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Skin is the interface between human beings and the outside world. After skin injury,
bleeding control and wound protection is urgently needed. In the study, the
carboxymethyl cellulose/carboxymethyl chitosan-polydopamine (CMC/CMCS-
PDA) sponge is prepared for skin hemostasis and repair. The self-polymerization
of dopamine (DA) and cross-linking between DA and CMCS are simultaneously
completed by Michael addition reaction to form CMCS-PDA under alkaline
conditions. CMCS-PDA is introduced into the CMC sponge by EDC/NHS to
improve the hemostasis ability and wound repair. By increasing the dosage of
CMCS to get CMC/CMCS-PDA;, CMC/CMCS-PDA, and CMC/CMCS-PDA5
sponges, and the stability of CMC/CMCS-PDA sponge is improved with the
increasing addition of CMCS. Compared with a simple CMC/PDA sponge, CMC/
CMCS-PDA sponge has a high hemostatic effect for its dispersion stability and CMC/
CMCS-PDA2 exhibits the best hemostatic ability with proper crosslinking. At the
same time, the prepared CMC/CMCS-PDA sponge has good antibacterial and
antioxidant properties. Rat skin wound model showed that CMC/CMCS-PDA
sponge can better promote wound repair. Therefore, CMC/CMCS-PDA sponge
could be a potential wound dressing for skin hemostasis and repair.

Keywords: carboxymethylcellulose, dopamine, carboxymethyl chitosan, skin, wound healing

INTRODUCTION

Skin is the largest human organ, which can protect against the loss of fluids and nutrients
(Buraczewska et al., 2007; Gurtner et al., 2008; Zhang et al., 2022). After an injury, the bleeding and
fluid loss can slow down the recovery of wounds (Ong et al., 2008; Saporito et al., 2018; Ghomi et al.,
2019). Therefore, skin wound dressings with hemostatic and water-retaining properties have
potential application value in daily life.

Cellulose is the most widespread polysaccharide with good biocompatibility and water
retention ability (Chang and Zhang, 2011; Halib et al., 2017; Saruchi and Kumar, 2020). Its
development and utilization can bring high economic and medical value. Carboxymethyl
cellulose (CMC) is the derivative of cellulose and has overcome the problem of solubility
(Nelson et al., 18005 Pettignano et al., 2019; Zennifer et al., 2021). Sponges based on CMC have
been widely used in wound dressings due to their advantages of low price and good water
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retention ability (Eivazzadeh-Keihan et al., 2021; Diaz-Gomez
et al., 2022; Ohta et al., 2022). In order to improve the stability
of the CMC sponge, divalent ions and cross-linking agents are
commonly used to cross-link CMC molecules (Liu et al., 2015;
Kanikireddy et al., 2020; Pinpru and Woramongkolchai, 2020;
Khalf-Alla et al., 2021). But the flexibility and chelating speed
of divalent jons chelation are difficult to control. On this basis,
suitable cross-linking agents are a good choice to crosslink
CMC for improving the stability of the CMC sponge.
Carboxymethyl chitosan (Upadhyaya et al., 2013; Lin et al.,
2020; Wang et al, 2020) (CMCS) is a natural modified
polysaccharide with rich functional groups. In addition,
CMCS has good antibacterial properties and can regulate
wound repair (Peng et al., 2011; Lin et al., 2020). Therefore,
CMCS is an appropriate crosslink molecule for CMC.

Hemostasis is the first step of wound repair (Cheng et al.,
2018a). Skin wound dressing with a rapid hemostasis effect can
accelerate the process of wound repair (Park et al,, 2018; Liang
et al, 2021). Dopamine (DA) has attracted more and more
attention in hemostasis and antioxidants for its catechin
structure (Beck et al,, 2004; Han et al., 2020; Li et al.,, 2020).
DA can achieve oxidative autopolymerization to form PDA under
alkaline conditions (Faure et al., 2013; Yang et al., 2014). Besides,
DA can cross-link with the amino of polysaccharides (chitosan,
carboxymethyl chitosan, gelatin, etc.) and finish polymerization
on the surface of polysaccharides through the Michael addition
reaction during the oxidation process (Felger and Miller, 2012;
Qiu et al,, 2018; Liu et al., 2021a). On this basis, dopamine can be
introduced into CMCS through oxidative polymerization to form
larger molecules of CMCS-PDA. CMC cross-linked by CMCS-
PDA avoids the introduction of a large amount of cross-linking
agents. The introduction of intermediate molecules to improve
the stability of the CMC sponge has potential application value.

Therefore, in the study, DA polymerize and crosslink with
CMCS to form a CMCS-PDA structure. CMC molecules are
connected by CMCS-PDA with EDC/NHS to improve the
stability of the CMC sponge. By adjusting the amount of
CMCS, the degradation and hemostasis ability of sponges were
studied. The colony formation method was adopted to study the
growth inhibition effect of CMC/CMCS-PDA sponges to
S.aureus and E.coli. The rapid hemostasis effect of CMC/
CMCS-PDA sponges was evaluated in the rat liver injury
model and rat tail severing experiment. Cytocompatibility
experiments and skin incision model further explored the
in vitro and in vivo biological properties of prepared sponges.
Above, CMC/CMCS-PDA sponge could be a potential wound
dressing for skin wound repair.

MATERIALS AND METHODS

Materials

Carboxymethyl cellulose (CMC, MW = 250,000, DS = 0.9),
carboxymethyl chitosan (CMCS DS > 80%, O-substituted),
dopamine (DA), 1-ethyl-3-(3-dimethylaminopropyl) (EDC)
and N-hydroxysuccinimide were obtained from Macklin’ Co.,
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Ltd.; CCK-8 kit was supported by Sigma-Aldrich Co., Ltd.; ABTS
antioxidant kit, AO/EB staining reagents were purchased from
Solarbio Co., Ltd.

Fabrication of CMC/CMCS-PDA Composite

Polymer Sponge

Firstly, 0.3 g CMC was dissolved in 20 ml of deionized water.
Then 0.05, 0.1, and 0.15g CMCS were added into the above
solution respectively and stirred to form a homogeneous solution.
Next 10 mg DA was added to the homogeneous solution and the
three groups were named CMC/CMCS-PDA,;, CMC/CMCS-
PDA, and CMC/CMCS-PDA;. Next, the pH of the above
solution was adjusted to 8.5. After stirring in air for 2 h, the
pH was adjusted to 6 and cooled at 4°C for 30 min. EDC/NHS
(the molar ratio of EDC to NHS is 1:1 and the amount of
crosslinking agent according to the amount of NH, in CMCS)
was then added and stirred for 3 min. After that, the solution was
transferred to a mold and placed at room temperature for 2 h to
achieve reaction. Finally, the solution was frozen at —20°C and
lyophilized to obtain CMC/CMCS-PDA sponges.

Fabrication of CMC/PDA Sponge

The CMC/PDA sponge is set as the control group. The
preparation process is as follows: 0.3 g CMC was dissolved in
20 ml of deionized water. Then 10 mg DA was then added to the
above solution and stirred to form a homogenous solution and
the pH was adjusted to 8.5. After stirring in air for 2 h, the pH was
adjusted to 6 and cooled at 4°C for 30 min. After that, EDC/NHS
(the molar ratio of EDC to NHS is 1:1 and the amout of
crosslinking agent is according to the amount of NH, in
CMCS) was then added and reacted for 2 h. Next, the solution
was transferred into a mold and frozen at —20°C. The CMC/PDA
sponge was obtained after lyophilizing.

Surface Morphology and Chemical

Composition Tests

Fourier transform infrared spectroscopy (FT-IR, Nicolet Nexus
spectrometer) was used to detect the chemical composition of
prepared sponges with the measurement range of 4000-400 cm ™.
The surface morphology of the sponge was studied by scanning
electron microscope (SEM, JSM 6390, JEOL, Japan).

Water and Blood Absorption Test
The test process is as follows: the prepared sponge weighing W
was soaked in enough water and blood, respectively. After fully
contacted, the sponge was taken out and the water and blood on
the surface were cleared. The weight of the sponge was recorded
as W,. The water/blood absorption capacity (W) of the sponge
was determined by the formula (2):
w =222 Wi 000 )
Wy

W, and W are the weight of sponges after and before water

and blood absorption.

Frontiers in Materials | www.frontiersin.org

September 2022 | Volume 9 | Article 944274


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Bi et al.

In vitro Degradation
The degradation was measured according to the previous method

(Pei et al,, 2015). The sponge weighing W, was placed in PBS
(phosphate buffer solution) containing lysozyme (0.5 mg/ml),
and the PBS was replaced every three days. The sponges were
taken out and freeze-dried and weighed (W) at days 1, 3, 5, 7, and
14. Degradation rate (D) is calculated by Eq. 3:

W, -w
D(%) = ——2 x 100% 2)
W,
W; and W, were the initial and final weights of sponges
respectively.

Antibacterial Properties Assay

Firstly, CMC/DA and CMC/CMCS-PDA sponges were sterilized
under an ultraviolet lamp for 30 min 0.015 g sponge was added
into a 5 ml liquid medium. S. aureus and E. coli were inoculated
on the medium respectively and cultured in a 37°C shaker for 4 h.
The absorbance of the bacterial solution was detected at 600 nm.
The group without sponges was the blank group.

Free Radical Scavenging Test

The free radical scavenging capacity of the prepared sponge was
tested through ABTS radical scavenging experiment. Firstly,
1 ml extraction and 10 mg sponge were added into a tube and
bathed in 37°C water for 30 min. Following this, the tube was
centrifuged at 10,000 rpm for 20 min and the supernatant was
taken out for use. The supernatant was mixed with the ABTS kit
as the experimental group and the supernatant was set as a
control group. The mixed solution was incubated in a dark
environment for 6 min and the absorbance was measured at
405 nm. The ABTS scavenging ability (S) was calculated by the
formula (4):

S= [ABlank - (AExperiment - AControl) ]/ABlank x 100% (3)

Apglank and Aconirol are the absorbances of the blank group and
control group respectively. Agyperiment Means the absorbance of a
prepared sponge.

Hemolysis Assay

The Hemolysis rate test refers to the published literature (Cheng
et al, 2018b). First, the anticoagulant rabbit blood was
centrifuged until the supernatant was transparent. Erythrocytes
were obtained by removing the supernatant and the erythrocytes
were diluted to 5% with normal saline for use. Then, 2 ml diluted
erythrocytes were added to the centrifuge tubes containing 10 mg
sponge or gauze and incubated at 37°C for 1h. Then the
centrifuge tubes were centrifuged at 1500 r/min for 15 min.
The absorbance of the supernatant was measured at 540 nm.
Deionized water and normal saline were set as positive and
negative groups respectively. The hemolysis rate was calculated
according to formula (5):

OD; - OD,
x 100% (4)

Hemolysis (%) m

Carboxymethylcellulose Sponge for Wound Repair

OD:; is the absorbance of sponge or gauze. OD,, represents the
absorbance of sterile saline and OD,, means the absorbance of
deionized water.

Blood Clotting Index

BCI measurement was based on the previous study (Wu et al,
2020). 100 puL CaCl, (0.1 M) was added into 1 ml anticoagulant
rabbit blood to activate blood. Then, 50 uL activated blood was
immediately added into 10 mg sponge and incubated at 37°C for
30, 60, 90, and 120 s, respectively. Next 10 ml deionized water was
added at the end of each time point and incubated at 37°C for
5min. Finally, the absorbance was measured at 540 nm. The
experiment was repeated 3 times. The gauze was set as the control
group. The Blood Clotting Index (BCI) was calculated by
formula (6):

BCI = [A, - Ag/A, — Ag] x 100% (5)

“As” is the absorbance of sponges or gauze; “An” and “A4” is
the absorbance of the negative group and deionized water
respectively.

The Evaluation of Biocompatibility

The sponge was irradiated under an ultraviolet lamp for 30 min to
sterilize. After sterilization, the sponges were soaked in a cell
culture medium for 24 h and then discarded and the culture
medium was filtered with a 0.22 um filter. The sponges were
stored in a refrigerator at 4°C. A measure of 100 uL NIH-3T3 cell
suspension with the concentration of 1x10* cells/mL was added
to each well in 96 well-plate and cultured in a cell incubator for
12 h. After removing the supernatant, the sponge extract liquid
(200 pg/ml) was added to a plate and cultured in a 37°C CO,
incubator. The extracted liquid was changed every two days. On
the days 1 and 3, the extract was removed and washed with PBS
several times. 10 uL CCK-8 kit was added to each well and
incubated in an incubator for 3 h. The OD value is measured at
450 nm. Cell proliferation rate is based on formula (7):

Cell proliferation rate (%) = [A; — Ap/A. — Ap]x100%  (6)

“Ay” is the absorbance of sponge extract; “A.” and
“Ap “represented the absorbance of the control group and
blank group respectively.

NIH-3T3 cells (5x10* cells/mL) were added to the 24-well
plate and incubated in the cell incubator for 1 day. Then, sponge
extract solution was added and the extract solution was changed
every two days. On days 1 and 3, the media was removed and
cleaned with PBS 3 times. Finally, AO/EB reagent was added and
incubated in a dark environment for 15 min. The cell morphology
was observed with a fluorescence microscope.

Whole Blood Adhesion Test

The test method refers to the published literature (Liu et al., 20205
Fan et al,, 2021). 100 pL anticoagulant rabbit blood was added to
the surface of the sponge and activated at 37°C for 5 min. After
being fixed with 2.5% glutaraldehyde for 2 h, the sponge was
dehydrated in ethanol solution with concentration gradients (30,
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50, 75, 95, and 100%) for 15 min. Then, the sponge was washed
with PBS several times. Finally, the sponge was freeze-dried and
the erythrocyte adhesion was observed by SEM.

In Vivo Hemostasis Test

In vivo hemostasis test of sponges was finished by tail experiment
in mice and liver injury experiment in rats. The mice and rats
were purchased from Qingdao Daren Fortune Animal
Technology Co., Ltd., China. All animals were kept in a
pathogen-free environment and fed ad lib. All animal
experiments are approved by the Animal Ethics Committee of
Shandong University and all applicable institutional and
governmental regulations concerning the ethical use of
animals were followed.

The mice (Kunming, male, 5-6weeks, 35-40g) were
randomly divided into 5 groups. The tails of all mice were cut
in half with a surgical scalpel. Then, the bleeding site was
immediately covered with a sponge (W;). The hemostatic time
was recorded and the hemostatic material (W,) was weighed to
calculate the blood loss. The wound without treatment was set as
a blank group and the wound treated with gauze was considered
as the control group. After the experiment, the mice were killed by
cervical dislocation.

The rats (SD, male, 7-8weeks, 200-250g) were
anesthetized with 10% chloral hydrate and fixed on the
surgical plate. The liver was exposed and injured with a
biopsy instrument (diameter: 10 mm). The injury was
immediately covered with sponge (W;) and the hemostatic
time was recorded. The sponge (W,) after hemostasis was
weighed to calculate blood loss. The wound covered with gauze
was set as the control group and the wound without treatment
was used as the blank group. After the experiment, the rats
were killed by intraperitoneal injection of excessive chloral
hydrate.

In Vivo Wound Healing Analysis

The rats (SD, male, 7-8 weeks, 200-250 g) were randomly
divided into 5 groups. Then, the rats were anesthetized with
10% chloral hydrate and fixed on the board. Two round
wounds with a diameter of 15 mm were fabricated on both
sides of the back respectively. The wound was covered with
sponge and photograped on days 0, 7, and 14. On days 7 and
14, the wound site was collected and H&E and Masson staining
were used to further study the recovery. The rats were
purchased from the DaRenFuCheng Experimental Animal
Service Department of QingDao, China. After the
experiment, the rats were killed by intraperitoneal injection
of excessive chloral hydrate. All animal experiments are
approved by the Animal Ethics Committee of Shandong
University and all applicable institutional and governmental
regulations concerning the ethical use of animals were
followed.

Statistical Analysis

The results were expressed as means + SDs. GraphPad Prism was
used for analysis, one-way analysis of variance was used for
comparison of results, and -test was used for pial comparison

Carboxymethylcellulose Sponge for Wound Repair

between treatments. p* < 0.05, p** <0.01 and p** <0.001 was
considered as statistically significant.

RESULTS AND DISCUSSION

Preparation of CMC/CMCS-PDA

Scheme 1 shows the fabrication process of the CMC/CMCS-PDA
sponge, which includes two times crosslinking and freeze-drying.
First, DA crosslinks with CMCS and finishes polymerization to
form CMCS-PDA structure through Michael addition reaction.
Next, CMC is linked by CMCS-PDA with cross-linking agent
EDC/NHS. The CMC/CMCS-PDA sponge is prepared after
freeze-drying. The sponges are expected to be applied in
wound hemostasis and repair.

Surface Morphology and Physico-Chemical

Properties

Figure 1A shows the pore structure of prepared CMC/PDA and
CMC/CMCS-PDA sponges. With the increase of CMCS, the
pore size gradually decreases, which is attributed to the
increased cross-linking sites provided by CMCS. The
intensity of crosslinking is enhanced with CMCS
incorporation. Figure 1B is the photograph of CMC/PDA
and CMC/CMCS-PDA sponges. The color of the prepared
sponges is black, which shows the formation of PDA in the
sponges. In order to further study the chemical group
composition, the sponges were tested by infrared
spectroscopy. Figure 1C shows that the in-plane C-H
bending vibration peak appeared at 1411cm™' of CMC/PDA
and CMC/CMCS-PDA, and the absorption peak of CMC/
CMCS-PDA is stronger than that of CMC/PDA, which is
caused by the introduction of CMCS. At 1597cm™’, the
stretching vibration of C=O and N-H bending vibration of
amide |l appear, indicating the formation of an amide bond.
The C-N stretching vibration peak of amide Il appeared at
1316cm™', and the absorption peak of CMC/CMCS-PDA is
significantly stronger than CMC/PDA, suggesting that CMCS-
PDA formed through the Michael addition reaction. Further
degradability tests were carried out on the four groups of
prepared sponges. Figure 1D shows that CMC/PDA sponges
degrade rapidly and dissolve within 1 day. The interaction of
each component in the CMC/PDA sponge is mainly provided by
hydrogen bonds, which leads to unstable performance in PBS. At
the same time, the stability of the CMC/CMCS-PDA sponge is
gradually improved with the increasing dosage of CMCS. The
CMC/CMCS-PDA, sponge degrades by about 75% after 14 days,
which is suitable for wound repair. Figure 1E shows that all the
sponges prepared have good blood absorption ability. CMC/
CMCS-PDA has better blood absorption ability than CMC/
PDA and its stable structure enables the sponge to better fix
blood. Figure 1F shows the swelling rate of CMC/PDA and
CMC/CMCS-PDA  sponges. CMC/PDA sponge disperses
quickly in PBS solution, which does not meet the requirements
of use. The prepared CMC/CMCS-PDA has a stable swelling rate
and still keeps stable after absorbing enough water.
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SCHEME 1 | Fabrication process of the CMC/CMCS-PDA sponge and its application to hemostasis and wound repair.
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Antibacterial Properties

The good antibacterial properties of sponges can help reduce
infection at wound sites (Bayon et al., 2018; Chen et al., 2018;
Liu et al., 2021b). The antibacterial activity of CMC/PDA and
CMC/CMCS-PDA sponges was investigated by the colony
formation method. Figure 2A shows the test process of the
sponge on inhibiting bacterial growth in a liquid medium.
Figure 2B is the absorbance of liquid medium containing
sponge after culturing with bacteria for 4 h. CMC/PDA and
CMC/CMCS-PDA sponges all have inhibitory effects on the
growth of E. coli and S. aureus. CMC/CMCS-PDA sponge has
an obvious inhibitory effect on bacteria growth. In addition,
CMC/CMCS-PDA, and CMC/CMCS-PDA; have best
antibacterial activity.

Hemostatic Performance

In order to further study the blood cells adhesion on the prepared
sponges, the blood cells adhesion was observed by SEM
(Figure 3A). Compared with the gauze group, the blood cells
on CMC/PDA sponge significantly increase and the blood cells’
adhesion of CMC/CMCS-PDA group is further improved. There
is no significant difference between the three CMC/CMCS-PDA
groups, which is due to the stable pore structure of the CMC/

CMCS-PDA sponge. Figure 3B is a tail-cutting model in mice.
According to the blood loss in Figure 3C, the hemostatic effect of
CMC/PDA and CMC/CMCS-PDA sponge is significantly
stronger than that of gauze, and the hemostatic effect of
CMC/CMCS-PDA, and CMC/CMCS-PDA; is significantly
higher than that of CMC/PDA. The stability of the sponge can
maintain the structure of the sponge and enhance the hemostatic
ability. The blood clotting index (BCI) of the prepared sponge is
further investigated. Figure 3D shows that CMC/PDA has better
coagulation ability than gauze. With the increase of time, the
coagulation effect of each group gradually increases. Compared
with gauze and CMC/PDA sponges and CMC/CMCS-PDA
sponges can achieve rapid blood coagulation, among which
CMC/CMCS-PDA, sponge has the fastest coagulation speed.
The appropriate incorporation of CMCS endows CMC/CMCS-
PDA sponge’s stable structure and hemostatic potential.
Figure 3E is a rat liver injury model. The results of Figure 3F
and Figure 3G show that the hemostatic effect and hemostatic time
of the CMC/PDA sponge are better than that of gauze. The blood
loss and hemostatic time of CMC/CMCS-PDA are further reduced,
while CMC/CMCS-PDA2 showed the best hemostatic effect, which
further illustrates that a stable sponge structure can promote
hemostatic effect.
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FIGURE 1 | (A) SEM images of CMC/PDA and CMC/CMCS-PDA sponges. (B) Photographs of prepared CMC/PDA and CMC/CMCS-PDA sponges. (C) FTIR
spectra of CMC/PDA and CMC/CMCS-PDA sponges. (D) Degradation, (E) blood absorption rate, and (F) swelling rate of prepared CMC/PDA and CMC/CMCS-PDA

In Vitro and In Vivo Biocompatibility

The biocompatibility of the sponges was further tested. NIH-3T3
cells were co-cultured with sponge extract for 3 days and the cell
growth was observed by AO/EB staining. Figure 4A shows that
after 3 days of culture, the number of cells further increases, and
the cell morphology of prepared CMC/PDA and CMC/CMCS-
PDA is normal. The proliferation of NIH-3T3 cells was studied
by the CCK-8 proliferation test. As shown in Figure 4B,
compared with the blank group, cell proliferation increases
in CMC/PDA and CMC/CMCS-PDA groups on the first day.
After 3 days of culturing, cell proliferation is more obvious
than that of the blank group, but there is no significant
difference between the CMC/PDA and CMC/CMCS-PDA
groups, which could due to the similar components of
CMC/PDA and CMC/CMCS-PDA. Both CMC/PDA and
CMC/CMCS-PDA can promote the proliferation of NIH-
3T3 cells. Following, the free radical scavenging ability of

CMC/PDA and CMC/CMCS-PDA sponges was tested.
Figure 4C shows the contrast images of free radical
scavenging. CMC/PDA group becomes lighter in color
compared with the blank group and the color in CMC/
CMCS-PDA group further reduces, which indicates that
CMC/CMCS-PDA has a stronger scavenging ability than
CMC/PDA. ABTS free radical scavenging results in
Figure 4D show that the free radical scavenging ability of
the CMC/PDA sponge is only about 15%, while CMC/CMCS-
PDA groups reach about 40%, which is due to the high
solubility of CMC/PDA. The aqueous solution mixed with
PDA in the extraction process is difficult to be separated from
the CMC/PDA sponge, leading to the low concentration of
PDA in the supersuperant. Good free radical scavenging ability
can reduce the inflammatory reaction of the wound site and
promote healing (Xu et al., 2020; Tamer et al., 2021). Figure 4E
shows the hemolysis rates of prepared sponges. The hemolysis
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FIGURE 2 | (A) Diagram of the inhibition effect of prepared sponges on bacteria. (B) The absorbance of liquid medium after culturing with bacteria and sponges.
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FIGURE 3 | (A) SEM images of hemocyte adhesion of gauze, CMC/PDA, and CMC/CMCS-PDA sponges. (B) Tail cutting process in mice. (C) The blood loss of
mice in tail cutting treated with gauze, CMC/PDA, and CMC/CMCS-PDA sponges. (D) Blood clotting index test of gauze, CMC/PDA, and CMC/CMCS-PDA sponges.
(E) The building process of rat liver injury model. (F) Blood loss and (G) hemostasis time of rat liver injury treated with gauze, CMC/PDA, and CMC/CMCS-PDA sponges.
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FIGURE 4 | (A) AO/EB staining of NIH-3T3 cell after co-culturing with extract liquid of CMC/PDA and CMC/CMCS-PDA sponges. (B) CCK-8 NIH-3T3 cell
proliferation tests after co-culturing with extract liquid of CMC/PDA and CMC/CMCS-PDA sponges for 1 and 3 days. (C) Photograph of ABTS radicals scavenging and
(D) results of radicals scavenging. (E) Hemolysis ratio of CMC/PDA and CMC/CMCS-PDA sponges at a concentration of 2, 4, and 8 mg/ml. (F) Photographs of wound
site in rat at days of O, 7, and 14. (G) The results of wound contraction at days 7 and 14.

rate of each group is lower than 5% at 4 mg/ml, which met the
international standard. When the concentration reached 8 mg/
ml, the hemolysis rates of CMC/PDA and CMC/CMCS-PDA,
are both higher than 5% for their poor stability. However,
CMC/CMCS-PDA, and CMC/CMCS-PDA; still meet the
requirements. Further in vivo study on wound repair of
sponges (Figure 4F) shows that CMC/CMCS-PDA, and
CMC/CMCS-PDA; sponges have the best repair on days 7.
At day 14, CMC/PDA and CMC/CMCS-PDA groups show
obvious repair effect compared with the blank group, and
CMC/CMCS-PDA, and CMC/CMCS-PDA; still have the
best repair effect, which is related to the stable structure of
CMC/CMCS-PDA, and CMC/CMCS-PDA;  sponges.
According to the calculation of the wound repair area in
Figure 4G, the results further confirmed that CMC/CMCS-
PDA, and CMC/CMCS-PDA; groups have the best repair
effect at days 7 and 14.

Histological Staining Analysis

Figure 5A shows the HE staining of cross sections at rat
wound site at days 7 and 14. On day 7, sparse tissue is observed
in the blank group, while the new tissue in CMC/PDA and
CMC/CMCS-PDA groups is denser. Compared with CMC/
CMCS-PDA group, there are more inflammatory cells in the
CMC/PDA group, which is related to the instability of the
sponge in vivo. After 14 days, collagen tissue formation is
more abundant in the blank group. Compared with the blank
group, the collagen tissues in CMC/PDA group arrange neatly.
In the CMC/CMCS-PDA group, tissue formation is complete
and the hair follicles have appeared on the surrounding skin.
Figure 5B shows the Masson staining of cross sections at the
wound site. On day 7, collagen fibers are sparse in the blank
group, while arranged collagen fibers can be observed in
CMC/PDA group. The collagen fibers in CMC/CMCS-PDA
arrange neatly and the tissue formation is complete. On day
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FIGURE 5 | (A) H&E staining of wound site at cross sections of control, CMC/PDA, and CMC/CMCS-PDA groups on day 7. (B) Masson staining of wound site at

14, in the blank group, collagen fibers form densely while
muscle fibers only appear partly. Collagen fibers and muscle
fibers evenly distribute in CMC/PDA group. In CMC/CMCS-
PDA group, collagen fibers and muscle fibers arrange neatly
and hair follicle formation can be observed. Combined with
the wound closure area, CMC/CMCS-PDA, and CMC/
CMCS-PDA; sponges have the best promoting effect on
wound repair.

CONCLUSION

In summary, dopamine auto-polymerizes and cross-links with
CMCS through the Michael addition reaction to form CMCS-
PDA structure. CMC/CMCS-PDA sponge was obtained by cross-
linking CMC with CMCS-PDA. By adjusting the amount of CMCS,
the stability of the CMC/CMCS-PDA sponge was investigated. The
results show that the stability of the CMC/CMCS-PDA sponge was
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improved gradually with the increase of CMCS. Meanwhile, the
introduction of CMCS-PDA improved the hemostatic and
antibacterial properties of the CMC sponge. CMC/CMCS-PDA,
has the best hemostatic effect in the rat liver injury model and mouse
tail severing experiment for its appropriate cross-linking degree. The
biocompatibility tests show that CMC/CMCS-PDA sponge can
better promote the proliferation of NIH-3T3 cells than the blank
group and CMC/PDA. Further rat skin defect models showed that
CMC/CMCS-PDA, and CMC/CMCS-PDA; group has the best
repair effect. Above, we conclude that CMC/CMCS-PDA, sponge
has great potential in wound repair and hemostasis.
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