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Abstract: This study developed a partially water-soluble carboxymethyl chitosan (PWCS) fibers by ethanol-water
exhaustion method. Sodium carboxylate was successfully introduced into chitosan fibers, as evidenced by FTIR, which
enhanced natural chitosan water solubility. SEM-EDS revealed that the sodium carboxylate groups presented in a gradient
distribution from the exterior to the interior of the PWCS fibers, which leads to a controllable swelling performance.
Moreover, the PWCS fibers had excellent antibacterial ability against S. aureus and E. coli bacteria comparing with origin CS
fibers. The cytotoxicity assay (CCK-8) and fluorescence staining confirmed that all developed samples showed non-toxicity
towards MRC-5 and exhibited a surprising promoting effect on cell proliferation, corroborating their biocompatibility.
Besides, due to its excellent controllable water selling ability and protonated amine groups, the PWCS fibers possessed an
efficient hemostatic performance. In conclusion, PWCS fibers could become a promising material in hemostatic and wound

healing applications.

Keywords: Chitosan fibers, Controllable swelling, Antibacterial, Hemostatic, Biocompatible

Introduction

At present, there is increasing attraction in the
uncontrolled bleeding problem because hemorrhage is a
major cause of high mortality on the battlefields, traffic
accidents and operations, and so on [1-3]. Thus, many
researchers are devoted to developing the proper hemostatic
materials to control the bleeding. Currently, there are many
available hemostatic materials, such as oxidized cellulose,
zeolite powders and medical gelatin sponges [4-6].
However, these materials also have some disadvantages. For
example, zeolite powder lacks biocompatibility and can
influence blood capillaries, which leads to thrombosis [7-9].
Moreover, gelatin sponges easily results in the second
damages and inflammation due to adhesion of the wound
[10].

Chitosan is the deacylated form of chitin extracted from
crustacean shells, which has good biodegradability,
biocompatibility, antibacterial, hemostatic activity, and low
toxicity, having numerous applications in the medical field
[11,12]. Currently, chitosan-based hemostats have emerged
to be one of the most promising bleeding controlling
materials [13,14]. However, pure chitosan fibers have poor
solubility in aqueous solvents, which causes the limitation of
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further applications in the biomedical field, especially in
hemostatic materials. For this, many improvements include
the variations in the physical form, the manipulation of
micro/nano-structures, the incorporation of biological or
artificial agents, and the synthesis of new chitosan derivatives
that have been made in the use of chitosan as hemostatic
material [15].

Previous studies have proved that the water absorption
ability can enable hemostats to absorb water from the blood,
thus rapidly concentrating on platelets, erythrocytes, and
clotting factors [16,17]. For example, water soluble chitosan
has been coated on to oxidized cellulose, and its
performance as a hemostat agent has been studied and
improved performance in terms of degradation rate and
hemostasis. Hemamalini et al. [18] reported that the red
blood cells and platelet deposition were higher in soluble
acid chitosan than water-soluble chitosan, which is
beneficial for hemorrhage application. Nonetheless, the
chitosan materials with water soluble possess a small water
contact angle, and after they absorb biofluids until
saturation, excessive biofluids are controlled on the surface
of the wound. Unabsorbed biofluids would build a moist
environment, and cause microbial invasion and bacterial
colonization. Furthermore, overhydrate dressing would lead
to tissue damage with adhesion of wound [19,20].

In this study, chitosan fibers were modified by the ethanol-
water exhaustion method to obtain partially water-soluble
carboxymethylated chitosan fibers for hemostatic materials.
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Scanning electron microscopy (SEM)-Energy dispersive
spectrometer (EDS) was performed to confirm carboxy-
methylated chitosan fiber's gradient structure. The physical
properties, biocompatibility, antibacterial property, and
hemostatic performance were tested to evaluate chitosan
fiber's application potential in hemostatic materials.

Experimental

Materials

Chitosan fibers were gifted from Qingdao Jifa Group Co.,
Ltd.,, China. Sodium chloroacetate (CICH,COONa, AR,
98 %, MW=116.48) and ethanol were purchased from
shanghai Aladdin biochemical technology Co., Ltd., China.
Sodium hydroxide (NaOH, AR) was purchased from
Shanghai Wokai Biotechnology Co., Ltd., China. The CCK-
8 assay kit was purchased from GlpBio (USA). The
Staphylococcus aureus (CMCC26003) and Escherichia coli
(ATCC25922) were purchased from Shanghai Luwei
Technology Co., Ltd., China. The primary human embryonic
lung fibroblasts (MRC-5) were purchased from the Department
of Key Laboratory of Molecular Virology of Shandong
Province. Deionized water was obtained from the experiment.

Preparation of Carboxymethyl Chitosan

Carboxymethyl chitosan fibers were synthesized according to
the previously reported [21]. Firstly, 20 g NaOH powder was
added to 200 m/ ethanol solution of 65 % and stirred until
the powder was dissolved thoroughly. Next, chitosan fibers
(20 g) were added to the prepared solution. Finally, the
CICH,COONa was mixed at different weight ratios (weight
(CICH,COONa): weight (NaOH)) of 1:1, 4:3, 2:1 and 4:1,
respectively (the corresponding samples were labeled as CS-
1, CS-2, CS-3, CS-4). The reaction was kept at a thermostat
water bath under a temperature of 60 °C for 10 min. After the
reaction, the processed fibers were washed twice times with
75 % (v/v) aqueous ethanol solution and dehydrated with
95 % (v/v) ethanol aqueous solution. The final samples were
dried at 20 °C.

Material Characterizations

The morphological characterization was observed by a
scanning electron microscopy (SEM) (TESCAN VEGA3,
China). The chemical structure was determined using a
Fourier transform infrared (FTIR, NICOLET iS0, USA)
spectroscopy in the room temperature transmission mode.
Thermal stability was characterized using thermal
gravimetric analysis (TGA). The test was conducted on a
TG209F3 instrument at a heating rate of 10 °C/min from
25°C to 800 °C in the nitrogen flow.

The X-ray diffraction analysis (XRD, Rigaku SmartLab,
Japan) was conducted to characterize these samples' crystal
structure. The range of 26 was performed from 5 ° to 80 °
with steps of 3 °.
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The swelling property of CS and PWCS was evaluated in
deionized water at room temperature. Briefly, the dried
weight of samples was measured as W, (about 0.1 g) and
immersed in deionized water for 24 h. Then, the swollen
samples were taken out from deionized water, and the extra
water was removed using filter paper (GE Biotechnology
(Hangzhou) Co., Ltd.) before weighed (W,). Each sample
was repeated three times. The swelling degree was
calculated from the following formula:

Swelling degree (%) = (W,— Wy)/W; x 100 %

The Vitro Biocompatibility Characterization

0.1 g samples were irradiated by Ultraviolet (UV) for
30 min and immersed in Dulbecco’s modified Eagles
medium (DMEM) to prepare the extract of different
concentrations (25 %, 50 %, and 100 %). In vitro cytotoxicity
of CS, CS-1, CS-2, CS-3, and CS-4 was evaluated using a
cell counting kit-8 (CCK-8). In brief, the 100 p/ of MRC-5
at the density of 2x10%m/ was seeded into 96-well culture
plates and incubated in a culture medium with 5%
humidified carbon dioxide (CO,) at 37 °C for 24 h. Then, the
culture mediums were removed. And the prepared extract of
different concentrations was added to each well and cultured
for 24 h, 48 h, respectively. After co-cultivation, 10 p/ of
CCK-8 assay was added into each well and incubated for
another 2 h at 37 °C. A group without extract is named as the
blank. The absorbance at 450 nm was measured using a
microplate reader and calculated according to the following
equation:

Cell viability = (ODygppe = OD)/(ODpjqne — OD) % 100 %

(OD represents the absorbance of cell culture fluid). Each
sample was repeated three times.

Further, the cell morphology was observed to evaluate the
cell viability by fluorescence staining [22]. Specifically,
after the all samples (CS, CS-1, CS-2, CS-3 and CS-4), PBS
solution (the control group) and cell (MRC-5) were co-
cultured for 48h, the mixture was washed three times with
PBS and cells were fixed for 10 min with 4 % formaldehyde
at room temperature, followed by rinsing with PBS. Next,
they were stained with FTIC for 1 h under the dark condition
and washed with PBS three times. Then they were stained
with DAPI for 15 min and washed with PBS three times to
remove residual DAPI and photographed using a confocal
laser scanning microscope.

Antibacterial Activity Assessment

The antibacterial activity of carboxymethyl chitosan was
assessed with Staphylococcus aureus (S. aureus, Gram-
positive) and Escherichia coli (E. coli, Gram-negative)
according to the disc diffusion method [30]. Briefly, the
200 p/ of bacterial suspensions (the final concentration of
1x10° CFU/m/) was added to the solid agar medium and
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spread over using a glass spreading rod. Next, 0.1 g of
samples were placed on agar plates' surface and kept close
contact with agar. To be measured accurately, all samples
were pressed into a disc (7 mm of diameter) using the Tablet
press (1.75 tones with load), and then the same procedure
was performed. After incubation for 24 h at 37°C, the
inhibition zone area was measured by ImageJ 1.46r. Each
experiment was performed three times.

In vitro Blood Cells Adhesion Test

SEM observed the blood cells and platelet adhesion with
fresh blood with anticoagulant citrate sodium (9:1). Different
fibers were immersed in whole anticoagulant blood and
incubated for 1h at room temperature. Then all samples
were washed three times, with 0.9 wt% NaCl solution to
remove the non-adhered blood cells. The fibers' surface cells
were immobilized with 2.5 % (w/v) glutaraldehyde for
30 min. The samples were washed three times with saline
solution and deionized water, respectively, to remove residual
NaCl. Finally, the samples were dried at a freezer dryer
overnight, and the SEM images were obtained after gold

spraying.

Hemostatic Testing

The whole blood clotting experiment was carried out
according to previous literature [20]. Briefly, the weighted
samples (0.2 g, CS-2 and CS-3) were placed into a
centrifuge tube, and the 1 m/ of fresh blood from eight-
week-old KM mice was added to the test tube. CaCl, (30 p/,
0.25 mol//) was added, and then clotting time was measured.
The untreated CS was used as a control group. Each sample
was repeated three times.

Results and Discussion

Chemical and Graded Structure Characterization

Figure 1a showed the FTIR spectra of CS and PWCS. The
infrared spectra of CS displayed characteristic peaks at
3440 cm™ (superposition of -OH and -NH, stretching),
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2879 cm™ (C-H absorption peak), 1155 cm™ (-OH absorption
peak on the C6 position of chitosan), and 1598 ¢m™ and
1654 cm™ (corresponding to the -NH, bending absorption).
The -OH absorption peak at 1155 cm™ and -NH, bending
absorption peak at 1654 cm™ became weak, indicating the
reaction took place on the -OH group of C6 and -NH, group
of C2 for CS (Figure 1b). Furthermore, Compared with CS,
two new absorption peaks appeared at 1411 cm™ and 865 cm’™
on the different carboxymethyl chitosan, which was
attributed to C=O's stretching vibration in COOH groups.
The result confirmed that the carboxymethyl group was
successfully introduced onto chitosan.

We investigated the surface morphology of the original CS
and modified CS with SEM. Figure 2a revealed that the
original CS's surface was smooth and regular, and the
modified CS showed a rough surface with many fragments
due to the different levels of carboxymethylation. Compared
with CS-1, CS-2, and CS-3, the fragment on the CS-4 fibers'
surface was more and denser. Furthermore, the EDS analysis
was employed to confirm the distribution of -COONa group
on the fibers. Figure 2b showed that the Na element's content
first reduced and then increased along the red line on the
cross-section of CS-1, CS-2, CS-3, and CS-4. In other
words, the density of -COONa group gradually decreased
from surface to core along the radial direction. The results
indicated that the reaction occurred on the surface and then
gradually into the core of fibers after the treatment of
CICH,COONa with different concentration, which led to
higher -COONa group content on the surface than that inside
of the fiber.

Physical Characterization

The XRD patterns of CS, CS-1, CS-2, CS-3 and CS-4
were displayed in Figure Sa. The pure chitosan showed the
two broad peaks at 10.09 ° and 20.22 °, corresponding to
(020) and (110) planes, respectively. Under carboxymethylation,
the major peak intensity at 20.22 ° not only decreased, but
the peak at 10.09 ° almost disappeared [23,24]. The results
indicated that the crystal structure of chitosan was damaged
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Figure 1. (a) FTIR spectra of CS, CS-1, CS-2, CS-3 and CS-4 and (b) schematic representation of carboxymethylation reaction.
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Figure 2. (a) The surface SEM images of original CS and PWCS and (b) SEM of cross-section and corresponding distribution of Na

element along the radial direction.
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Figure 3. (a) XRD curves of CS and CS-1, CS-2, CS-3 and CS-4, (b) swelling degree of CS, CS-1, CS-2, CS-3 and CS-4 and the
illustrations are the corresponding digital photographs after immersion (*, **, *** indicates P>0.05, P<0.05 and P<0.01 compared with CS
respectively). (¢) TGA curves of CS (black) and CS-1 (red), CS-2 (blue), CS-3 (green) and CS-4 (cyan) and (d) corresponding DTG curves.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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seriously. The introduction of -COONa groups weakened the
hydrogen-bond interaction between the hydroxy on the C2
and C3 position and C6 position of chitosan. Therefore, CS-
1, CS-2, CS-3, and CS-4 presented perfect solubility
comparing with CS.

The benign swelling ability is important for hemostatic
materials, which is beneficial to absorb the exudates from
the wound site and the aggregation of blood cells on the
surface of swollen materials accelerates the blood coagulation
[25-28]. Figure 3b showed that with increasing chloroacetate
concentration, the swelling degree of different carboxymethyl
productions increased gradually. CS-1 had no statistical
difference with CS after absorbing water and appeared slight
gel on the surface of CS and CS-1. The swelling degree of
CS-2 and CS-3 was found to be 747.32 % and 783.8 %,
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respectively. Moreover, part of the surface materials formed
a gel, and fibrous structure cores were still observed. CS-4
lost its original fibrous structure and totally formed a gel,
and its swelling degree was 1133.3 %. The above results
proved that the controllable introduction of sodium
carboxylate (-COONa) groups derived the carboxymethyl
materials water-soluble partially.

TGA and DTG analyzed thermal stability and degradation
of CS, CS-1, CS-2, CS-3, and CS-4. Figure 3¢ showed that
the thermal degradation of CS and different carboxymethyl
productions mainly occurred in two stages. The first stage's
weight loss was due to the evaporation of adsorbed water in
the range of 25-150°C. Figure la illustrated that the mass
loss of pure CS (15.34 %) was less than different productions
after carboxymethylation (15.51 %, 18.62 %, 19.71 %, and
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Figure 4. Antibacterial activity of CS, CS-1, CS-2, CS-3 and CS-4. (a) and (b) typical photographs of the inhibition zone with 0.1 g sample
and disc, respectively. (c) The zone area of inhibition with 0.1 g sample. (d) The zone diameter of inhibition with disc sample. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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20.56 %, respectively), which was in agreement with the
results of swelling degree. The second stage of weight loss
was related to the change of chemical structure when the
first step included the sugar ring dehydration and degradation
and scission of ether linkages in the range of 250-400 °C, and
the next step was attributed to the breakage of glucosamine in
the range of 400-700 °C [29]. Furthermore, as DTG showed,
the maximum weight loss point for CS was 305.37°C, and
the weight loss was 57.97 % at the second stage (Figure 3d).
Compared with CS, the maximum weight loss point for CS-
1, CS-2, CS-3, and CS-4 reduced about 45°C, and the
thermal stability of carboxymethyl chitosan decreased,
which resulted from the presence of new substituents in the
chitosan derivatives. However, the weight loss of chitosan
derivatives (48.94 %, 42.94 %, 38.98 %, and 44.46 %,
respectively) was less than the 57.97 % of CS in the second
stage, which was due to the substituents attached to the
amine group in the chitosan derivatives. The results indicated
that carboxymethylation reaction occurred on -NH, group of
C2 for CS.

Antibacterial Capacity Evaluation
Bacterial infection mainly causes wound infection [30-

Shangpeng Liu et al.

34]. Thus, we assessed the prepared samples' antibacterial
activity against S. aureus and FE. coli. Figure 4a and b
showed the inhibition zone of all samples in contact with
S. aureus and E. coli. It's worth noting that other prepared
samples exhibited a good antibacterial property except CS
fibers, which is due to that the antibacterial effect of natural
chitosan will be presented by protonating the amino group
under acidic conditions [35-37]. Therefore, the carboxy-
methylation reaction did not only promote the solubility but
accelerated the release of the amino group, which can
damage the negatively charged components like proteins,
phospholipids and kill bacteria.

Besides, There was little persuasive for the fluffy fibrous
sample to determine the antibacterial effect due to the
contact area's difference with bacteria. We further measured
the inhibition zone diameter with the disc by tablet press.
Figure 4d showed that the inhibition zone values of prepared
samples against E. coli were respectively 4.2, 5.2, 5.6, and
4.9 mm for CS-1, CS-2, CS-3, and CS-4, and 2.6, 5.8, 6.7
and 2.1 mm of corresponding values against S.aureus. These
prepared samples presented a perfect antibacterial property
comparing with natural chitosan. In brief, the carboxy-
methylation reaction gives PWCS excellent antibacterial
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Figure 5. (a) Cytotoxicity on MRC-5 cells after co-culturing for 48 h with the different concentrations of extracts of materials (¥*, ***
indicates P<0.05 and P<0.01 compared with blank group respectively) and (b) fluorescence staining of cells at 48 h of culture with the
different materials. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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properties to be suitable for hemostatic material.

Cytotoxicity and Morphology Analyses

The cytocompatibility of CS and PWCS was assessed by
fluorescence staining and CCK-8 assays. As shown in
Figure 5a, compared to the untreated cells (blank group), the
viability of MRC-5 cells cultured with the concentration of
all samples extract, increasing from 25 % to 100 %, was
higher, and the corresponding viability values were all above
approximately 200 % after 48 h incubation. These surprising
results suggested that the CS and prepared CS extract had
non-toxicity and were beneficial to cell growth and proliferation.
Therefore, we supposed that all materials possessed the
promoting effect on the proliferation of MRC-5 cells. Figure
5b showed that the cell morphologies treated with materials
extract of 100 % for 48 h, and these cells grew well and
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exhibited a polygonal shape with filopodia and lamellipodia
[38]. In a word, the above results revealed that PWCS fibers
are suitable to use as hemostatic materials due to its
excellent compatibility.

Hemostatic Performance

SEM observed the cell's adhesion and morphology of
hemocytes and platelets on the fibers. The SEM images
showed that none of the red blood cells were found on the
pure CS fibers, and only a few red blood cells were absorbed
on the CS-1. The results indicated that CS and CS-1 had no
evident effect on the blood cells' physiological action when
they contacted the fibers. Compared with the two formers,
the surface of CS-2, CS-3, and CS-4 after carboxymethylation
aggregated and adhered to many blood cells, and blood cells
were agglutinated and highly deformed [39-41]. The
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Figure 6. (a) SEM images of blood cell and platelet adhesion on the surface of CS (a), CS-1 (b), CS-2 (c), CS-3 (d) and CS-4 (e). (f) Images
of CS-2/whole blood mixture after coagulation. (g) The hemostatic time of CS, CS-2 and CS-3. (h) Schematic illustration of hemostasis
process. *p<0.05 compared to control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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phenomena attributed to the introduced carboxyl groups,
protonated amine groups, and the release of quaternary
ammonium groups of CS-2, CS-3 and CS-4 surface could
attract and activate the platelets [42-45]. The above results
demonstrated that CS-2, CS-3, and CS-4 could promote
platelets' adsorption and activation capabilities and achieve
blood coagulation. Further, considering the swelling ability
results, CS-2, and CS-3 promoted blood clotting and prevented
adherence with wound due to over absorbent samples.

Above the results, CS-2 and CS-3 can be used as hemostatic
materials because of its gradient structure. Therefore, CS-2
and CS-3 were chosen for the vitro hemostatic assay.
Compared with CS samples, CS-2 and CS-3 samples'
hemostasis time showed a significant difference (P<0.05)
and could reduce the hemostatic time due to the fast
adsorption and platelets' activation (Figure 6g). In particular,
CS-2 and CS-3 accelerated the hemostatic time to (73.5+5.5 s)
and (8042 s) in comparison with CS (159.5£14.5s). The
results demonstrated that CS-2 and CS-3 samples had
promising hemostatic properties.

Conclusion

We have developed partially water-soluble carboxy-
methylated chitosan fibers (PWCS) with excellent
biocompatibility and antibacterial property. SEM-EDS
analysis proved the gradient structure of PWCS. Moreover,
the CS-2, CS-3, and CS-4 fibers exhibited greater water-
soluble performance than CS fibers. Furthermore, CS-2 and
CS-3 showed controlled swelling property, which prevents
overhydrate and bacterial colonization. And overhydrate
dressing would lead to tissue damage with adhesion of
wound. In the antibacterial efficacy assessment, two
operations revealed that the developed samples displayed
satisfactory antibacterial ability against E. coli and S. aureus
for preventing wound infection. Furthermore, in vitro blood
cells adhesion test, the surface of CS-2, CS-3, and CS-4
fibers absorbed many blood cells with deformation, which
accelerated blood coagulation. Blood clotting in vitro
indicated that CS-2 and CS-3 fibers performed better than
original CS fibers. The cytotoxicity evaluation (CCK-8)
confirmed the non-toxicity for MRC-5. With all these
performances, the gradient structure can provide a potential
strategy for chitosan fibers as hemostatic materials in the
future.
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