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A B S T R A C T

The treatment of internal hemorrhage remains challenging due to the current limited antibacterial capability,
hemostatic efficacy, and biocompatibility of hemostatic materials. The TEMPO-oxidized cellulose nanofibers/
collagen/chitosan (TCNF/COL/CS) hemostatic aerogel was developed in this work by physically encasing COL in
a sandwich structure and electrostatically self-assembling polyanionic TCNF with polycationic CS. In vitro
coagulation experiments revealed the favorable procoagulant properties of TCNF/COL/CS along with high
adhesion to erythrocytes and platelets. TCNF/COL/CS significantly increased the hemostatic efficacy by 59.8 %
and decreased blood loss by 62.2 % in the liver injury model when compared to Surgicel®, the most frequently
used hemostatic material. Furthermore, it demonstrated outstanding biodegradability both in vitro and in vivo,
and a substantial increase in resistance (96.8 % against E. coli and 95.4 % against S. aureus) compared to TCNF.
The significant hemostatic and biodegradable characteristics of TCNF/COL/CS can be ascribed to its inter-
connected porous structure, increased porosity, and efficient water absorption, along with the synergistic effect
of the three constituents. The TCNF/COL/CS aerogel shows significant potential to control internal bleeding. A
novel plant-derived nanocellulose composite aerogel has been described here for the first time; it has outstanding
antibacterial characteristics, higher biocompatibility, and outstanding hemostatic characteristics in vivo.

1. Introduction

Hemorrhage is a major contributing factor to mortality. Internal
hemorrhage constitutes a significant proportion of hemorrhagic mor-
tality [1,2]. However, the inherent clotting mechanism of the body
appeared to be inadequate in such critical conditions. This necessitates
the incorporation of hemostatic materials in emergency medical and
surgical procedures [3].

An optimal hemostatic substance would not only effectively prevent
significant organ and arterial bleeding but also possess the advantageous
characteristics of being antimicrobial, biocompatible, biodegradable,
and cost-effective [4]. Bio-absorbable oxidized regenerated cellulose
(ORC), is the commonly used substance to stop bleeding in surgical
procedures. However, ORC still poses some significant challenges. The

hemostatic efficacy of ORC is inadequate, particularly in patients with
coagulopathies such as hemophilia [5]. The cytotoxicity of an excess of
carboxyl groups in oxidized cellulose hinders the process of wound
healing at lower pH and the antibacterial efficacy of ORC also remains
constrained [6]. Therefore, a novel material is necessary to substitute
the conventional ORC to address this issue.

Composite hemostatic materials are preferred over single-
component products due to their high efficacy [7]. Wood-derived
TEMPO-oxidized cellulose nanofiber (TCNF) possesses a high surface
area and adequate carboxyl groups. While bacterial nanocellulose also
possesses these characteristics, it is not as readily accessible. Conse-
quently, TCNF is considered as a polyanionic nanocellulose with
improved hemostatic properties and bioresorbability compared with
conventional ORC. Chitosan (CS) polycationic demonstrates
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outstanding hemostatic properties via mechanisms distinct from
oxidized cellulose. Furthermore, it possesses potent antibacterial po-
tential, which can enhance the limited bactericidal capability of
oxidized cellulose [8–10]. The TCNF/CS composite shows reduced
cytotoxicity compared to the combined use of TCNF and CS, owing to its
precisely balanced pH [11]. Collagen (COL) presents favorable hemo-
static properties compared to oxidized cellulose and CS [12]. Moreover,
favorable biocompatibility of COL may reduce the possible cytotoxicity
of oxidized cellulose or CS [13]. Additionally, TCNF-based aerogels are
simple to produce. These aerogels have the potential to provide effective
hemostasis, superior biodegradability, and high absorption of wound
exudate due to their high surface area and porosity [14–16]. However,
there has been a scarcity of studies exploring the application of
TCNF/COL/CS aerogel as a hemostatic substance.

In this study, TCNF/COL/CS hemostatic aerogel was developed to
fulfill the needs of fast hemostasis, good biocompatibility, and effective
antibacterial capabilities. Initially, a sandwich structure of TCNF/COL/
CS aerogel was formed through the electrostatic self-assembly of poly-
anionic CS and polyanionic TCNF. COL was encapsulated in the aerogel
during the assembly procedure (Fig. 1). The developed aerogel was
characterized by its morphological, chemical, and physical properties.
After that, the beneficial characteristics of TCNF/COL/CS aerogel were
determined through in vitro evaluation of antibacterial, cytotoxic, he-
mostatic, and degradation properties. Furthermore, the efficacy and
utility of TCNF/COL/CS were validated by in vivo assessments of he-
mostatic and degradation properties.

2. Material and methods

2.1. Materials

TCNF hydrogel (4.5 % aqueous slurry) was purchased from Zhong-
shan Naxiansi New Material Co., Ltd. Chitosan (MW: 50000 Da; degree of
deacetylation: approximately 85 %) was procured from Shanghai Yien
Chemical Technology Co., Ltd. Collagen, extracted from fish skin, was
purchased from Yuanye Bio-Technology Co., Ltd, while Surgicel® was
developed by Johnson & Johnson Medical Co., Ltd. Gelatin sponge
(Gelatin) was designed by Hushida Medical Technology Co., Ltd. Fi-
broblasts (L929) derived from mouse skin were purchased from the
Institute of Biochemistry and Cell Biology, the Chinese Academy of
Sciences. Cell Assay Kit was purchased from Beyotime Biotechnology
Co., Ltd. Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal bovine
serum (FBS) were purchased from Life Technologies Co. Ltd. Rabbit
blood was supplied by Suzhou Zhenhu Medical Technology Co., Ltd.
Healthy Sprague Dawley (SD) rats were provided by Shanghai SLAC
Laboratory Animal Co., Ltd. All animals were treated according to the
Chinese National Institutes of Health Guidelines for Laboratory Animal
Care and Use. All the experiments were performed by using deionized
water (DW).

2.2. Preparing TCNF/COL/CS aerogel

A uniform suspension of TCNF 1 % (w/v) was prepared via dilution
of 4.5 % TCNF slurry in DW. CS solution (1 % w/v) was prepared in 0.1

Fig. 1. A schematic representation of the synthesis of hemostatic aerogels.

L. Liu et al.



Materials Today Bio 28 (2024) 101204

3

M dilute acetic acid solution, then added dropwise into the aforemen-
tioned suspension of TCNF under vigorous agitation (Fig. 1). Pre-
liminary experiments revealed that the TCNF/CS composite has a better
tensile strength at the mass ratio of 1:1 for TCNF: CS (Fig. S5). The mass
ratio of TCNF: COL: CS in this study was 1: 0.9: 1, which allowed for the
highest loading of COL [6]. The pH of the final solution was adjusted to 6
by using 1 M NaOH. The precipitate was collected after repeated cen-
trifugal washing to obtain a uniform suspension. The mixed solution was
transferred into a mold, stored at − 80 ◦C for 12 h, and freeze-dried for
48 h. TCNF/CS composite was prepared using the same procedure.

2.3. Characterization of the physicochemical properties of the aerogel

The microstructure of lyophilized aerogel was investigated using the
field emission scanning electron microscope (FE-SEM, Hitachi) [17]
while the determination of its chemical composition was carried out
using Fourier Transform Infrared Spectroscopy (FTIR) [18]. The Ther-
mogravimetric Analyzer (209 F3 Tarsus®) was used to conduct the
thermogravimetric (TG) analysis [19]. The ζ-potential was measured
through the Zetasizer Nano ZS instrument (Malvern) [20]. The density
of the sample was determined by using mass-volume analysis. Results
for water absorption capacity and porosity examination were in agree-
ment with those of previous studies [21,22]. The Surgicel® (weft-knit-
ted fabric) porosity test was not conducted since it does not fulfill the
ethanol filling pore criteria.

A universal testing machine with a speed of 3 mm/min was used to
record the compression performance of the aerogel (diameter: 10 mm;
thickness: 10 mm) both before and after water absorption. At least 6
replicates were performed for each sample.

2.4. Cytotoxicity assay

In 48-well plates, cells were directly treated with both the samples
and the Surgicel® (control). Cell suspensions (1 × 104 cells) in DMEM
medium with 10 % (v/v) FBS and 1 % (v/v) penicillin-streptomycin
solution were added to the 48-well plates and incubated for 5 days
under 5 % CO2 at 37 ◦C. The CCK-8 assay was used to determine cell
viability (n = 3), while the morphology of the cells was determined
using Calcein AM assay reagents [23,24]. In order to assess the cellular
behavior on the materials on Day 5, the samples were fixed in 2.5 %
glutaraldehyde, dehydrated in ethanol, freeze-dried, and then examined
via FE-SEM.

2.5. Determination of hemocompatibility

The samples were assessed for whole-blood coagulation, erythrocyte
adhesion, and platelet adhesion using previously described procedure
[25]. The analysis of whole blood coagulation was performed by adding
0.025 M CaCl2 (500 μL) into 5 mL of whole blood to induce coagulation.
Activated blood (100 μL) was evenly distributed onto the samples in a
24-well plate and incubated at room temperature for different time in-
tervals (5, 15, 25, 35, 45, 55 min). Following each time point, 2.0 mL of
ultrapure water was introduced into the wells and incubated for 5 min to
lyse non-thrombus-trapped red blood cells. The resulting suspension
(200 μL) from each sample was transferred to a 96-well plate; absor-
bance was recorded at 540 nm using a microplate reader for the deter-
mination of hemoglobin content. The hemolytic ratio experiment
comprised various steps. The whole blood was initially centrifuged for
10 min at 100 g. The platelet-rich plasma (PRP) comprised the upper
suspension, whereas red blood cells (RBCs) comprised the lower layer.
RBCs were diluted with normal saline to a 5 % (v/v) solution. DW and
normal saline served as positive and negative controls, respectively.
After that, suspensions of varying concentrations (0.625, 1.25, and 2.5
mg/mL) are prepared by combining powdery aerogel with normal sa-
line. In tubes, RBC suspension and solution were combined in equal
volumes and incubated at 37 ◦C for 1 h. All the samples were centrifuged

(116 g, 10 min), and the absorbance was recorded at 540 nm using a
microplate reader [21]. Each sample was examined three times. The
hemolytic ratio was calculated using the following equation:

Hemolytic ratio (%)= (ODs – ODn)
/ (

ODp – ODn
)
× 100 (1)

where ODs, ODp, and ODn are the values of the aerogel, positive control,
and negative control, respectively. Each sample was measured in
triplicate.

2.6. In vivo hemostatic assay

The hemostatic performance of the aerogel was evaluated using liver
trauma model of male rats (300–400 g). The rats were divided into four
groups (n = 10/group) and anesthetized with 10 % chloral hydrate so-
lution. The livers of the mice were exposed after they were fixed. A 3 mm
deep liver injury was created, and a pre-weighed sample (diameter: 10
mm; thickness: 5 mm) was applied to the bleeding site. The absorbed
blood sample was weighed and the hemostasis time was recorded.

2.7. Evaluation of antibacterial properties

The antibacterial activity of the samples was evaluated against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) using ISO
20743-2007 standard absorption method [26]. Samples were inoculated
with a bacterial concentration (1 × 105 to 3 × 105 cfu/mL) and incu-
bated for 24 h. After incubation, the samples were washed with 10 mL of
a medium to remove the bacteria, followed by quantification using
spread plating. Each sample was examined three times, and cotton gauze
served as the control for the experiment.

2.8. In vitro and in vivo degradation behavior

The sample (30 mg) was soaked in PBS (pH 7.4) and incubated at
37 ◦C for specific durations. The mixture was then dialyzed and washed
for 48 h followed by lyophilization and weighing (W1). The degradation
rate was calculated as follows:

Degradation ratio (%)= (W1-W0) /W0 × 100 (2)

where W0 represents the original weight of samples.
Male rats were used to analyze the in vivo degradation behavior. The

rats were divided into four groups (n = 10/group). The rats were
anesthetized and subcutaneously implanted with sterilized samples
(diameter: 15 mm, thickness: 5 mm). The materials were surgically
removed together with the surrounding tissues after 1 and 4 weeks.
Observable stained sections were obtained after the treatment.

All the animal involved experiments were approved by the Labora-
tory Animal Ethics Review Committee of Donghua University
(DHUEC–NSFC–2019-13). All the experiments were performed
following ethical standards and the Guide for the Care and Use of Lab-
oratory Animals (Ministry of Science and Technology of China, 2006).

2.9. Statistical analysis

Statistics were expressed as the mean ± standard deviation. Statistics
were expressed as the mean ± standard deviation. For the experimental
data among groups, one-way ANOVA with Tukey’s post hoc test was
used. P < 0.05 indicated significant differences.

3. Results and discussion

3.1. Morphological analysis

The SEM images of aerogels are shown in Fig. 2 demonstrating that
all the sponges displayed a uniform and interconnected porous struc-
ture. Nanopores were formed by the process of low-temperature cooling,
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during which the material became confined around growing ice crystals.
Following the removal of the ice via freeze-drying, porosity was gener-
ated. TCNF showed a three-dimensional sheet-like structure formed by
interweaving nanofibers. In contrast to TCNF, the TCNF/COL/CS and
TCNF/CS structures were loose and disorganized with a higher number
of smaller holes. Nano-scale pores appeared between TCNF fibers in the
SEM image at 20,000 × ; the pores became larger following the coupling
of CS. This can be attributed to the separation of the TCNF nanofibers,
which were previously interconnected via hydrogen bonds, during the
electrostatic self-assembly process involving CS and TCNF. Nearly all
holes in TCNF/COL/CS become smaller upon the addition of COL,
indicating an even denser structure. SEM images demonstrated the
successful preparation of TCNF, TCNF/CS, and TCNF/COL/CS aerogels
with distinct microstructure.

The nanocellulose-based aerogels developed in this study demon-
strated a considerably greater porosity (Fig. 2) when compared to the
commonly employed hemostatic material of Surgicel®, an ORC-
prepared weft-knitting fabric product [27,28]. Furthermore, the aero-
gel showed a porous structure that closely resembled the extracellular
matrix [29]. This characteristic may potentially facilitate the rapid ab-
sorption of liquids, increase the surface area in contact with blood,
stimulate blood coagulation components, and support blood coagulation
throughout the coagulation process [14,30].

3.2. Analysis of physicochemical properties

The TCNF/COL/CS aerogels were analyzed for their physicochemical
parameters, including chemical composition, thermal stability, density,
surface charge, porosity, and water absorptivity (Fig. 3). The FT-IR
spectra of TCNF/COL/CS aerogels and other materials are shown in
Fig. 3A. The TCNF spectrum displayed a prominent peak at approxi-
mately 1050 cm− 1, corresponding to the skeletal vibration of the C–O–C
pyranose ring [31]. Furthermore, the peak observed at 1606 cm− 1

suggests the presence of carboxyl groups [32], while CS showed two
distinct peaks at 1646 and 1585 cm− 1, corresponding to the amide I
(1641-1646 cm− 1) and amide II (1585 cm− 1), respectively [33,34]. The
compound COL showed absorption peaks at 1640 and 1540 cm− 1, which
can be ascribed to the stretching vibration of the C=O bond in the
peptide group (amide I) and bending vibration of the N–H bond (amide
II), respectively [35]. There were discernible peaks in the TCNF/CS and
TCNF/COL/CS spectra that corresponded to the cellulose pyranose ring,
amide groups, and carboxyl groups. Meanwhile, these characteristic
peaks demonstrated a shift in wave number with change in intensity in
the spectrum of TCNF/CS and TCNF/COL/CS. The –COO– peaks of
TCNF/CS and TCNF/COL/CS were shifted from 1606 cm− 1 (in TCNF) to
1546 and 1539 cm− 1, respectively. The shifting of amide I peak was
observed from 1646 cm− 1 (CS) to 1631 and 1630 cm− 1 in TCNF/CS and
TCNF/COL/CS, respectively. The red shift of –COO– peaks indicated the
electrostatic interactions between TCNF and CS [36,37] while the red
shift of amide I in TCNF/CS and TCNF/COL/CS indicates that CS has

Fig. 2. The surface morphology of the aerogel samples at different magnifications. The red box and arrow represent the enlarged area and position, respectively.
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been successfully incorporated into the composites [33]. Moreover,
TCNF/COL/CS spectrum showed a significantly higher peak intensity at
1540 cm− 1 compared to the TCNF/CS, indicating the incorporation of
COL into the aerogel [38]. The results of the spectrum analysis show that
the TCNF/CS and TCNF/COL/CS composites were successfully synthe-
sized. The TG analysis (Fig. 3B) showed the stability of TCNF/COL/CS at
room temperature.

Fig. 3C displays the density of the samples showing the value of 513,
11.6, 13.5, and 15.6 mg/cm3 for Surgicel®, TCNF, TCNF/CS, and TCNF/
COL/CS respectively. The density of these TCNF-based composites was
comparable to that of conventional aerogel (0.1–200 mg/cm3) [39]. The
density of TCNF/COL/CS and other TCNF-based materials was deter-
mined to be 97 %–97.7 % lower than that of Surgicel®. Comparatively,
the density of TCNF/COL/CS was significantly lower than that of
nanocellulose-based biomaterials reported in the literature [40,41].
With an aldehyde content of 17.93 %, the CNF/COL aerogel created by

Lu et al., had a density of 20.6 mg/cm3 and exhibited exceptional
biocompatibility [41].

The ζ-potential (Fig. 3D) of the aerogels TCNF, TCNF/CS, and TCNF/
COL/CS were observed as − 29.15, 9.12, and 7.28 mV, respectively. The
difference between TCNF and TCNF/CS may be associated with the
comparatively higher concentration of –NH4

+ present in polycationic CS
compared to the TCNF -COO-. The charge of TCNF/COL/CS was 1.84 mV
lower than that of TCNF/CS which may be attributed to the shielding of
–NH4

+ by the adsorption of COL.
The porosity of the aerogels is shown in Fig. 3E. A higher level of

porosity was observed in TCNF/CS (95.7 %) and TCNF/COL/CS (94.8
%) as compared to TCNF (91 %). The incorporation of CS into the TCNF
network increased the porosity of TCNF/CS, which was subsequently
reduced following the addition of COL. The SEM image (Fig. 2) provides
evidence that TCNF becomes fluffy after being combined with CS and
demonstrates various interconnected small pores. The porosity of TCNF/

Fig. 3. (A) FT-IR. (B) TG and DTG of composites. (C) Density of the samples. (D) ζ-potential. (E) Porosity and (F) water absorption capability of aerogels. (*p < 0.05).
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COL/CS observed in this study was considerably higher compared with
previous research [30,42]. According to the study conducted by Sukul
et al., the porosity of the TCNF/CS composite material was found to be
67.2 % [42], which was 27.6 % lower than the porosity of the
TCNF/COL/CS aerogel.

Fig. 3F shows the water absorption capability of TCNF, TCNF/CS,
and TCNF/COL/CS showing the potential to absorb 52, 68, and 71 g/g of
DW in 5 min. On the other hand, Surgicel® hardly swells after soaking in
water. The TCNF/COL/CS material showed the highest water absorption
capability, reaching saturation within 30 min. The TCNF/COL/CS water
absorption rate altered by 12.3 % after 5 min, whereas the TCNF/CS rate
changed by 9.3 %. However, the TCNF reached saturation after 50 min.
The high water absorption capacity of the TCNF aerogel can be attrib-
uted to its high porosity, which facilitates the rapid permeation of water
molecules via the interconnected pores and regular 3D structure of the
aerogel (Fig. 2). Conversely, the water absorption capacity was further
increased due to the disruption of the hydrogen bond between TCNF
caused by the incorporation of CS [43]. The rapid and extensive water
absorption capability of TCNF/COL/CS establishes a theoretical basis for
the phenomenon of rapid hemostasis. The present study observed that
TCNF/COL/CS displayed an extremely high water absorption rate when

compared to other materials of a similar nature [44,45]. The water ab-
sorption capacity of the TCNF/COL/CS composites was 35 g/g higher
than that of composites proposed by Liu et al., which comprised qua-
ternary ammonium salt conjugated CS (QAS-CS), polyacrylate (PAAS),
and COL [44].

3.3. Mechanical properties

The mechanical properties of the dry aerogel and the aerogel in the
swollen state are shown in Fig. 4. The compression strength of TCNF/CS
in dry aerogels was determined to be slightly lower than that of TCNF
under various deformation conditions. The inclusion of COL further
reduced the compression strength. The compression modulus of the dry
aerogels decreased in the following order: TCNF (157 kPa) > TCNF/CS
(110 kPa) > TCNF/COL/CS (97 kPa). The mechanical strength of
swollen materials was improved by the addition of CS or COL, in
contrast to dry aerogels; however, the overall mechanical strength
decreased after swelling (Fig. 4B and D). The modified TCNF showed the
most unfavorable mechanical parameters (1.44 kPa for compression
strength at 80 % deformation and 3.24 kPa for compression modules).
The network formed by combining CS and TCNF increased the

Fig. 4. The mechanical properties of various samples. The compression strength of dry (A) and swelling samples (B) under different deformations. The compression
modulus of dry (C) and swelling samples (D). (E) Recovering TCNF and TCNF/COL/CS through water absorption in various shapes. (*p < 0.05).
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compressive strength of TCNF/CS by 88.2 % resulting in an approxi-
mately 6-fold increase in the compressive modulus. In contrast to pure
TCNF, the TCNF/COL/CS composite showed a considerably enhanced
strength profile, as evidenced by a 72.5 % rise in compressive strength
and an 86.3 % change in compressive modulus (p < 0.05). Fig. 4E shows
that water absorption caused the TCNF structure to become loose and
repetitive pressing was unable to preserve the aerogel shape.
Conversely, repeated pressing of TCNF/COL/CS resulted in the resto-
ration of its original shape.

The observed decrease in compression strength and modulus of
compression in dried samples can be ascribed to the presence of CS,
which disrupts the strong hydrogen bonding between TCNF. The SEM
image (Fig. 2) also revealed that the overall structure had become less
compact after the incorporation of CS. The interaction between carboxyl
groups on TCNF and COL, which subsequently influences the formation
of ionic bonds during electrostatic adsorption, may account for the
decrease in compression strength caused by COL in dry samples (TCNF/

COL/CS). The addition of CS disrupts the hydrogen bonds between
TCNF during the process of swelling. Nevertheless, ionic interactions
offer another kind of interaction between TCNF and CS that contributes
to maintaining and enhancement of mechanical strength [6]. Therefore,
the inclusion of CS and COL in the dry state was associated with a
decrease in compression strength, whereas their presence in the swollen
state resulted in an increase in compression strength. The recovered
property may be associated with the intersection of TCNF induced by
COL and CS [46,47].

3.4. Cytotoxic activity

Cytotoxic behavior of the Surgicel® and these TCNF-based aerogels
was investigated in terms of cell morphology, cell viability, and cell
proliferation (Fig. 5). An increase in the cell count was observed on these
TCNF-based aerogel surfaces while Surgicel® maintained nearly con-
stant cell counts for five days (Fig. 5A). L929 cells showed consistent

Fig. 5. (A) Images of Calcein AM-stained fibroblasts cultivated with samples. (B) Numbers of cells cultured on the samples. (C) Cell viability for 3 days at various pH.
(D) The cytocompatibility of samples was examined by SEM. (*p < 0.05).

L. Liu et al.
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proliferation on TCNF, TCNF/CS, and TCNF/COL/CS throughout the
incubation period of five days (Fig. 5B). Compared to Surgicel®, TCNF,
and TCNF/CS, the proliferation rate of TCNF/COL/CS was significantly
higher (p < 0.05) on Days 3 and 5. The absorbance of TCNF/COL/CS
increased by 82.7 % on Day 5, compared with the Surgicel®. Cell
viability was assessed on Day 3 after treatment with TCNF-pH 6, TCNF-
pH 4, and Surgicel® samples (Fig. 5C), and the results revealed the
respective cell viability of 92, 70, and 42 %. The cell morphology of
TCNF, TCNF/CS, and TCNF/COL/CS revealed the presence of L929, as
illustrated in Fig. 5D. The samples displayed a distinctive cellular
morphology of fibroblasts on the TCNF/COL/CS, which was distin-
guished by the formation of stretched-out pseudopodia and spindles.

The enhanced cytocompatibility of TCNF/COL/CS can be attributed
to its favorable properties that facilitate cell growth, such as an appro-
priate pH (Fig. 5C), a matrix provided by an aerogel structure with a
larger specific surface area (Fig. S3), significant porosity (Fig. 3E), and
permeability (Fig. 3F) [14,29]. Moreover, the incorporation of COL and
CS in TCNF/COL/CS has the potential to improve cell proliferation [48].
Fibroblast proliferation was observed across all aerogels, as illustrated in
Fig. 5B. The growth of fibroblasts was found to be more favorable on
TCNF/COL/CS that contained complete nanopores. It was found that
materials with a pH of 6 promoted cell development more effectively
[49]. According to the report, the pH of ORC is around 3.1. Cytotoxicity
of Surgicel® (Fig. 5C) may be attributed to the carboxyl groups’
contribution to an acidic environment, which is detrimental to cell
growth [50].

The cytocompatibility of the aerogel TCNF/COL/CS is preferable to
that of similar composites proposed by other researchers [48,51].
Fluorescent cell staining in a study on COL/CS porous material
cross-linked with glutaraldehyde confirms that COL/CS can reduce the
toxicity induced by the cross-linking agent, thereby providing the ma-
terial with higher biocompatibility [48].

3.5. In vitro hemocompatibility

Various parameters were used to evaluate hemocompatibility,
including the morphology of platelets and erythrocytes, absorptivity of
whole blood, and coagulation rate of whole blood (Fig. 6). The hemo-
lysis ratio of TCNF, TCNF/CS, and TCNF/COL/CS was determined to be
<1 % (Fig. 6A). The concentration and absorption capabilities of sam-
ples in relation to whole blood are illustrated in Fig. 6B. The gelatin
sponge displayed the presence of free-floating blood beads, whereas
TCNF/COL/CS and other substances rapidly absorbed blood. The blood
could be concentrated more rapidly using the aerogels TCNF/CS and
TCNF/COL/CS compared with Surgicel® and TCNF. Gelatin aerogel
showed the lowest procoagulant activity, followed by Surgicel®, as
demonstrated in the blood coagulation experiment (Fig. 6C). The
highest ranking was achieved by TCNF/COL/CS in whole-blood coag-
ulation. Absorbance values of 1.74, 1.18, 1.02, 0.54, and 0.41 were
determined in the groups containing Gelatin, Surgicel®, TCNF, TCNF/
CS, and TCNF/COL/CS, respectively, after 5 min.

After that, morphological analysis of platelets and erythrocytes on
these materials was carried out by using SEM (Fig. 6D). In comparison to
Gelatin, Surgicel®, and TCNF, TCNF/CS and TCNF/COL/CS showed a
significantly higher platelet adhesion capability. Moreover, the platelets
on TCNF/COL/CS stretched spiny pseudopods to interweave and form
spongy undulating platelet clusters. Similarly, Gelatin, Surgicel®, and
TCNF showed decreased RBC adherence, allowing RBCs to retain their
typical biconcave shape. Conversely, erythrocyte adhesion was signifi-
cantly increased in TCNF/CS and TCNF/COL/CS, leading to irregular
morphology and aggregation.

The increased hemocompatibility of TCNF/COL/CS aerogel in vitro
can be attributed to its bioactive components, optimal physicochemical
characteristics (as shown in Fig. 3), and higher cytocompatibility
(Fig. 5). The aerogels possess a significant level of porosity (Fig. 3E), a
high water-absorbing capacity (Fig. 3F), and a porous structure (Fig. 2).
These characteristics enable them to rapidly absorb blood and

Fig. 6. In vitro hemolytic activity and blood-clotting capability of samples. (A) Hemolysis ratio of the samples. (B) The ability of samples to concentrate blood. (C)
Analysis of samples using dynamic whole-blood clotting. Adherence of platelets and erythrocytes to the materials was observed in SEM images (D).
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concentrate clotting components [52]. Therefore, TCNF/COL/CS
showed a low absorbance value during the initial phases of the blood
coagulation experiment (Fig. 6C). The increased specific surface area
(Fig. S3) of TCNF/COL/CS allowed for enhanced interaction between
the components in the blood, hence accelerating the binding of various
components such as CS, COL, RBCs, and platelets. The positively
charged –NH4

+ groups present in the CS resulted in a significant attrac-
tion of a large number of RBCs, leading to their aggregation into clusters
[53]. Furthermore, the incorporation of COL into TCNF/CS improved its
coagulation capacity by stimulating platelets, thereby facilitating their
aggregation.

The in vitro performance of TCNF/COL/CS was found to be superior
in comparison with other potential hemostatic materials. The TCNF/
COL/CS aerogel material exhibited a hemolysis ratio being less than 1 %,
positioning it as a superior hemostatic material [30,54]. CS-based
nanomaterial has also been reported to have a low hemolysis ratio,
with approximate value of 1.24 % [54]. Conversely, in comparison to
other cellulose-based hemostatic materials, TCNF/COL/CS demon-
strated enhanced blood absorptivity and blood coagulation rate. the
absorbance of TCNF/COL/CS consistently remained below 0.5
throughout the coagulation process, which was lower than the midpoint
or end point of coagulation observed in previous studies [6,55]. The
absorbance of the coagulation starting point of the hemostatic material
(OBC/DFO), which comprised deferoxamine (DFO) and oxidized bac-
terial cellulose (OBC), was determined to be > 2. After 9 min, the
absorbance reached the value of 0.5 [55]. Furthermore, the initial
coagulation absorbance of OBC/COL/CS was significantly higher than
0.5 [6]. The enhanced hemostatic capabilities of TCNF/COL/CS can be
ascribed to the synergistic coagulation system, favorable in vitro cell
compatibility (Fig. 5), extensive porosity (Fig. 3E), large specific surface
area (Fig. S3), and stable water absorption system (Figs. 3F and 4) of the
aerogel material.

3.6. In vivo hemostatic efficacy

The in vivo hemostatic efficacy of these materials was assessed using
the liver injury bleeding model (Fig. 7A). Concurrently, a quantitative
assessment of the hemostatic efficacy was carried out (Fig. 7B and C).
The TCNF/COL/CS material achieved hemostasis within 41 s in vivo
coagulation tests while the hemostasis time of TCNF/CS, TCNF, and
Surgicel® were determined to be 53, 90, and 102 s, respectively. The
blood loss for the TCNF/COL/CS sample was quantified as 37 mg,
whereas the TCNF/CS, TCNF, and Surgicel® samples showed blood
losses of 44 mg, 85 mg, and 98 mg, respectively. The liver damage he-
mostasis experiment in rats provided further evidence supporting the
potent hemostatic effect of TCNF/COL/CS. The blood loss patterns and
hemostasis time were congruent and in accordance with the results of
the in vitro simulation test for coagulation in whole blood (Fig. 6C).

The favorable in vivo hemostatic performance of TCNF/COL/CS
aerogel can be ascribed to the coagulation properties of CS and COL as
well as its noteworthy properties, including high water absorption ca-
pacity (Fig. 3F) and high swelling ability (Fig. 4). The hemostatic ac-
tivity of Surgical® is attributed to its carboxyl content [28]. The exposed
carboxyl groups of TCNF aerogel bind with Fe3+ of blood through its
large pores (Fig. 2) [8]. Both TCNF and Surgicel® have relatively slow
hemostatic processes. In contrast, the TCNF/COL/CS aerogel perfectly
synergized various pathways to achieve hemostasis. The interconnected
pores (Fig. 2) high-water absorption capacity (Fig. 3F) and high swelling
ability of TCNF/COL/CS allow it to rapidly absorb blood from the site of
bleeding. A large number of pores (Fig. 3E) and high specific surface
area (Fig. S3) were used to accelerate contact and concentrate the blood.
Finally, in addition to the function of carboxyl groups, CS in the
TCNF/COL/CS composite attracted RBCs via electrostatic interactions,
while COL stimulated platelet activation in human plasma (Fig. 6D),
leading to enhanced blood clot formation and promoted rapid hemo-
stasis [56].

Compared with other studies comprised of hemostatic materials such

Fig. 7. A rat liver injury model was used to evaluate the hemostatic efficacy of the samples in vivo. (A) Images at the macro scale. Hemostatic time and (C) Blood loss
quantified within the model. (*p < 0.05).
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as cellulose or CS [40,57], TCNF/COL/CS demonstrated a higher ability
to reduce blood loss in animal models. A hemostatic period of around 1
min was observed with CNF/CSMS, a mixture of CNF and the carbox-
ymethyl chitosan (CMCS) CS derivative; however, it demonstrated blood
loss of above 50 mg [57]. Zheng et al. synthesized the hemostasis ma-
terial SSAD-CSs by combining cellulose nanocrystals doped with the
bioactive ingredient Andrias davidianus (SSAD) with CNF. In comparison
to TCNF/COL/CS, the SSAD-CSs necessitated an extra 26.8 s to achieve
hemostasis, resulting in a substantial blood loss of 260.6 mg [40].
Comparatively, TCNF/COL/CS induced a blood loss of 37 mg and a
hemostatic time of 41 s in the liver model. The distinguished in vivo
hemostatic characteristics of TCNF/COL/CS appear to be associated
with the following: COL promotes the formation of platelet-induced
thrombus, CS enhances RBC aggregation, large internal pores (Figs. 2
and 3E), high capacity for blood absorption and concentration (Fig. 6B
and C), and higher in vitro cell compatibility (Fig. 5).

3.7. Antibacterial activity

Fig. 8 illustrates the antibacterial properties of the different aerogels.
TCNF inhibited the growth of only 78.1 % E. coli and 75.2 % S. aureus. In
contrast, the antibacterial activity of the composite aerogels TCNF/CS
and TCNF/COL/CS exceeded 95 % against both strains of bacteria
(Fig. 8B), which was considerably greater than that of TCNF.

The observed enhanced antibacterial efficacy of TCNF/COL/CS can
be attributed to the incorporation of CS. This is because the positively
charged CS interacts electrostatically with the bacterial cell wall,
resulting in an uneven distribution of negative charges on the bacteria.
The disruption triggers the alterations in bacterial cell membrane,
resulting in changes in osmotic pressure and the release of cellular
contents, ultimately leading to cell rupture [58]. The developed

TCNF/COL/CS aerogel showed positive charges, attributed to the
alkali-modified pH resulting from the combination of TCNF with CS
(Fig. 3D). The efficient elimination of bacteria can be attributed to the
interaction with the charge (Fig. 3D) and the presence of free amino
groups on the surface of TCNF/COL/CS aerogel.

The TCNF/COL/CS aerogel showed significantly higher antibacterial
activity upon comparison with other cellulose-based materials [59,60].
The citric acid-crosslinked and N-hydroxysuccinimide ester-modified
carboxymethyl cellulose aerogel developed by Pan et al., demon-
strated 88.2 and 92.9 % killing ratios for E. coli and S. aureus, respec-
tively [59]. Cheng et al. report that the ORC possesses antibacterial
efficacy of 92.9 and 94.7 % against E. coli and S. aureus, respectively
[60]. However, the current study revealed that TCNF/COL/CS showed
resistance rates of 95.4 % against S. aureus and 96.8 % against E. coli, as
shown in Fig. 8. The higher antibacterial efficacy of TCNF/COL/CS may
be attributed to the incorporation of CS (Fig. 3D). TCNF/COL/CS, a
hemostatic aerogel with specific antimicrobial properties, offers poten-
tial as a viable filler material for highly infected hemorrhagic wounds
(including piercing wounds) or for preventing traumatic infections.

3.8. In vitro and in vivo degradation

Tissue compatibility and degradation capabilities of the samples
were evaluated via in vivo implantation and in vitro material degradation
simulation (Fig. 9). The variations of the sample in the degradation
simulation experiment are illustrated in Fig. 9B. Following 28 days of in
vitro degradation, Surgicel®, TCNF, TCNF/CS, and TCNF/COL/CS
showed 31, 32.8, 30.6, and 31.3 % weight losses respectively. Fig. 9C
illustrates the histocompatibility and in vivo degradability of samples
with H&E staining. All materials showed an inflammatory response
(marked with yellow arrows) with slightly higher in vivo degradability

Fig. 8. Antibacterial activities of the samples. (A) Formation of bacterial colonies after incubation with samples. (B) The reduction in bacterial population. (*p
< 0.05).
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than their in vitro degradability. TCNF/COL/CS sections exhibit a
prominent distribution of inflammatory cells, accompanied by signifi-
cant fibroblast infiltration into the adjacent tissue. The inflammatory
response disappeared in all groups after 28 days. The TCNF/COL/CS
demonstrated the most densely packed tissue growth and the highest
rate of sample disintegration compared to the other groups. The material
showed a loose and fragmented appearance, as evidenced by the pro-
gression of tissue cells from its periphery into the interior. The in vitro
and in vivo degradation evaluations revealed the biodegradability of
TCNF/COL/CS along with higher biocompatibility and regenerative
capacity.

The enhanced biodegradability of TCNF/COL/CS may be attributed
to the incorporation of bioactive substances including CS and COL [61,
62], the presence of a porous structure, nanofibers, and a larger specific
area. As the inflammatory phase decreases, tissue fluid penetrates
deeper into the highly porous TCNF/COL/CS (Fig. 3E and F), thereby
promoting enhanced surface interaction and contributing to accelerated
material degradation. The cells and implanted samples integrated and
proliferated, with a significant portion of the material degrading and
being replaced by cells. Moreover, COL promoted cell proliferation [63],
hence, increasing the penetration of cells into the material. The com-
bined activity of protease, lysozyme, and collagenase in vivo led to the
rapid degradation of the TCNF/COL/CS aerogel.

In comparison with other cellulose-based materials [42,64], the
TCNF/COL/CS aerogel demonstrated a favorable degradation rate in
vitro and the highest in vivo tissue compatibility. The TCNF/CS material
developed by Sukul et al., demonstrated an approximate 50 % reduction
in weight when exposed to lysozyme in vitro. Initially, inflammatory
cells were present, followed by a gradual reduction in inflammation and
tissue growth within three weeks, indicating that its in vivo histocom-
patibility findings were consistent with the previous research [42].
Queirós et al. conducted a study on OBC hemostatic dressings and

observed the presence of inflammatory cells in OBC even 14 days after
implantation. A considerable quantity of fibrous components of OBCs
remained for 56 days, while the infiltration of fibroblasts into the tissue
was restricted [64]. The higher degradation capability and tissue
compatibility of TCNF/COL/CS can be attributed to the aerogel’s highly
porous structure (Figs. 2 and 3E), its efficient water absorption rate
(Fig. 3F), superior cell compatibility (Fig. 5), and outstanding blood
compatibility (Fig. 6).

4. Conclusions

The TCNF/COL/CS aerogel synergistically combined TCNF,
providing antibacterial, hemostatic, and degradation properties, while
CS is known for its promising antibacterial effects and ability to aggre-
gate red blood cells. These components were combined via electrostatic
self-assembly, with the addition of COL, which possesses promising
biocompatibility, wound healing capability, and platelet agglutination
stimulation, resulting in the formation of a stable sandwich structure.
The synthesis of the low-density (15.6 mg/cm3) TCNF/COL/CS aerogel
was achieved without using a cross-linking agent. The aerogel demon-
strated a 3D loose structure, high porosity, high water absorption ca-
pacity, and medium mechanical strength. The TCNF/COL/CS aerogel,
with its interconnecting nanopores, high porosity, and sufficient water
absorption capacity, allowed rapid blood absorption, accelerated coag-
ulation, and effective capture of blood components, resulting in quick
cessation of bleeding and reduced blood loss. Incorporating bioactive
ingredients such as CS and COL enhanced the aerogel’s absorption by
the organism, histocompatibility, and wound healing capabilities.
Moreover, TCNF/COL/CS had significantly enhanced antibacterial ca-
pabilities due to the synergetic effect of constituents. Thus, TCNF/COL/
CS has significant potential for application in emergency medical care
and surgical interventions.

Fig. 9. (A) In vitro sample degradation after 28 days. (B) Sample residue after 28 days of PBS degradation. (C) Histopathological assessment of samples using light
microscopy following implantation.
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