While after absorbing 
water, the surface of the CMCP exhibited well-defined 3D porous 
network structure with uniform interconnected pores on it. 

3.3. Cytocompatibility of the composites 

L929 cells incubated in the extract of materials after culturing for 1, 4 
and 7 days were used to evaluate the cytotoxicity of different materials. 
For all the tested samples, the number of cells increased continuously 
during the 7 days of culture, demonstrating their favorable cyto-
compatibility. CMCP composites exhibited better cell biocompatibility 
with cell number higher than that of the control group on each counting 
day (Fig. 4a). The biocompatibility of the materials and material-cell 
interactions were further evaluated and observed by cell adhesion 
experiment. After 7 days of incubation, cells had completely spread to 
the entire the surface and grown along the pores into the interior of the 
CMCPs (Fig. 4b). CMCP-3 with higher CMC content showed better 
ability to facilitate cell proliferation than CMCP-2, which may be due to 
the increased contact sites between cells and materials due to higher 
CMC content in CMCP-3. In general, scaffold architecture affects cell 
binding and spreading [41]. When cultured on macroporous materials 
(PVA porous material) or flat surfaces (cellulose fibers), cells have fewer 
binding sites on materials, and cell phenotype and growth tend to be flat 
and spread, which reduces the cell proliferation rate. While scaffolds 
combining dispersed nanofibers and porous structure (CMCP compos-
ites) possess larger surface areas and unique structural features to 
contribute to adsorbing proteins and increasing cell attachment, offering 
many more binding sites to cell membrane receptors, thereby providing 
far more conducive environments for the spread and proliferation of 
cells (Fig. 4c). 

3.4. Self-expanding properties, dynamic expansion force and impact 
resistance 

The CMCP showed fast liquid-triggered self-expanding ability and 
could deform from its initial shape to a highly expanded geometric shape 
in short times upon contacting liquid. After absorbing liquid, the CMCP 
exhibited considerable flexibility, stretchability and deformability 
(Fig. 5a). The volume expansion rate of the PVA and CMCPs were per-
formed by immersing the materials in 37 ◦C PBS. As shown in Fig. 5a, the 
CMCP-2 and CMCP-3 could deform larger than 20× their original vol-
umes during self-expansion. The volume expansion performance of 
CMCPs was significantly better than that of PVA, which could be 
resulted from the synergistic effect of the volumetric expansion of ace-
talized PVA and the swelling of CMC. The high volume expansion rate 
and deformability enabled small-sized CMCP to be directly sent to the 
bleeding site deep in wound cavity and instantly self-expand to more 
than 20× the original volume, thereby filling the entire cavity in 
seconds. 

Important features required for materials used to treat serious 
bleeding or open wounds are the ability to generate assistant force to 
exert sufficient pressure to blood vessels and adequate strength to pre-
vent the materials from dislocating from the wound site under rapid 
blood flow [42]. The dynamic expansion forces (DEF) generated by 
different materials during blood absorption are shown in Fig. 5b. 
Obviously, the expansion force of CMCPs greatly improved with 
increasing the CMC content. PVA exhibited the lowest DEF of less than 2 
N, and the expansion force of CMCP-1 was twice this value. CMCP-3 
possessed the largest DEF of 8 N, according to our previous analysis, 
this dynamic expansion force could produce a similar effect to manual 
pressing to exert sufficient pressure to surrounding tissues or blood 
vessels during the hemostatsis progress to help stop bleeding and pre-
vent re-bleeding. It is worth mentioning that CMCP-2 and CMCP-3 
required longer time (about 2 min) to reach the maximum expansion 
force. This is mainly due to that when contacting and absorbing the 
blood, these two composites had the ability to rapidly activate the 
coagulation system. Blood clots were continually formed on the surface 
and in the interior of the materials, which distinctly increased the actual 
measured expansion force. The magnitude of the expansion forces 
generated by CMCPs would not cause additional injury to the damaged 
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Fig. 3. a. Schematic diagram of the fabrication of the CMCP composites. b. SEM images of the morphology of the PVA porous materials and the CMCP composites. c. 
Pore size distribution, porosity and total pore area of different materials. d. The schematic representation of the liquid-triggered self-expand mechanism. e. Surface 
morphology of CMCP in compressed state, original state and shape-fixed state. 
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tissue during application. 
Rapid hemostasis for materials used for uncontrollable bleeding re-

quires fast blocking of wound under continuous blood flow and suffi-
cient mechanical strength to maintain blood pressure. Anti-impact stress 
test was therefore carried out to investigate the capacity of materials to 
withstand arterial blood pressure (Fig. 5c). Among all materials, medical 
gauze could withstand the smallest stress, 0.004 MPa. Porous PVA could 
withstand a slightly higher stress (0.018 MPa) than medical gauze, but it 
still could not meet the requirements for the treatment of arterial heavy 
bleeding. Instead, the anti-impact stress of CMCP composites was 
significantly improved, and the maximum stress that CMCP-2 and 
CMCP-3 composites could withstand were 0.083 MPa and 0.063 MPa, 
respectively, which were much higher than the arterial blood pressure in 
most clinical environments (systolic blood pressure 60–160 mmHg, 
0.008–0.021 MPa). Therefore, we conclude that when the composite 
was used for treating massive hemorrhage, it had sufficient strength and 
could bear enough impulsive force to block the wound cavity and pre-
vent blood from further flowing out, without causing its structural 
collapse or dislocation under blood pressure. 

3.5. Water absorption capacity and mechanical strength of the composites 

PVA showed better water absorption capacity with higher water 
content and water absorption rate than the CMCPs. For CMCPs, the 
water absorption capacity slightly decreased with increasing CMC con-
tent, which was probably due to the formation of more compact fiber- 
interspersed porous network, delaying or preventing the water from 
entering the composites (Fig. 5d). The results indicated that although 
the relative water absorption of the CMCP decreased compared with 
porous PVA, the CMCP was still able to absorb up to at least 13 times its 
dry weight in water within 40 s, which could definitely contribute to 
achieving rapid absorption of heavy bleeding at wound site [43]. 

Typical tensile stress-strain curves of the composites are shown in 
Fig. 5e. The tensile strength and elongation at break reflect the stiffness 
and tenacity of the materials, respectively. Compared with porous PVA, 

the CMCP composites had higher breaking strength, which significantly 
improved along with the increase of CMC content. The tensile stress- 
strain curve of porous PVA showed typical elastic deformation, while 
lots of irregular fluctuations were found on the curve of CMCP-1 during 
the tensile progress, which indicated that CMC was not uniformly 
distributed in CMCP-1. CMCP-2 and CMCP-3 maintained elastic defor-
mation during tensile progress, and fluctuations only occurred on both 
curves when the composites started to break, demonstrating that CMC 
was evenly distributed in CMCP-2 and CMCP-3, and contributed to 
improving the breaking strength and mechanical stability of the 
composites. 

Ideal hemostatic materials should have sufficient compressive 
strength to form physically barriers that work like stable hemostatic 
plugs at the wound site, to help block the wound and stop bleeding. On 
the other hand, high compressive and fatigue strength are also very 
essential for materials to generate assistant pressure to achieve hemo-
stasis while avoiding structural collapse. Hence, as hemostatic materials, 
CMCP composites should bear a high enough stress while maintaining 
their structural stability during use, to generate efficient and continuous 
hemostatic effects on heavy and high-pressure bleeding. Systematical 
compression tests were carried out to evaluate the overall compressive 
properties and fatigue resistance of the composites. Fig. 5f shows the 
significant fiber reinforcement effects of CMC on CMCPs and the high 
compressive strength of the composites. The compression stress-strain 
curves of the materials after 50 cycles at the strain of 40%, 60% and 
80%, respectively, were also drawn in Fig. 5(g–i). All the compressed 
porous materials could immediately recover their original shapes but 
exhibited slight plastic deformations under low compression strains 
(40% or below), and resilience loss of the CMCPs (CMCP-1, 8.4%; CMCP- 
2, 7.9%; CMCP-3, 8.3%) was significantly lower than that of porous PVA 
(11.2%). When the compression deformation increased to 80%, the 
CMCPs showed high fatigue resistance and no obvious resilience loss. 
After going through multiple compression cycles at high strain, the 
CMCPs maintained the volumes almost the same as their original vol-
umes and their compression resilience remained well preserved. 

Fig. 4. a. The cytotoxicity of CMCP composites with different CMC content. (n = 3 per group). Error bars, mean ± s.d. (*p < 0.05, represents significant difference 
compared with control group). b. Live-Dead staining of L929 cells seeded on the surface of different composites after culturing for 7 days. Live cells emit green 
fluorescence, while dead cells emit red fluorescence. Scale bars: 100 μm. c. Effects of different material structures on cell binding and spreading. 
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3.6. Protein absorption, blood cells adhesion and activation 

SEM images of CMCP during fibrin absorption process are shown in 
Fig. 6a. Owing to the unique network structure and strong adsorption 
capacity, a large amount of fibrin could be adsorbed on the surface of 
CMCP. Meanwhile, with the extension of absorption time, dispersed 
protein particles gradually covered the surface of the composite, and 
gathered from irregular particles to fibrin network. After a long period of 
protein adsorption, a large number of protein particles could be 
observed entering the interior and attached to the fibrous network of the 
composite. The results demonstrated that the CMCP exhibited strong 
protein absorption capacity, which contributed to promoting the adhe-
sion of blood cells and the rapid formation of stable clots on the 
composite. 

Further, after interacted with PRP, large quantities of platelets were 
observed adhered to the surface of CMCP. In particular, more platelets 
adhered on the composites with higher CMC content, suggesting that the 
introduction of CMC improved the ability of CMCP to induce platelet 
aggregation (Fig. 6e). SEM images also showed that, with increasing 
time, plenty of activated and shape-changed platelets were found on the 
surface of CMCP composite, most of which extended “pseudopodia” 
(Fig. 6b). The effect of CMCP on red blood cells (RBCs) adhesion was 
then evaluated by quantitatively measuring the absorbance of hemo-
globin. Materials with lower hemoglobin absorbance value indicated 
higher capability to trapping RBCs [44]. The results showed that the 
absorbance value of CMCPs group was significantly lower than that of 
PVA and blank group, and the absorbance value of CMCP-2 group was 
the lowest, indicating that CMCP-2 had the best ability to promote the 

Fig. 5. a. The macroscopic images of CMCP before and after absorbing liquid, and the compression resistance capability, flexibility, deformable ability and expansion 
performance of the CMCP in wet state. b. The illustration of the dynamic expansion force test and the changes in expansion forces of different materials during the 
blood absorption progress. c. Schematic diagram of anti-impact test and the corresponding anti-impact stress of different materials. Water absorbing capacity (d) and 
tensile property (e) of different materials. Axial forces of different composites when bearing a 90% compression strain (f), and the cycling compressive curves (50 
cycles) of different composites with strains of 40% (g), 60% (h) and 80% (i), respectively. 
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Fig. 6. a. SEM images of CMCP after absorbing protein. Scale bars: 2 μm. b. Measurement of the number of platelets adhered on different materials. c. SEM images of the adhered and activated platelets on the 
composite. d. The absorbance of the hemoglobin-containing solution. e. Blood cells adhesion (platelets and RBCs), platelets activation, and fibrin network formed and trapped blood cells. Yellow dotted circles indicate 
the RBCs, red dotted rectangles indicate the activated platelets. *p < 0.05 and #p < 0.05 represent significant difference compared with the blank group. f, g, h. The fluorescence intensity and relative content of Ca2+ in 
platelets, CD61 and CD62p were measured to evaluate the stimulating effects of CMCP on platelets. 
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RBCs adhesion (Fig. 6d). Considering that blood is in direct contact with 
the material during hemostasis, fresh blood was added directly to the 
surface of CMCP to investigate the interaction between material and 
blood components. As shown in Fig. 6c, the adhered blood cells were 
observed covered with large amounts of filamentous fibrin. After 
platelets and RBCs (yellow circles) adhered to the surface of CMCP, 
platelets were activated (red rectangles) by the porous structure and the 
negative charges. The activated platelets then triggered the production 
of thrombin, and the generated thrombin further promoted fibrin for-
mation. Subsequently, the fibrin self-crosslinked to form a stable 
network and covered the adhered blood cells. All the above results 
demonstrated that the fiber-interspersed porous structure greatly 
increased the surface area and surface roughness of the CMC, enabling 
the blood cells to rapidly adhere on it. In addition, the dispersed and 
immobilized CMC fibers in the CMCP matrix would allow large numbers 
of carboxymethyl groups with negative charges to be exposed to blood, 
thereby inducing the activation and aggregation of platelets and acti-
vating the intrinsic pathway of coagulation cascade. Combined with 
previous results, the ability of CMCP to promote blood clotting could be 
attributed to its high adhesion to protein and blood cells as well as 
ability to accelerate the activation of platelets. 

To verify this conclusion, the concentrations of intracellular Ca2+, P- 
selectin and CD61 were determined to evaluate the activating effects of 
the CMCP on platelets. Ca2+ plays an important role in regulating the 
physiological activities of platelets and the concentration of free Ca2+ in 
platelets also has important impacts on the aggregation, activation and 
degeneration of platelets [45]. Intracellular signaling, which depends on 
Ca2+ in the cytoplasm, can trigger a structural change in GPIIbIIIa, and 
induce the aggregation of fibrinogen-mediated platelets [46]. Therefore, 
the changes of Ca2+ concentration in platelets could reflect the effects of 
materials on the physiological activities of platelets. Fig. 6f shows the FI 
of the intracellular Ca2+ after treated with different materials. The 
content (Ca2+ percentage in platelets) and FI of Ca2+ of CMCPs groups 

gradually increased with the increasing CMC content, and were signif-
icantly higher than those of the control group. Generally, increased Ca2+

concentration in platelets can trigger the activation of integrin and 
eventually lead to the aggregation of platelets. Therefore, we concluded 
that CMCP composite had a significant effect on the changes of intra-
cellular Ca2+ concentration in the platelet, and could efficiently promote 
the aggregation and activation of platelets. 

CD61 (GPIIIa) is a glycoprotein found on platelets or along with the 
alpha IIb chain in platelets, which plays a vital role in platelet aggre-
gation. Like other integrins, CD61 generally takes part in cell-surface 
mediated signaling and cell adhesion. CD62p (P-selectin) is a trans-
membrane glycoprotein and stored in α-granules of platelets [47]. 
CD62p redistributes to the plasma membrane during platelet activation 
and mediates activated platelets adhesion and stretching [48]. Once 
platelets are activated, the release and expression of CD61 and P-selectin 
will be enhanced remarkably. Therefore, the effect of CMCP on the 
stimulation and activation platelet can be assessed by measuring the FI 
and relative content of CD61 and CD62p. As shown in Fig. 6g and h, the 
FI and relative content of P-selectin and CD61 of CMCPs groups were 
significantly increased compared with that of blank group, indicating 
that CMCP composite could stimulate a large release of CD61 and 
CD62p, and thus significantly promote the aggregation and activation of 
platelets. This result in combination with the previous result of changes 
in Ca2+ concentration in platelets, indicated that the CMCP could not 
only promote the adhesion and aggregation of blood cells, but also 
accelerate the coagulation process by activating platelets. 

3.7. In vivo hemostatic performance 

To evaluate the clinical hemostatic efficacy of CMCP composite, a 
femoral artery injury model of pigs was then employed. CMCP-2 samples 
were selected for in vivo hemostasis study because of its favorable 
structural properties and excellent in vitro coagulation properties. The 

Fig. 7. Evaluation of hemostatic performance of CMCP in a swine femoral artery injury model. a. The femoral artery of the anesthetized swine was first exposed and 
then severed to make lethal blood loss. After free bleeding for 30 s, the cylindrical CMCP particles were immediately injected into the wound, and hemostasis was 
achieved in short times. b. Total blood loss and hemostatic time. Control group: Manual pressure. In the control group, the shortest hemostatic time of experimental 
animals was longer than 700 s, and some of the animals (n = 3) failed to achieve hemostasis during the experiment. *p < 0.05 represent significant difference 
compared with Combat Gauze group. c. Removal of samples from the wound after hemostasis. d. CT angiography image of blood vessels and blood flow after 
CMCP treatment. 
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femoral artery was completely exposed and transected using surgical 
scissors, and CMCP samples were injected to fill the wound cavity as 
quickly as possible using an injector with diameter of 3 cm to enable 
their full contacting with the bleeding site (Fig. 7a). In the other 
experiment group, Combat Gauze (Z-Medica), which is a kaolin 
impregnated gauze [29], was directly packed into the wound. Contin-
uously manual press was used in control group. The control group failed 
to achieve hemostasis within 10 min (n = 4). Compared with the Combat 
Gauze group (n = 4), the CMCP group had shorter hemostatic time and 
less blood loss (n = 4), demonstrating that the CMCP composite had 
better hemostatic capacity. (Fig. 7b). No pigs were died during and after 
the operation in the CMCP group. After hemostasis achieved, the com-
posite samples were removed from the wound cavity, and large amount 
of blood clots were found formed on the surface or in the interior of the 
composite. More importantly, during the hemostasis process, the sam-
ples were observed clustered together via greatly concentrating the 
blood component and forming large number of clots surrounded them, 
and all samples were integrated by the formed blood clots, which 
facilitated the subsequent removal of the samples and preoperative 
debridement (Fig. 7c). Angiography was then employed to detect the 
blood vessels and blood flow in tissues after hemostasis. The green 
rectangle on the right showed the injury site, and the yellow ellipse 
denoted the corresponding part in normal tissue. On the normal side, all 
the blood vessels are clear and continuous, and no breakpoints or 
blockages were observed. Compared with the normal side, the severed 
femoral artery and surrounding vessels on the other side had been 
completely blocked by the CMCP samples, and all the samples were 

found located in the wound cavity and did not enter the blood vessels or 
disperse to other parts of animal body. Besides, the walls of all blood 
vessels at the bleeding site were smooth, indicating that CMCP did not 
cause thrombosis in vessels. 

3.8. Shape-adaptive ability of composites to wound tissues 

For narrow, deep or irregular wounds, in addition to injectable 
particle samples, we also designed polygonal stick samples. The samples 
with different shapes were further used to fill the unique-shaped femoral 
artery wound cavities designed by surgery, to visually observe the he-
mostatic efficacy and self-expanding properties and the shape adapt-
ability of the CMCP. An appropriate amount of contrast agent was first 
combined with CMCP samples and uniformly distributed in the com-
posite. As shown in Fig. 8a, the physicochemical performance of the 
CMCP, especially the self-expanding properties and the liquid absorp-
tion capacity, remained unchanged after incorporating the contrast 
agent. A pre-experiment was carried out using only animal tissues. As 
shown in the CT images, after the small-sized CMCP samples were 
crammed into tissue cavity, they rapidly self-expanded through con-
tacting blood, filled entire irregular-shaped cavity and achieved shape- 
adaptive to the irregular tissues (Fig. 8b). 

Two kinds of CMCP samples with different shape (particles and 
sticks) were applied to unique-shaped wound cavities made by surgery. 
In vivo hemostasis test found that these two kinds of samples both 
exhibited excellent hemostatic efficacy on large artery hemorrhage 
(Fig. 8c). Subsequently, CT tomography and 3D reconstruction were 

Fig. 8. a. The changes of the water absorption and expansion properties of the CMCP before and after incorporating contrast agent. b. Pre-experiment was used to 
observe the changes of the morphology and position of the CMCP particles during the blood-absorbing process in the tissue cavity. c. Two kinds of CMCP samples 
with different shapes (particles and sticks) were applied to the femoral artery injury wound. d. The shape-adaptive ability of the CMCP to the surrounding tissues at 
different depths in wound cavity. e. Shape-adaptive ability of CMCPs to the wound cavities with different shapes. The white dotted curves represent the shapes of the 
wound cavities. 
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used to observe the shape-adaptability of CMCP to the cavity with spe-
cific shapes. As shown in the 3D imaging based on cavity gap, both the 
two different shaped samples completely filled the wound cavity and 
blocked the wound, and the shape adaptability was independent of the 
shape and size of the materials. Furthermore, it could be observed from 
the CT images that the samples could achieve shape-adaptive to the 
surrounding tissues at different depths in the wound cavity (Fig. 8d). 
Meanwhile, 3D reconstruction showed that when used to treat wounds 
of different sizes and shapes, during the hemostasis process, the CMCP 
samples with good flexibility and deformability could gather together 
through blood-triggered self-expansion to form exactly the same shape 
as the wound cavities, achieving shape-adaptation to both the sur-
rounding tissues and wound cavity (Fig. 8e). Besides, CMCP could 
adaptively change its shape to better fit the adjacent tissues inside the 
wound and fully fill the wound lacunae or wound tract, which could 
contribute to effectively compressing the vessels, inhibiting bleeding 
and preventing infection. The results of CT tomography and 3D recon-
struction demonstrated that the CMCP could be delivered into deep, 
irregular or massive bleeding wound, and would rapidly absorb blood 
and immediately undergo self-expansion to fill the entire wound cavity 
and achieve the shape-adaption to wound tissues. 

3.9. Hemostatic mechanism 

Fig. 9 shows that multiple mechanisms in CMCP acted synergistically 
to promote hemostasis. The rapid and effective hemostatic mechanism 
of CMCP can be attributed to the following five aspects: 

(І) Blood cell concentration: CMCP composite could rapidly absorb 
blood, allowing the aggregation of blood cells. Meanwhile, the unique 
fiber-interspersed porous network structure of CMCP is also advanta-
geous to trap blood cells and promote the adhesion of blood cells, 
thereby activating the coagulation system. 

(ІІ) Stimulation of negative charges and Ca2+: After contacting with 
blood, the Ca2+ and carboxyl groups on the CMC could be fully exposed 
to the blood, which is beneficial to activate platelets and coagulation 
factors in the blood, and promote the formation of stable thrombus in-
side and on the surface of the CMCP. 

(ІІІ) Tamponade effects: The introduction of CMC improves the 
toughness, mechanical strength and fatigue resistance of CMCP com-
posites. This ensures that the CMCP would not break or dislocate in the 
wound cavity under the blood pressure and blood flow, and could 
completely block the wound, achieving the tamponade effect similar to 
medical gauze or sponge. 

Fig. 9. Multiple mechanisms of CMCP synergistically promote the hemostasis. a. CMCP rapidly absorbed blood, trapped and concentrate blood cells by its fiber- 
interspersed porous network. b. Adhered platelets and blood clotting factors were activated by CMCP. c. Rapid formation of stable thrombus. d. CMCP samples 
were made into different shapes for the treatment of arterial bleeding. e. CMCP absorbed blood and self-expanded, blocked the wound through the tamponade effect, 
exerted auxiliary pressure on surrounding tissues and vessels, and finally completely fitted the shape of wound cavity through shape-adaptive ability to ach-
ieve hemostasis. 
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(ІV) Assisted pressure: CMCP possessed the ability of blood-triggered 
rapid self-expansion, and could generate long-term stable dynamic force 
during expansion. This dynamic expansion force provides additional 
stress which was similar to manual compression on surrounding tissues 
or blood vessels, and helps to mechanically achieve hemostasis. 

(V) Shape-adaptive ability: CMCP with high flexibility and deform-
ability can achieve shape adaptive to any shape and size of tissue 
cavity. This unique ability allowed CMCP to be delivered to 
irregular, narrow or deep wounds in a very small size, and rapidly 
undergo self-expansion through contacting blood to completely 
attach to the wound tissue, effectively stopping bleeding, pro-
tecting wound tissue and preventing infection. 

Most of the hemostats currently used in medical care or military, 
such as gauze, chitosan hemostatic agents, zeolite and montmorillonite, 
usually work only through one single hemostatic mechanism, and thus 
exhibit low hemostatic efficacy for wounds in the groin or armpit, 
firearm or penetrating injury, which cannot meet the pre-hospital first- 
aid treatment. Meanwhile, in recent years, plenty of experimental he-
mostatic materials have been developed and used for rapid wound 
sealing and bleeding control, including sponges or foams, microspheres 
or beads, gauzes or zeolites, and functional hydrogels [49,50]. Previous 
studies have proven that some of these materials show the ability to 
control mild bleeding of artery or heart and promote wound healing [34, 
51]. However, because of slow hemostatic performance, low hemostatic 
efficacy, poor mechanical strength and flexibility, these hemostats are 
ineffective or unsuitable for treating aortic trauma or large/irregular 
wounds. Additionally, most of them are effective only for mild to 
moderate bleeding. Therefore, the investigation of CMCP with excellent 
biological safety and multiple hemostatic effects is of great significance 
for the treatment of uncontrollable hemorrhage caused by war injuries, 
natural disasters or accidents, and will also provide ideas for the R&D 
efforts of new convenient and efficient low-cost hemostatic materials. 

4. Conclusions 

In this work, carboxymethyl cellulose fibers with high water ab-
sorption, high substitution degree and hemostatic ability were first 
prepared and a series of composites with unique fibers-interspersed 
porous network structure was subsequently developed. The compos-
ites exhibited favorable physicochemical performance, good biocom-
patibility and blood compatibility. Furthermore, owing to their high 
blood absorption and blood cells adhesion, and powerful capacity to 
activate the coagulation system and promote thrombus formation, the 
CMCP composites were efficient for blood clotting and presented strong 
hemostatic efficacy in a swine femoral artery injury model. More 
importantly, the liquid-triggered self-expanding property endowed the 
CMCP with fast and specific shape-adaptive ability to irregular and deep 
wound cavity, and the force generated by self-expansion could also 
contribute to exerting assistant pressure on surrounding tissues to 
accelerate hemostasis. All these results demonstrated that CMCP with 
multiple hemostatic mechanisms will be a promising hemostat for 
controlling severe hemorrhage and treating narrow, irregular or deep 
wounds, and will also greatly promote the development of hemostasic 
technologies in the field of military or civilian trauma. 
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