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Here an injectable antibacterial aerogel was fabricated with oxidized cellulose nanofiber and chitosan for
rapid hemostasis of noncompressible hemorrhage application. Especially, cellulose nanofiber was modi-
fied with carboxyl groups by pre-oxidizing in 2,2,6,6-tetramethylpiperidine-1-oxyl combined with high
pressure homogenization. Whereafter, the realized carboxyl group of cellulose nanofiber was reacted
with the amidogen of chitosan to yield a strong composite aerogel with a nanofiber/nanosheet interlaced
structure, which increased the compressive mechanical strength up to 75.4 kPa. In addition, the nanocel-
lulose/chitosan composite aerogel exhibits high water absorption capacity, rapid shape recovery and
good antibacterial ability (via Escherichia coli and Staphylococcus aureus). Once absorbing water, the
nanocellulose5/chitosan5 compressed aerogel could rapidly recover its shape within 30 s. The in vitro
coagulation ability measurement showed that the composite aerogel has a good adhesion and aggrega-
tion effect to red blood cells and platelets. Hemolysis and cytotoxicity analysis results indicated a good
biocompatibility for the composite aerogel.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Blood is an important carrier for transporting oxygen to the
body, which will result in dysfunctional or exhaustion if too much
blood is lost [1,2]. Hemorrhage is an important issue for military
and civilian trauma centers worldwide, in which uncontrolled
bleeding leads to more than 30% of traumatic deaths [3]. Due to
the protective effect of personal protective equipment such as bul-
letproof vest and helmet, battlefield traumas occurs mostly in the
limbs and limb joints such as armpits, groin and neck, etc. [4,5].
These parts cannot be stopped by tourniquet or artificial pressure.
Moreover, the penetrating wound or deep trauma occurring in
these parts is often accompanied by the rupture of the arterial
blood vessels [6]. Under the action of blood pressure, the blood
in human body is escaping quickly. Therefore, it is necessary to
develop a hemostatic sponge which can quickly coagulate blood
to form thrombosis and produce appropriate force by rapidly
expansion to compress the arterial blood vessels to reduce blood
loss.
Currently available hemostatic agents, such as zeolite [7], mont-
morillonite [8] or kaolin-based Quick Clot [9], medical gauze
loaded with hemostatic drugs [10], collagen, gelatin or chitosan-
based hemostatic sponges [11–13], and fibrin-based bandages
[14], which have been proven to be effective in stop bleeding.
However, collagen and gelatin have poor tissue adhesion, and their
hemostatic function depends on sufficient platelets and clotting
factors. Fibrin is derived from blood and may cause viral infection.
And porous zeolite or montmorillonite powder is easy to cause
wound burns or produces an inflammatory response. Some new
hemostatic techniques have been invented such as XStat device
(RevMedx Corporation, Oregon) [3,15–17], but the preparation of
these hemostatic materials is complicated and expensive.

Abundant active hydroxyl groups on the surface of nanocellu-
lose can be used for chemical modification, such as oxidation and
polymer grafting [18]. Some recent studies have shown that
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) oxidized nanocellu-
lose is beneficial to hemostasis [19], and it also shows better
biocompatibility and bioactivity [20]. Chitosan has been demon-
strated to be an invaluablematerial in the fields of biomedical engi-
neering and biotechnology because of its wound healing effect, as
well as good biocompatibility and biodegradability [21–24]. A
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mount of aerogels [25], membranes [26], gels [27] or particles [28]
have been prepared based on nanocellulose for wound healing,
wound hemostasis, cell culture or food packaging. Cheng et al.
developed a cellulose nanocrystal/alginate composite cross-linked
by Ca2+, which showed good hemostatic efficiencywith high tensile
strength but its shape recovery ability is not mentioned [19]. Alex
et al. investigated a Ca2+-crosslinked nanofibrillated cellulose
hydrogel as potential hemostatic wound dressing, which can be
tuned to target certain wounds (e.g., strongly hemorrhaging ones)
or specific phases of the wound healing process for optimal wound
management [29]. Nguyen et al prepared a thermosensitive-
injectable hydrogel based on TEMPO-oxidized cellulose nanofiber
(TOCNF) and chitosan, which showed the addition of TOCNF could
significantly improve the biocompatibility of CS hydrogel [27].
Mousumi et al. developed an oxidized cellulose (ONFC)-chitosan
(Ch) sponge through lyophilization at a volume ratio of 50:50,
which showed rapid hemostasis time but poor swelling ratio and
mechanical strength [30]. Although these materials show excellent
hemostasis properties, its poor mechanical properties and poor
shape recovery make it unable to effectively seals the wound and
generates appropriate force on the arterial vessels to effectively
reduce arterial blood loss in face of penetrating or deep trauma [3].

For the above mentioned reasons, an injectable antibacterial
cellulose nanofiber/chitosan aerogel with rapid shape recovery is
prepared combing by TEMPO oxidized cellulose nanofibers and
chitosan. Through TEMPO oxidation and dehydrothermal
crosslinking, the composite aerogel has high water absorption
capacity and mechanical properties, as well as rapid shape recov-
ery ability which due to the carboxyl groups in the cellulose
undergo condensation reaction with the amino groups of chitosan.
Especially, the nanocellulose5/chitosan5 compressed aerogel can
rapidly recover its shape within 30 s by absorbing water. High
mechanical properties and rapid shape recovery are conducive
to composite aerogel effectively seal the wound and generate
appropriate force on the arterial vessels to effectively reduce arte-
rial blood loss. Besides, the NC/CS aerogel showed good antibacte-
rial ability against Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) which was expected to provide a sterile environ-
ment for wound healing. Dynamic whole blood clotting time was
evaluated in vitro to investigate the blood-clotting ability of the
composite aerogel. And the hemolytic activity and cytotoxicity
were evaluated in vitro to investigate the biocompatibility of the
aerogels. Hence the realized composited NC/CS aerogel was a
promising rapid hemostasis material for incompressible deep
trauma.
2. Experimental section

2.1. Materials

Microcrystalline cellulose (MCC) with food grade was pur-
chased from Hubei chemical fiber factory. Chitosan (CS) with
deacetylation (more than 90%) was supplied by Jinhu crust product
Co., Ltd. Sodium hydroxide, hydrochloric acid, absolute ethyl alco-
hol and sodium hypochlorite solution (14%) with analytically pure
(AR) were purchased from Tianjin Fengchuan chemical reagent
technology Co., Ltd. 2,2,6,6-tetramethylpypeidine-1-oxyl (TEMPO,
99.9%, AR) and sodium bromide (99%) were obtained from Aladdin
reagent (Shanghai) Co., Ltd.
2.2. Preparation of cellulose nanofiber (NC)

The oxidization method of cellulose by TEMPO/NaBr/NaClO sys-
tem was referred to reported studies [28]. Briefly, the hemicellu-
lose in MCC was removed with immersion in 10 wt% NaOH
solution at 60 �C water bath for 2 h. 1.0 g obtained cellulose was
uniformly dispersed in 100 mL pure water, Subsequently, TEMPO
(0.1 mmol) and NaBr (1.0 mmol) were added with continuous stir-
ring. And then 2.5 mmol sodium hypochlorite was added as oxidiz-
ing agent slowly, whose pH value was adjusted to 10 with sodium
hydroxide in advance. And the mixed solution was stirred contin-
uously for 150 min, meanwhile the solution pH maintained at
about 10, at last, the reaction was terminated by ethanol and the
solution was washed with deionized water until neutral. The
obtained 2 wt% TEMPO oxidized cellulose (T-MCC) solution was
treated by a high-pressure homogenizer, and the NC was obtained
by continuous homogenizing 30 times under a pressure of
1000 bar.

3. Preparation of nanocellulose/chitosan (NC/CS) aerogels

The high viscosity chitosan was dissolved in 0.1 M acetic acid
solution to obtain 1.0 wt% chitosan solution. The realized nanocel-
lulose solution was evaporated until the concentration is 1.5 wt%.
Then the nanocellulose solution and the chitosan solution were
uniformly mixed at a mass ratio of 3:7, 5:5 and 7:3 at stirred at
40 �C for 4 h. The mixed solution was then poured into a mold, fro-
zen in liquid nitrogen for 2 min, and lyophilized for 48 h succes-
sively. The freeze-dried aerogel was dry-crosslinked in a vacuum
oven at 110 �C for 1 h to yield NC/CS aerogel.

3.1. Characterization

The attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) was applied to measure the structure of
MCC, T-MCC, CS and NC/CS aerogels with TENSOR II (Bruker, Ger-
many) in the range of 4000–400 cm�1. The cross-sectional mor-
phologies of the NC/CS aerogels were observed by using the
scanning electron microscopy (SEM, FEI Quanta 200, US).

Compression performance test of the NC and NC/CS aerogels
were conducted by using a texture analyzer (TA.XT Plus, UK). Here,
the freeze-dried sample was cut into cylinder with diameter of
10 mm and height of 15 mm. After fully swelling, the samples were
compressed at 10 mm/min to the target strain.

4. Density, porosity and water absorption capacity of NC/CS
aerogels

The sample sizes were measured according to GB/T6342-1996
file at room temperature, which were accurately measured at least
three times at three different locations. And the average of each
data group was used to calculate the volume and density of the
NC/CS aerogels.

The porosity was obtained in a similar way as our previous
work [13]. Briefly, the initial weights of aerogels were weighed
as W0, and the weight soaked sample in dehydrated alcohol for
24 h was recorded as Wt. The porosity of the aerogels were calcu-
lated according to Eq. (1):

P ¼ Wt �W0

q0V0
� 100% ð1Þ

where P is the porosity, W0 is the initial weight of the aerogel, Wt is
the weight of the swollen aerogel, V0 is the initial volume of the
aerogel, and q0 is the density of dehydrated alcohol (0.79 g/mL).

The water absorption ability of NC and NC/CS aerogels were
studied by immersing the aerogels in 50 mL water adequately.
Then the immersed aerogels were taken out and hold it for a while
until no water dropping. Herein the immersed aerogel was
weighed again. And the water absorption capacity (g/g) of aerogels
were measured and calculated according to Eq. (2):
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Water absorption capacity ¼ w2 �w1

w1
ð2Þ

where w2 and w1 are weights of fully water saturated and dry aero-
gels, respectively.

4.1. Blood cells adhesion

Whole blood cells adhesion was conducted referring to the pub-
lished literature [19]. In brief, the NC/CS aerogels were cut into
cylindrical aerogels with a height of 10 mm and a diameter of
10 mm, and then immersed in PBS (pH = 7.4) at 37 �C for 1 h. Sub-
sequently, the whole blood was added dropwise into the aerogels
and incubated at 37 �C for 5 min. All the aerogels were then
washed with PBS solution three times to remove the physical
adhered blood cells, and then the adhered blood cells were fixed
by 2.5% glutaraldehyde for another 2 h. After that, the bloods cells
were dehydrated with 50%, 60%, 70%, 80%, 90% and 100% ethanol
solution with the interval of 10 mins, respectively. The dried sam-
ples were observed using SEM.

4.2. Whole-blood clotting

The whole-blood clotting of the aerogels were tested according
to the reported literature [3]. The aerogels were cut into cylindrical
aerogels with a height of 10 mm and a diameter of 10 mm. 50 lL
recalcified whole-blood solution (0.2 M CaCl2, 10 mM in the blood)
was added on the aerogels (the aerogels were preheated at 37 �C
for 5 min) in polypropylene tubes, respectively. The tube was then
incubated at 37 �C for 30 s, 60 s, 90 s, 120 s and 150 s, respectively.
The gauze and gelatin hemostatic sponge were used as references.
After incubation, 10 mL deionized water was gently added to
release unbound blood without disturbing the clot. The absorbance
of the supernatant was recorded at 540 nm by using a spectropho-
tometer (Multiskan GO, Finland). The absorbance of 50 lL of recal-
cified whole-blood in 10 mL deionized water was used as the
negative reference. The blood clotting index (BCI) was calculated
by using Eq. (3):

BCIð%Þ ¼ Is � I0
Ir � I0

� 100% ð3Þ

where Is represents the absorbance of sample and Ir represents the
absorbance of the negative control.

4.3. Antibacterial activity

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli)
bacteria liquids were prepared according to our previous study
[13]. The aerogels were cut into disks with a height of 2 mm and
diameter of 5 mm, and fully sterilization under 254 nm UV irradi-
ation for 30 min. A gar medium was prepared and the bacteria liq-
uids was coated on the solid medium. A round hole with 5 mm
diameter was made on the solid medium with a perforator, and
the aerogel sample was gently placed into the round hole and con-
tinuously cultured at 37 �C for 24 h. Then the petri dish was taken
out and photographed with a digital camera.

4.4. Hemolytic activity assay in vitro

The hemolytic activity assay in vitro of the aerogels were tested
according to the literature [3]. Briefly, fresh blood from human was
put into centrifuge tube and centrifuged (1000 rpm) at room tem-
perature for 10 min. Washing with sterile saline centrifuging until
the supernatant was clear, the supernatant fluid was wiped after
the last centrifugation and the erythrocytes at the bottom were
obtained, and the erythrocytes with the concentration of 5% (v/v)
were diluted with sterile saline for subsequent use. The Freeze-
dried aerogel was then smashed into homogenate and four aerogel
dispersion liquids (with the concentrations of 0.5 mg/mL, 1 mg/mL,
2 mg/mL and 5 mg/mL) were prepared. 0.5 mL aerogel dispersion
liquid and 500 lL of erythrocyte suspension (5% (v/v)) were added
into a 2-mL tube, and evenly mixed. After placed at 37 �C for 1 h, all
the samples were centrifuged (1000 rpm) for 10 min. The absor-
bance of the supernatant was recorded at 540 nm by using a spec-
trophotometer (Multiskan GO, Finland). Three to five replicates
were performed. Deionized water was as positive group and sterile
saline was as negative group. The hemolysis ratio of the aerogel
was calculated using the Eq. (4):

Hemolysis %ð Þ ¼ Ap � Ab

At � Ab
� 100% ð4Þ

where Ap is the absorbance of the aerogels, At is the absorbance of
the positive group and Ab is the absorbance of the negative group.

4.5. Cytotoxicity test

The cytotoxicity of the NC, NC7/CS3, NC5/CS5 and NC3/CS7
aerogels were determined by a MTT colorimetric method, per-
formed in a similar way to our previous work [13,31]. Briefly,
10% DMEM medium containing 10% calf serum was added to the
scaffolds at the proportion of 0.1 g/mL, and cultured at 37 �C and
50% relative humidity for 24 h. The mouse fibroblasts (Fbs) were
cultured with the leaching solution of the samples, and the control
was cultured with 10% DMEM medium containing 10% calf serum.
105/mL cell suspension was prepared with the 5–10 generations of
Fbs cells, followed by a continuous culture for 1 day and 3 days.
The culture solution was changed every two days. Each hole was
added with 20 lL 5 mg/mL MTT and continuously cultured for
4 h. The medium was replaced with 200 lL dimethyl sulfoxide
(DMSO), and the plate was shocked for 10 min. The absorbance
(Abs) was analyzed by using a spectrophotometer (Multiskan GO,
Finland) at 570 nm, and five parallel experiments of each sample
were done with the averages reported. The relative growth rates
(RGR) were calculated according to Eq. (5):

E ¼ A1

A0
ð5Þ

where E is the RGR, A1 is the Abs of experimental, and A0 is the Abs
of blank. The cytotoxicity of porous scaffolds according to ISO/
TC194 file.
5. Results and discussion

The high water absorption and rapid shape recovery of cellulose
aerogel make it a promising application in rapid hemostasis. Due to
the great amount of hydrogen bond on the molecular chain of cel-
lulose, the cellulose fibers are entangled with each other to form a
fiber bundle with a diameter about 10 lm, making them difficult to
be mixed uniformly in the solution to prepare cellulose aerogels
with good structure and performance. Physical or chemical meth-
ods were usually used to process cellulose fiber bundles to achieve
nanoscale and increase the dispersion of cellulose. As shown in
Fig. 1a, the cellulose was modified by TEMPO/NaBr/NaClO, which
selectively oxidized the primary hydroxyl group on the C6 in the
cellulose glucose unit to carboxyl group, and destroyed the inside
hydrogen bond structure of the cellulose. From the infrared spec-
trum in Fig. S1 of supplementary data, it should be noted that
the T-MCC exhibits C@O characteristic absorption peak at
1725 cm�1, and ACOA stretching vibration characteristic absorp-
tion peak near 1320 cm�1, indicating the formation of carboxyl
group is on the molecular chain of cellulose. The carboxyl content



Fig. 1. (a) Preparation of T-MCC using TEMPO/NaBr/NaClO, (b) NC with a size about 100 nm by T-MCC with high pressure homogenization, (c) schematic diagram of
preparation of NC/CS composite aerogel, (d) FT-IR spectra of CS, NC and NC5/CS5 aerogels, (e) absorbing water to recovery of NC5/CS5 aerogel under different shapes.
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of cellulose-MCC was determined by conductometric titration with
the results shown in Fig. S2 of supplementary data. The carboxyl
content of cellulose increases with increasing the amount of NaClO,
and the carboxyl content is 6.1 mmol/g cellulose when the amount
of NaClO is 2.5 mmol. With the shearing action of high-pressure
homogenizer, the cellulose size is transformed from microscale
to nanoscale (Fig. 1b). From the transmission electron micrograph
images in Fig. S3 of supplementary data, the cellulose nanofibers
exhibit better uniformly distributed network structure compared
to the unoxidized cellulose nanofibers, and richer network with
increasing the NaClO amount. The size of nanocellulose is about
100 nm, indicating that higher oxidation degree of cellulose is ben-
eficial to the microfibrillation of cellulose in high pressure homog-
enization. During the oxidation process, TEMPO selectively
oxidizes the primary hydroxyl group on C6 in the cellulose glucose
unit and destroys partial hydrogen bonds between molecules. Sin-
gle fibrils are more easily getting rid of the hydrogen bonds to form
more uniform fiber network under high pressure homogenization.

The nanocellulose/chitosan composite aerogels are prepared by
mixing the oxidized nanocellulose with chitosan (Fig. 1c), the
amide condensation reaction taking place between the carboxyl
group on nanocellulose and the amino group on chitosan, which
is conducive to improve the structural stability of NC/CS aerogel.
The peaks around 3283 cm�1 and 1560 cm�1 are attributable to
N-H stretching vibration absorption, and the peaks near
1657 cm�1 and 1318 cm�1 are due to C-N stretching, which sug-
gests the formation of amide bond between nanocellulose and chi-
tosan (Fig. 1d). Pure oxidized nanofiber aerogel is easily broken
under press, while the NC5/CS5 aerogel with 50 wt% content chi-
tosan can withstand hundreds of repeated press and still maintain
the shape stability. The introduction of chitosan can better improve
the structural stability of the cellulose aerogel. As shown in Fig. 1e,
the freeze-dried NC5/CS5 composite aerogel is squeezed to a cer-
tain shape, and it can quickly recover to the original shape with
absorbing water. The aerogel is still able to quickly absorb water
to recover to its original shape when the water is repeatedly
squeezed out from the aerogel. Through TEMPO oxidation and
dehydrothermal treatment, the composite aerogel behaves good
structural stability.

The scanning electron micrographs of the MCC, MFC, T-MFC,
NC7/CS, NC5/CS5 and NC3/CS7 aerogels are showed in Fig. 2. It
can be found that the MCC is rod-shaped fiber with a diameter of
about 10 lm, while the MCC without oxidized by TEMPO/NaBr/
NaClO is microfibrillated to form fiber network (MFC) with a diam-
eter of 500 nm under high pressure homogenization, but the fibers
are closely entangled. And the MCC oxidized by TEMPO/NaBr/
NaClO is microfibrillated to form uniform fiber network structure
with a diameter of 100 nm under high pressure homogenization,
and the oxidation of cellulose can improve the degree of cellulose
shear in the process of high pressure homogenization. (Fig. 3S in
supplementary data). The T-MFC showed a better uniform network
structure and the fiber diameter was about 100 nm. The aerogel
mainly showed fibrous reticular structure when the content of chi-
tosan was 30%, and the structure of aerogels changed from reticu-
lar to lamellar with the increasing content of chitosan. NC5/CS5
showed the coexistence of fibrous reticular and lamellar structure.
The composite aerogel exhibits a sheet structure when the chi-
tosan content is up to 70%. Both fiber network and sheet structure
exist in the aerogel, which is conducive to improve mechanical
strength and water absorption capacity, and the introduction of
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Fig. 2. SEM micrographs of the MCC, MFC and T-MFC, and the cross section of NC7/CS3, NC5/CS5 and NC3/CS7 aerogel.
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chitosan helps to increase the structural stability of the cellulose
aerogel.

The density, porosity, water absorption and compression
strength of the composite aerogel were showed in Fig. 3. The den-
sity and porosity of NC aerogels were 14.3 mg/cm3 and 97.5%,
respectively. With increasing the chitosan content, the density of
NC7/CS3, NC5/CS5 and NC3/CS7 gradually increases, 18.7 mg/
cm3, 21.7 mg/cm3, and 26.5 mg/cm3, respectively. Nevertheless,
the porosity of the corresponding aerogels gradually decreases,
Fig. 3. Density, porosity, water absorption and compression strength (5
93.3%, 91.2%, and 87.1%, respectively. It can also be seen from the
scanning electron microscope images of NC7/CS3, NC5/CS5 and
NC3/CS7, the composite aerogels gradually changing from a porous
network structure to a sheet structure with increasing the chitosan
content. The water absorption capacity of the aerogels is essential
for condensing blood and quickly stopping bleeding, and the aero-
gel with high water absorption capacity can quickly absorb water
in the blood to achieve rapid coagulation. As shown in Fig. 3c,
the water absorption capacities of NC, NC7/CS3, NC5/CS5 and
0% deformation) of NC, NC7/CS3, NC5/CS5 and NC3/CS7 aerogels.

SiChengyun
Highlight
随着壳聚糖含量的增加，NC7/CS3、NC5/CS5和NC3/CS7的密度逐渐增加。然而，相应气凝胶的孔隙率逐渐降低



1190 X. Fan et al. / International Journal of Biological Macromolecules 154 (2020) 1185–1193
NC3/CS7 are 53.7 g/g, 47.8 g/g, 44.4 g/g and 39.1 g/g, respectively,
and the water absorption capacity of the aerogels gradually
decreases with increasing the chitosan content. The nanocellulose
contains a large number of hydrophilic groups and a rich pore net-
work structure in pure nanocellulose aerogel, which help pure
nanocellulose aerogel absorb more water. With increasing the chi-
tosan content, the nanocellulose content decreases and the struc-
ture of composite aerogel changes from porous fiber to lamellar
layer, which is not conducive to the water absorption of composite
aerogel. High water absorption capacity and mechanical properties
are beneficial to quickly absorb the water in the blood and concen-
trate the blood to form thrombus so as to promote hemostasis.

Deep wounds are often accompanied by rupture of arterial
blood vessels. The human arterial blood pressure is about 12–
15 kPa. Without external force, blood in arterial blood vessels will
be quickly lost from the body by spraying. Therefore, it is necessary
to use external force to press the arterial blood vessels to reduce
blood loss. For noncompressible wounds, tourniquets or artificial
pressure are not effective in applying an appropriate force on the
wound. In this case, sufficient force is needed to be exerted by
the hemostatic material itself. As can be seen from Fig. 3d, the
compression strength of NC, NC7/ The CS3, NC5/CS5 and NC3/CS7
aerogels at the deformation of 50% is 43.8 kPa, 51.6 kPa, 75.4 kPa
and 62.7 kPa, respectively. The expanded aerogel can produce
enough force to compress the arterial vessels to reduce the loss
of arterial blood, which is conducive to stop bleeding.

Fig. 4 shows the antibacterial ability of the composite aerogel
against E. coli and S. aureus. Pure NC aerogel has no antibacterial
effect on E. coli and S. aureus. With the addition of chitosan, the
composite aerogels show better antibacterial effect, and the
antibacterial effect increases with increasing the chitosan content.
Under the external forces, many bacteria might be brought into the
deep wound or through and through wound, and these bacteria are
not easily washed out by traditional disinfectant. The NC/CS com-
posite aerogel has good antibacterial effect which can inhibit the
growth of bacteria inside the wound and provide a clean environ-
ment. Especially in the battlefield or major accident, it may effi-
ciently reduce the chance of wound infection and increase the
survival rate of the wounds.

The coagulation ability of the aerogel was evaluated by dynamic
whole blood clotting time detection, the higher absorbance of the
hemoglobin solution and the slower blood agglutination rate of
the aerogels. Traditional hemostatic reagent gauze and gelatin
sponge as the control. It can be clearly seen from Fig. 5a that the
absorbance of hemoglobin solution of nanocellulose aerogel at dif-
ferent time points is lower than that of gauze and gelatin sponge,
indicating that the nanocellulose aerogel has better coagulation
ability. The high water absorption capacity of nanocellulose aero-
gel can quickly absorb the water in the blood and accumulate
Fig. 4. Antibacterial ability of NC, NC7/CS3, NC5/CS5 a
red blood cells and platelets to achieve hemostasis. After the intro-
duction of chitosan, NC7/CS3, NC5/CS5 and NC3/CS7 showed better
coagulation ability compared to NC, especially NC5/CS5. It might
be that the positive charge on the surface of the chitosan reacts
with the negative charge on the surface of the red blood cell, caus-
ing the red blood cells to adhere and form a blood clot, thereby
coagulating the blood.

The hemostatic mechanism of aerogels is further investigated
by observing the adhesion state and morphological distribution
of blood cells on the surface of the aerogel. It can be clearly seen
from the scanning electron micrograph that a large number of
blood cells adhere to the surface of NC7/CS3, NC5/CS5 and NC3/
CS7 aerogels, and the blood cells exhibit an irregular aggregate
structure (Fig. 5b). The blood cells on the surface of NC7/CS3 and
NC5/CS5 aerogels were significantly more than those of the NC3/
CS7 group, which might be the fibrous reticular is conducive to cell
adhesion and aggregation. The nanocellulose aerogels absorb
water from the blood to concentrate the blood cells between the
fiber networks, making it easy for blood cells to form a clot and
stop bleeding. The aerogel with interconnected porous and high
water absorption capacity could absorb water quickly from the
blood and form a clot that blocks the blood vessels bleeding, and
exhibit better in vitro coagulation ability. The good adhesion and
aggregation ability of aerogel to blood cells and the rapid whole
blood coagulation rate can improve the hemostatic rate of aerogel
used in penetrating or deep wound wounds.

Currently, the most common method of closing deep wounds is
to fill the wound with gauze to apply pressure on the wound to
reduce blood loss. However, the method is limited, and the possi-
bility of death for the wounded is still not little. Fig. 6a shows
the simulation of injecting compressed composite aerogels into
wound. The composite aerogels are compressed into sheet, placed
into syringe and squeezed into the wound. The compressed aero-
gels can absorb the blood and rapidly expand to fully fill the
wound. At the same time, the expanded aerogel can exert pressure
on the arterial blood vessels to reduce the re-flow of arterial blood.
Fig. 6b shows the shape change of the NC5/CS5 compressed aerogel
in water over time. The NC5/CS5 compressed aerogel can absorb
water with rapid deformation recovery within 30 s, and the pro-
cess of rapid shape recovery of the aerogel may be seen in the
video of supplementary data. The fast deformation recovery prop-
erty of aerogels is conducive to use in incompressible deep
wounds. Meanwhile, the rapid expansion of the volume of the
composite aerogel can seal the wound, which is beneficial to
reduce the entry of bacteria and reduce wound infection.

Hemolysis test in vitro is a general method to evaluate the blood
compatibility of biomaterials. The hemolysis of aerogels in vitro
was tested with different concentrations of aerogel extracts
(500 lg/mL, 1000 lg/mL, 2000 lg/mL, 5000 lg/mL). The macro-
nd NC3/CS7 aerogels against E. coli and S. aureus.
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Fig. 5. (a) In vitro dynamic whole blood clotting evaluation of the NC, NC7/CS3, NC5/CS5 and NC3/CS7 aerogels, gelatin sponge and gauze as the control, (b) SEM images of
blood cells adhesion on the NC, NC7/CS3, NC5/CS5 and NC3/CS7 aerogels.

Fig. 6. (a) Schematic diagram of the process of simulating the injection of composite aerogel into the wound, (b) digital photos of NC5/CS5 aerogel with rapid shape recovery
after water absorption.
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scopic photographs of the centrifuged supernatants of the four
groups of aerogels, positive and negative groups are shown in
Fig. 7a, and the four groups of aerogels were all reddish, similar
to the negative group, and the positive group was bright red. The
specific values of the hemolysis rate of the four groups of aerogels
are shown in Fig. 7b. NC5/CS5 showed lower hemolysis rate, com-
pared with the other three groups. When the concentration of the
extract was 5000 lg/mL, the hemolysis rates of NC5/CS5 and NC3/
CS7 were both about 1.59%, while those of NC7/CS3 and NC were
2.3% and 2.7%, respectively, indicating better biocompatibility for
NC5/CS5 and NC3/CS7. Although aerogels exhibit different hemol-
ysis rates, they have better biocompatibility than previously
reported (7.1%) hemostatic materials [25,31]. These hemolysis
structures indicate good blood compatibility for aerogels as rapid
hemostatic materials.

The relative cell proliferation rate of the four aerogels are
shown in Fig. 7c. On day 1, the relative cell proliferation rates of
NC, NC7/CS3, NC5/CS5 and NC5/CS5 were 83.3%, 99.6%, 97.3% and
104.9%, respectively. Further cultured for 3 days, the relative cell
proliferation rates were 84.1%, 91.2%, 88.3% and 97%, slightly lower
than that in 1 day. However, with reference to the cytotoxicity
level, all four aerogel materials were above grade I, meaning no



Fig. 7. (a) Photographs from hemolytic activity assay of the NC, NC7/CS3, NC5/CS5 and NC3/CS7 aerogels using sterile saline as negative control and deionized water as
positive control, (b) hemolytic ratio of NC, NC7/CS3, NC5/CS5 and NC3/CS7 aerogels dispersion liquids at different concentrations, (c) relative growth ratios of the NC, NC7/
CS3, NC5/CS5 and NC3/CS7 aerogels after 1 and 3 days, (d) optical microscopy of cell morphology of fibroblasts grown in aerogel extract for 3 days.

1192 X. Fan et al. / International Journal of Biological Macromolecules 154 (2020) 1185–1193
cytotoxicity. The growth state of fibroblasts continuously cultured
for 3 days are shown in Fig. 7d. Compared with the negative group,
the fibroblasts of the experimental group showed good growth
state, and the composite aerogel might satisfy the requirement of
good biocompatibility of fast hemostatic biomaterial.
6. Conclusion

In this work, nanocellulose fibers with uniform dispersion and
average size of about 100 nm were prepared by the combination
of TEMPO oxidation and high-pressure homogenization. And the
nanocellulose/chitosan composite aerogels with high water
absorption capacity and rapid shape recovery are successfully
obtained by combing cellulose nanofiber with chitosan. The intro-
duction of chitosan can not only improve the mechanical proper-
ties of nanocellulose aerogel, but it also significantly enhance its
antibacterial effect. Through amide condensation and dehy-
drothermal crosslinking, the composite nanocellulose/chitosan
aerogel behaves good mechanical strength up to 75.4 kPa and
structural stability. Especially, the NC5/CS5 aerogel a nanofiber/-
nanosheet interlaced structure can maintain structural stability
without damaged undergoes several hundreds of repeated com-
pression with increasing the content of chitosan to 50 wt%. And
the NC5/CS5 compressed aerogel can rapidly recover shape within
30 s by absorbing water. Meanwhile, the antibacterial ability and
in vitro coagulation ability of the composite aerogel increases with
increasing the content of chitosan. Injecting composite aerogel to
penetrating wound or deep trauma wound, compressed composite
aerogel can quickly absorb blood and promote the formation of
thrombosis. Furthermore, the expansion of the compressed aero-
gels quickly seal the wound to resist outside bacteria to enter
and reduce the risk of wound infection, and the expanded aerogels
can produce enough force to compress the arterial vessels to
reduce the loss of arterial blood. Hence, the realized nanocellu-
lose/chitosan composite aerogel with good biocompatibility shows
promising application potential for noncompressible hemorrhage.
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