
Materials Today Bio 14 (2022) 100257
Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio
Injectable multifunctional CMC/HA-DA hydrogel for repairing skin injury

Longlong Cui a,1, Jiankang Li a,1, Shuaimeng Guan a, Kaixiang Zhang b, Kun Zhang a,**,
Jingan Li c,*

a School of Life Science, Zhengzhou University, Zhengzhou, 450001, PR China
b School of Pharmaceutical Sciences, Zhengzhou University, Zhengzhou, 450001, PR China
c School of Materials Science and Engineering, Zhengzhou University, Zhengzhou, 450001, PR China
A R T I C L E I N F O

Keywords:
Full-thickness skin defect repair
Hydrogel
Adhesive
Antioxidant
Hemostatic
* Corresponding author. School of Materials Scie
** Corresponding author. School of Life Science, Z

E-mail addresses: zhangkun@zzu.edu.cn (K. Zha
1 Joint first authors.

https://doi.org/10.1016/j.mtbio.2022.100257
Received 19 December 2021; Received in revised f
Available online 9 April 2022
2590-0064/© 2022 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

Injectable Hydrogels with adhesive, antioxidant and hemostatic properties are highly desired for promoting skin
injury repair. In this study, we prepared a multi-functional carboxymethyl chitosan/hyaluronic acid-dopamine
(CMC/HA-DA) hydrogel, which can be crosslinked by horseradish peroxidase and hydrogen peroxide. The anti-
oxidation, gelation time, degradability, rheology and antihemorrhagic properties of hydrogels can be finely tuned
by varying composition ratio. The cytocompatibility test and hemolysis test confirmed that the designed hydrogel
holds good biocompatibility. More importantly, the repair effect of the hydrogel on full-thickness skin injury
model in mice was studied. The results of wound healing, collagen deposition, immunohistochemistry and
immunofluorescence showed that CMC/HA-DA hydrogel could significantly promote angiogenesis and cell pro-
liferation at the injured site. Notably, the inflammatory response can also be regulated to promote the repair of
full-thickness skin defect in mice. Results indicate that this injectable CMC/HA-DA hydrogel holds high appli-
cation prospect for promising wound healing.
1. Introduction

As the body's first line of defense against external stimuli, the skin not
only protecting the body from foreign germs, but also sensing stimuli and
maintaining homeostasis [1,2]. At the same time, skin is vulnerable to
acute trauma, high temperature, chemicals, and other factors, which can
cause serious damage [3]. Once severe skin damage occurs, homeostasis
of the body would be affected, and the open wound significantly in-
creases the risk of infection [4]. The repair process of skin injury can be
divided into four successive stages, which are called hemostasis,
inflammation, proliferation and remodeling [5,6]. Most of the minor
types of skin defects can be effectively and quickly cured by the human
body, but full-layer skin damage is often difficult to cure, and seriously
affect people's life and health [7].

In clinic, many full-thickness skin defect would need skin grafts to
reduce scar formation of large area and reduce the risk of secondary
infection [8]. To speed up the repair of full-thickness skin damage, skin
autograft, allograft skin grafts, heterogeneous skin transplantation and
amniotic membrane transplantation methods were usually adopted to
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achieve therapeutic effect [9]. However, each of these treatment
methods have their own limitations, such as the limited source, alloge-
neic immune rejection, ethical and moral problems, unsatisfactory
therapeutic effects, etc. Therefore, a wound dressing product with
excellent performance to meet clinical needs is urgent [10,11].

At present, several biomaterials have been designed for wound
healing, such as sponges, foams, nanofibers, hydrogels, etc. [12] Espe-
cially, injectable hydrogels have many advantages over wound dressings
currently on the market, such as three-dimensional porous extracellular
matrix structure, ability to provide a moist healing environment, high
water content, adjustable mechanical properties, ability to fill irregularly
shaped wounds, and good biocompatibility [13–15]. However, many
injectable hydrogels cannot have ideal properties such as hemostasis,
anti-inflammatory, stimulus response, conductivity, adhesion,
anti-oxidation, self-healing, and wound monitoring feature simulta-
neously [16]. Therefore, it is imperative to develop multifunctional
hydrogels.

Hyaluronic acid (HA), as an important component of the extracellular
matrix, is a non-sulphated glycosaminoglycan in the human body [17,
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18]. Studies have shown that hyaluronic acid is important in cell signal
transduction, cell migration promotion and wound healing process
[18–21]. In addition, the good biocompatibility, biodegradability, and
high hydrophilicity of hyaluronic acid make it an excellent hydrogel
material [22]. However, hydrogels with single HA component showed
weak adhesion ability [23]. It is known that mussel adhesive proteins can
form strong moisture-resistant adhesive bonds, which solidify quickly on
various inorganic/organic wet surfaces via the 3,4-dihydrox-
y-L-phenylalanine (named dopamine, DA). The ortho-dihydroxyphenyl
(catechol) functional group is the key aspect of DA and its analog
dopamine [24]. Inspired by the adhesion chemistry of mussels, DA with
catechol group was introduced to improve the adhesion ability. Baolin
Guo and co-workers designed a series of injectable adhesive hydrogels
based on polydopamine-coated reduction graphene oxide, hyaluronic
acid-graft-dopamine (HA-DA), protocatechualdehyde containing cate-
chol and aldehyde groups to promote wound closure and healing. For
example, they designed through dual-dynamic-bond cross-linking among
ferric iron, protocatechualdehyde and quaternized chitosan to promote
methicillin-resistant Staphylococcus aureus - infected wound healing [25].
And they used quaternized chitosan, polydopamine-coated reduction
graphene oxide, and poly (N-isopropylacrylamide) to develop multi-
functional wound dressings [26]. They also synthesized HA-DA by
EDC/NHS, and added polydopamine-coated reduction graphene oxide
for hydrogels using the horseradish peroxidase (HRP)/hydrogen
peroxide (H2O2) system [27]. What's more, many other works also have
shown that DA grafting onto hyaluronic acid molecules could enhance
the adhesion ability of hydrogels [28–30].

Hydrogels prepared by physical methods usually have poor stability
and are easy to degrade. The hydrogel prepared by chemical method has
good mechanical properties, for example, the hydrogels prepared by
dopamine and thiol hyaluronic acid through Michael addition reaction
have good tissue adhesion in vitro, but the introduction of transition
metal ions or exogenous coupling agents usually leads to cytotoxicity
[31]. The enzymatic crosslinking method allows the reaction to be car-
ried out under mild conditions. A biomimetic dopamine-modified
ε-poly-L-lysine-polyethylene glycol-based hydrogel is prepared by HRP
crosslinking [32]. Dopamine modified carboxymethyl cellulose hydro-
gels were prepared by enzyme crosslinking in the presence of HRP and
H2O2 to improve the wet tissue adhesion strength [33]. And dopamine
hydrochloride was grafted onto hyaluronic acid coupling by carbodii-
mide to prepare hydrogels with HRP and H2O2. [34] Therefore, the
HRP/H2O2 enzyme cross-linking method is used to prepare multifunc-
tional hydrogels.

To further improve the cytocompatibility and hemostatic properties,
hydrophilic carboxymethyl chitosan (CMC) was added to prepare the
hydrogel. In the past two decades, chitosan derivatives have attracted
great interest in the fields of biology, pharmacy and medical research.
They were used as biomaterials for tissue engineering, drug delivery and
wound healing. Introducing carboxymethyl into chitosan structure can
significantly increase the solubility of chitosan at neutral and alkaline pH
without affecting its properties [35,36]. CMC is holding lots of amino
groups, which can enrich and activate negatively charged red blood cells
and platelets to stimulate blood coagulation and promote hemostasis
[37]. Moreover, CMC can promote the proliferation of fibroblasts and
accelerate wound healing [38]. Importantly, the hydrogel formed by
CMC can be degraded with the formation of new tissue, and its degra-
dation products hardly cause inflammatory reaction and toxicity [36].

In this paper, HA, DA and CMC were used to synthesize CMC/HA-DA
hydrogel by the enzyme cross-linking method with HRP/H2O2. The
greatest advantage that the current approach presents over other re-
ported methods is that we try to obtain a multifunctional hydrogel under
mild conditions, which not only has enhanced adhesive, antioxidant and
hemostatic ability, but also was injectable, biodegradable and biocom-
patible, whereas the other reported methods have only showed im-
provements on some functions or mild conditions. More importantly, in
the treatment of full-thickness skin defect model, the hydrogels promoted
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rapid wound closure (Fig. 1). This particular combination could be
extremely advantageous regarding skin repairing applications.

2. Results and discussion

2.1. Preparation and characterization of CMC/HA-DA hydrogels

To prepare a cross-linkable hydrogel for improving adhesive prop-
erty, HA-DA polymer was synthesized with EDC/NHS as coupling agent
by the condensation reaction of hyaluronic acid and dopamine in an
anaerobic environment at 37 �C. The reaction principle is shown in
Fig. 2a. Compared with the hydrogen spectra of HA, a new chemical shift
appears in the hydrogen spectra of HA-DA at 6.7 ppm, which is the
proton peak of the benzene ring in the catechol group in dopamine
(Fig. 2b). The chemical deviation at 2.76 ppm is due to the presence of
catechol groups in the benzene-ring methylene group. The water solu-
tions of HA, DA and HA-DA were scanned by UV spectrophotometer in
the range of 230 nm–350 nm (Fig. 2c), both DA and HA-DA have stronger
UV absorption peaks at 278 nm compared with HA. DA contains catechol
groups, which can generate UV absorption at 278 nm, and HA-DA has no
other peaks when the wavelength is greater than 300 nm. It shows that
there is no oxidation of dopamine. It can be seen that there are –OH
stretching vibration absorption peaks in the spectra of HA, DA and HA-
DA around 3400 cm�1 (Fig. 2d). HA contains carboxyl group. The
stretching vibration of C–H bond and the asymmetric stretching vibration
formed characteristic peaks at 1043 cm�1 and 1615 cm�1, respectively.
The asymmetrical stretching vibration peak at 1615 cm�1 was weakened
in HA-DA, and the peak at 1638 cm�1 indicated that an amide bond was
formed between HA and dopamine. All three characterization methods
showed that DA was successfully grafted on HA.

Using HRP and H2O2 as catalysts, the injectable hydrogel was pre-
pared by mixing HA-DA solution with CMC solution. Catalase and
peroxidase are present in almost all aerobic respiration organisms, and
these oxidoreductases play a very important protective role in preventing
oxidative damage to cellular components caused by H2O2, which avoid
accumulation of reactive oxygen species (ROS) in cells and regulate their
concentration in cellular signaling pathways. HRP is a heme protein,
which belongs to a kind of peroxidase and is widely used in the fields of
immunochemistry, bio-catalysis, bioremediation and medicine [39].
Horseradish peroxidase is a protein enzyme that can be decomposed by
protease, it is usually added in a small amount as an exogenous enzyme,
so it has almost no side effects in the body. What's more, the quantitative
experiment of residual H2O2 has been done. The experimental results
showed that the total amount of hydrogen peroxide used in the prepa-
ration of the hydrogel was 2.02 μmol/mL. After the reaction was
completed, the hydrogen peroxide content of the hydrogel extract was
not within the detection range of the kit. The detection limit of the kit
was 0.0027 μmol/mL. Therefore, the residual H2O2 is basically negli-
gible, and there is no need to worry about its possible side effects on the
tissue.

In order to characterize the injectable property of CMC/HA-DA
hydrogel, the shear thinning parameters of the hydrogel were tested
(Fig. 2e). When the shear rate increased linearly from 0.1 to 100 s�1, the
viscosity of the hydrogel decreased gradually, indicating that the vis-
cosity of the hydrogel decreased with the increase of the shear rate, and
the hydrogel had good injectable property [40]. In addition, the hydrogel
can be smoothly extruded from the syringe without blockage (Fig. 2f),
which also proves that CMC/HA-DA hydrogel is injectable, which en-
ables the hydrogel to closely match the edges of skin lesions and reduce
the invasiveness to the surrounding tissues [41]. Fig. 2g showed that
CMC/HA-DA hydrogels had a porous three-dimensional network struc-
ture which could effectively absorb water and the wound extract. This
porous structure also provides channels for the exchange of oxygen,
carbon dioxide and nutrients, and provides a good microenvironment for
the migration and growth of cells and the remodeling of tissues [42,43].

The gelation mechanism is shown in Fig. 2h. The polymer containing



Fig. 1. Schematic illustration of CMC/HA-DA hydrogel for wound repairing.
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phenol structure is used as the hydrogen donor in the catalytic process,
and H2O2 is used as the hydrogen receptor. After the hydrogen donor is
oxidized, the hydroxyl group on the benzene ring produces free radicals,
and then the free radicals catalyze the C–C bond or C–O bond to bind
individual polymers to form gels. In addition, there is an ionic bond
between the negative charge of hyaluronic acid and the positive charge of
carboxymethyl chitosan, because the positive and negative charges
attract each other [44].
2.2. Physical and chemical properties of CMC/HA-DA hydrogels

The gelation time of the three groups of hydrogels was 1–5min, and it
was shortened with the increase of HA-DA content (Figure S1 a). The
gelation time of CMC/HA-DA1, CMC/HA-DA2 and CMC/HA-DA3
hydrogels was maintained at 4.35 � 0.3 min, 3.3 � 0.2 min, and 1.58 �
0.1 min, respectively. This set of data mainly proves the influence of the
ratio of raw materials on the reaction time. When using this system,
before being injected into the body, the reaction solution needs to be
mixed thoroughly outside the body for a period of time, and injected into
the lesion in situ through a syringe or a pipette. Then the formation of
hydrogel can be achieved for in vivo application. Figure. S1 b displayed
that the water content of the three groups of hydrogels was all over 95%.
High water content indicates high porosity, which is conducive to the
transfer of nutrients and metabolites [16].

The network structure of hydrogel is directly related to its mechanical
properties. The scanning measurement results of the elastic modulus of
CMC/HA-DA hydrogels (Figure. S2). The storage modulus (G 0) of the
three groups of hydrogels was all greater than the loss modulus (G 00), so
the hydrogels had formed a stable structural network within this fre-
quency range. The average storage modulus of the three groups of
hydrogels was about 80 Pa, 135 Pa and 230 Pa, respectively. With the
increase of HA-DA concentration, the mechanical strength of hydrogel
increased, which may be caused by the increase of crosslinking density of
hydrogel.

The three groups of hydrogels all appear swelling phenomenon at the
initial stage of degradation, indicating that hydrogels have good water
absorption and can well absorb the wound extract (Figure.S3 a). All the
3

three groups of hydrogels could be maintained in the PBS environment
for more than 28 days. With the increase of HA-DA concentration, the
hydrogels’ degradation rate decreased and its stability increased. This
indicates that the degradation rate of hydrogels largely depends on the
degree of cross-linking.

As shown in Fig.S3 b, the hydrogels of the three groups were
completely degraded in 15 U/mL hyaluronidase solution within 24 h,
and the degradation rate decreased with the increase of HA-DA con-
centration. CMC/HA-DA1 hydrogel, CMC/HA-DA2 hydrogel, CMC/HA-
DA3 hydrogel was completely degraded at 8 h, 12 h and 24 h, respec-
tively. These results indicate that CMC/HA-DA hydrogel can be degraded
by hyaluronidase and has good biodegradability.

Traditional hydrogel dressings are difficult to maintain strong adhe-
sion to the wound site, which easily leads to the shedding of hydrogel
dressings. This paper qualitatively tested the adhesion properties and
found that the hydrogel could adhere to a variety of inorganic and
organic materials (Fig. 3a). According to ASTM F2255-05 (2015), pig
skin, as the adhesive substrate material, was used to quantitatively test
the shear adhesion strength on the universal material tester (Fig. 3b). The
results are shown in Fig. 3c. The shear adhesion strength of CMC/HA-DA
hydrogel increases with the increase of HA-DA polymer content. The
results showed that the shear adhesion strength of CMC/HA-DA hydro-
gels with different concentrations was 0.98 kPa, 1.58 kPa and 2.40 kPa,
respectively. The change of shear adhesion strength was due to the
change of the amount of catechol in dopamine in hydrogels. Medical glue
is an emerging medical product to replace needles, it was chosen as
control and its main component is cyanoacrylate. The adhesive strength
of medical glue reached 43.47 � 4.26Kpa, much higher than that of
hydrogels, mainly because the strength of medical glue after solidifica-
tion is much higher than that of hydrogel. Compared with the existing
literature about hydrogel, the tissue adhesion strength of the hydrogel is
lower than other similar hydrogel systems based on dopamine [27], but
this does not affect its application. Because wound care varies from
different patients. If the wound dressing needs to be changed halfway,
the dressing with strong adhesion will cause secondary damage in the
removal process. However, if there is no certain adhesion, it will easily
fall off during sports, resulting in exposure of wounds and secondary



Fig. 2. Preparation and characterization of CMC/HA-DA hydrogels. a. Composite schematic diagram of HA-DA. b. 1H NMR data of HA and HA-DA. c. Ultraviolet
spectra of HA, DA, and HA-DA. d. Infrared spectra of HA, DA, and HA-DA. e. Rheological behavior of the hydrogel. f. Intuitive diagram of the hydrogel formation
process. g. Internal microstructure of hydrogels. h. Schematic diagram of hydrogel gelation principle.
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Fig. 3. The adhesion and antioxidant property of CMC/HA-DA hydrogels. a. Direct view of hydrogel adhesion to various substrate materials. b. Hydrogel shear
adhesion strength test device diagram. c. Figure of the variation of shear adhesion strength of hydrogel with HA-DA concentration (cyanoacrylate as Control). d. DPPH
free radical scavenging rate of hydrogel (no hydrogel as Control). e. The hydroxyl radical scavenging rate of hydrogel (no hydrogel as Control).
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injuries. Therefore, multifunctional hydrogels with certain adhesion are
clinical needs [45].

In the wound area, inflammation leads to excessive ROS production,
which leads to oxidative stress, protein inactivation, cell necrosis, wound
infection and a series of phenomena that are not conducive to wound
5

healing, thus leading to the continuous occurrence of inflammation and
the formation of chronic wounds and scars [46–48]. Therefore, antioxi-
dant dressings can promote wound healing by the effective elimination of
excessive ROS, which can reduce oxidative stress, improve wound
microenvironment, and cell metabolism, and accelerate wound healing
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[25]. The antioxidant activity of hydrogels was evaluated by scavenging
DPPH and hydroxyl radical. As shown in Fig. 3d and e, all the three
groups of hydrogels can scavenge DPPH free radical and hydroxyl free
radical, and the scavenging efficiency of the hydrogels is improved with
the increase of the content of HA-DA. Among them, the scavenging rates
of the hydrogels in the three groups are 41%, 45% and 55% respectively,
and the scavenging rates of hydroxyl free radical are 24%, 55% and 65%
respectively. CMC/HA-DA hydrogels have excellent antioxidant proper-
ties because of a catechol group with antioxidant functions in dopamine
[24].
2.3. The cytocompatibility of CMC/HA-DA hydrogel

Hydrogel dressings must have good cell compatibility because they
are in direct contact with skin wounds and cannot inhibit normal cell
proliferation or cause damage to cells [49]. The effect of CMC/HA-DA
hydrogel on the proliferation of L929 cells and HaCaT cells was stud-
ied. The AM/PI staining method was used to conduct Live/Dead staining
to observe the effect of hydrogel on the survival state of the two kinds of
cells. The results are shown in Fig. 4a and Fig. 4c. Green fluorescent
staining indicates that cells are alive, while red fluorescent staining in-
dicates apoptosis or necrosis. The results showed that on the first and
third day, compared with control, there were no large number of
apoptotic or necrotic cells in the three hydrogel groups, and the growth
morphology of the two kinds of cells did not change. CCK-8 was used to
detect the cellular compatibility of the three groups of hydrogels (Fig. 4b
and d), the average value of the CCK-8 assay data in the control group
was set as 100%, and the ratio of the data in each CMC/HA-DA hydrogel
to that in the control group was calculated, then the survival percentage
of cells in the hydrogels relative to the control group was obtained. After
24 h and 72 h of co-culture of L929 cells and HaCaT cells with the
hydrogels extract of the three groups, the relative survival rates of the
two kinds of cells were all greater than 80%. According to the
ISO10993–5:2009 biocompatibility test standard, more than 30%
Fig. 4. The good cytocompatibility of CMC/HA-DA hydrogel. a,b: LIVE/DEAD stainin
72 h culture. c,d: LIVE/DEAD staining and the relative proliferation rate of HaCaT

6

reduction in cell viability is considered a cytotoxic effect [50]. Therefore,
the relative cell survival rate of hydrogels proves the good cell
compatibility.
2.4. The hemocompatibility of CMC/HA-DA hydrogel

In clinical practice, the hemolysis rate of hydrogel materials directly
in contact with blood must be within a controllable range, otherwise
hemolysis will occur [51]. Then increased levels of free plasma hemo-
globin may cause cytotoxic effects, and intravascular hemolysis may
induce thrombus or toxicity to other organs. Hemolysis rates of the three
hydrogel groups are 0.45%, 0.54% and 0.36% respectively (Fig.S4.).
According to the international standard ISO 10993–4, the hemolysis re-
sults revealed that the hydrogels did not cause hemolysis [50].

The first stage of wound repair is hemostasis, which is sufficient to
illustrate the importance of hemostasis to the overall wound healing
process. The coagulability of CMC/HA-DA hydrogel was evaluated by
whole blood coagulation experimental model in vitro. A lower BCI in-
dicates a higher degree of clot formation [52,53]. The BCI value of blank
group at 4 min and 8 min was 94% � 3% and 50% � 2%, respectively,
while the BCI value of three hydrogel groups at 4 min was 51% � 5%,
34%� 4%, 21%� 6%, respectively (Fig. 5a). CMC/HA-DA3 hydrogel has
the lowest coagulation index, and CMC/HA-DA3 hydrogel has the lowest
coagulation index, and CMC/HA-DA3 hydrogel has the lowest coagula-
tion index. After 8 min, the coagulation index of the hydrogels in the
three groups decreased to 14% � 2%, 8% � 1%, 7.5% � 1%, and the
coagulation index of CMC/HA-DA2 hydrogels and CMC/HA-DA3 hydro-
gels were both lower than that of CMC/HA-DA1 hydrogels, and the in-
dexes were similar. Fig. 5b shows the representative images of clots in the
pore plates. In the blank group, no obvious clots formed at 4 min, while a
small number of clots formed at 8 min. The three hydrogel groups formed
obvious clots at 4 min, which became larger with the increase of HA-DA
concentration, CMC/HA-DA3 hydrogel formed the largest clot, but at 8
min, the clot formed by the three hydrogel groups did not have a
g and the relative proliferation rate of L929 cells in hydrogel extract for 24 h and
cells cultured in hydrogel extract for 24 h and 72 h.



Fig. 5. The good hemostatic properties of CMC/HA-DA hydrogel. a. Blood clotting index of hydrogels at 4 and 8 min, respectively. b. Direct view of clot formation. c.
Statistical chart of hemostasis time. d. Statistical chart of final blood loss. e. Apparent blood loss of mouse liver. f. H&E staining of the liver incision.
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significant difference, which was consistent with the experimental results
of coagulation index. These results suggest that CMC/HA-DA hydrogels
can accelerate clot formation and thus hasten hemostasis and avoid
additional blood loss.

The study of grafting dopamine hydrochloride onto hyaluronic acid
and preparing hydrogels with horseradish peroxidase and H2O2 as trig-
gers showed the effect of promoting hemostasis [34], in this paper, it can
speed up hemostasis and reduce bleeding quantity after adding CMC. The
hemostatic performance of hydrogel in vivo was evaluated by the
experimental model of hepatic hemorrhage in mice (Fig. 5c and d). For
the blank group, CMC/HA-DA1 hydrogel, CMC/HA-DA2 hydrogel and
CMC/HA-DA3 hydrogel, the hemostasis time of the hydrogels was
maintained at 210� 30 s, 38� 8 s, 18� 3 min, and 12� 3 min; the final
blood loss was 230 � 30 mg, 42 � 10 mg, 33 � 2 mg and 11 � 4 mg. It
can be seen from the results that hydrogel can significantly shorten the
hemostasis time and reduce the amount of blood loss. In addition, the
H&E staining results (Fig. 5f) of the liver bleeding site showed that in the
hydrogel treatment group, many red blood cells without nuclei gathered
at the injury site, and the CMC/HA-DA3 hydrogel had the largest amount
of blood cells, indicating that hydrogel could significantly induced the
aggregation of blood cells at the wound site and induce blood coagula-
tion, thus reducing blood loss.
2.5. Wound healing assay in vivo and histological analysis

Grafting DA onto HA enables HA-DA-based hydrogels with good
adhesion, hemostatic ability and antioxidant properties [24,27]. A mouse
full-thickness skin defect repair model was used for simulation experi-
ments to confirm the role of CMC/HA-DA hydrogel as wound dressing in
animal experiments. Based on the physical and chemical properties,
cytocompatibility and hemocompatibility, it was shown that
CMC/HA-DA3 hydrogel was the best one, which means that the proper-
ties can be adjusted with the concentration of HA-DA, and the higher of
the concentration, the better properties will be observed. But we also
considered the gelation time in animal experiments to achieve
7

operability. Therefore, in the present laboratory situation, CMC/HA-DA2
hydrogel was selected as the representative sample of animal experi-
ments to prove its versatile and effective. After modeling the wounds on
the back of mice, CMC/HA-DA hydrogel was injected into the wounds in
situ. The Control group was treated with normal saline. The Tegaderm™
film group was covered with the wound dressing sold by Tegaderm™
film. At the 3rd, 7th and 14th day after treatment, the wound healing of
the mice was photographed and recorded. The results are shown in Fig. 6.
The wound healing photos taken on the third day after treatment showed
that the wound healing effect of the hydrogel group was better than that
of the control group and the Tegaderm™ film group at the early stage of
wound healing. The wound healing rate of hydrogel group was about
55%, while the wound healing rate of Control group and Tegaderm™
film group was only 20% and 32%. On the 7th day, the hydrogel group's
wound healing rate reached 77%, while that of the Control group and the
Tegaderm™ film group was 42% and 50%. On the 14th day, the wounds
on the back of mice in the hydrogel group were almost completely
healed, while 28% and 20% of the wound areas in Control group and
Tegaderm™ film group were still not healed. The results proved that
CMC/HA-DA hydrogel could better promote the repair of full-thickness
skin injury in mice.

Granulation tissue formed by fibroblasts, matrix remodeling and
growth factors is an important indicator of wound healing. Thicker
granulation tissue indicates faster wound healing [26]. On the 7th and
14th day after treatment, new tissue sections were taken from the wound
site for staining, respectively. H&E staining was used to evaluate the skin
regeneration at the wound site, and Masson's Trichrome staining was
used to analyze collagen deposition at the wound regeneration site. The
results of H&E staining and the quantitative analysis are shown in Fig. 7a
and Fig. 7c. In the hydrogel treatment group, the wound healing was
more complete, with obvious re-epithelialization, granulation tissue
formation and new skin attachment formation. Collagen deposition can
provide mechanical support for new tissues and promote cell prolifera-
tion and differentiation, which is important in the process of wound
healing. According toMasson's Trichrome staining results (Fig. 7b and d),



Fig. 6. The wound repair promotion ability of CMC/HA-DA hydrogel. a. Direct wound healing chart of mice. b. Schematic diagram of the wound area of the damaged
skin of mice over time. c. Wound area residual rate.

L. Cui et al. Materials Today Bio 14 (2022) 100257
the blue color of the wound treated with hydrogel is more intense than
Control group and Tegaderm™ film group. It shows that the collagen
deposits are thickest, densest, and most evenly arranged. The curative
effect of Tegaderm™ film group was not obvious, mainly because when
the wound was wet, the film was easily attached to the wound to prevent
bacteria. However, when the wound was scabbed, the Tegaderm™ film
was easy to fall off, and it was difficult for a new film to be attached.
However, due to the good adhesion properties, the hydrogel had been
integrated with the wound when the wound was scabbed, and continu-
ously promoted the healing of the wound. Therefore, the curative effect
was remarkable.

2.6. Expression analysis of neovascularization marker protein and
inflammatory factors

Numerous studies have shown that the process of wound healing
involves not only hemostasis and matrix remodeling, but also inflam-
mation and angiogenesis [27]. Many marker proteins and cytokines can
be used to detect changes in the wound microenvironment. α-SMA is
commonly used as a phenotypic marker for vascular smooth muscle cells
and can reflect the newly formed blood vessels in regenerated tissues
[54]. The results showed (Fig. 8a) that more α-SMA positive cells were
expressed in the skin wound healing site of the hydrogel group than
Control group and Tegaderm™ film group, which indicated that
CMC/HA-DA hydrogel could promote angiogenesis in new tissue.

Overexpression of MMP-9 can interfere with the formation of gran-
ulation tissue, leading to poor wound healing, and its expression level is
significantly increased in chronic inflammation [55,56]. Immunohisto-
chemical staining was used to analyze the inflammation of the wound
site, and the results are shown in Fig. 8b. The positive expression of
MMP-9 in the hydrogel group was less, indicating that the wound site
inflammation was less than Control group and the Tegaderm™ film
group.
8

CD31 is a biomarker of vascular endothelial cells and angiogenesis
[57]. immunofluorescence staining results showed (Fig. 8c) that the
hydrogel group of CD31 positive expression of injury is more intense,
new blood vessels were more and their injury density was higher, with
tube cavity structure. According to the CD31 staining results in the
wound site, the number of new blood vessels per square millimeter area
was significantly different. Statistical number of new blood vessels in the
hydrogel group was higher than the Control group and the Tegaderm™
film group. These results were consistent with the above immunohisto-
chemical α-SMA staining results, which proved that hydrogel could
significantly promote vascular regeneration in the injured site. To better
understand the effect of hydrogel on wound repair, we evaluated cell
proliferation at the wound site by detecting the expression level of PCNA.
On the 14th day, PCNA protein in the hydrogel group was significantly
expressed higher than that in Control group and TegadermTMmembrane
group, indicating that hydrogel can promote cells proliferation in the
injured site, thus promoting wound healing.

The expressions of inflammation-related proteins IL-6, IL-10 and
angiogenic marker VEGF at the skin injury sites of mice were detected by
Western blotting after 14 days of postoperative treatment (Fig. 9). VEGF
in the hydrogel group was significantly expressed higher than that in
Control group and Tegaderm™ film group (P< 0.05). This indicated that
hydrogel effectively promoted the angiogenesis of the injured site, which
was consistent with the above results of α-SMA immunohistochemical
detection and CD31 immunofluorescence detection. Among the three
groups, the expression of pro-inflammatory cytokine IL-6 was signifi-
cantly down-regulated in the hydrogel group, while the expression of
anti-inflammatory cytokine IL-10 was significantly up-regulated, with
statistical significance (P < 0.05), indicating that CMC/HA-DA hydrogel
can reduce the inflammatory response and is beneficial to wound repair.
Collectively, these results showed that CMC/HA-DA hydrogel has prop-
erties of inhibiting inflammation and promoting angiogenesis.



Fig. 7. Remodeling tissue staining of CMC/HA-DA hydrogel group. The histopathological changes of skin wounds (a) and its quantitative analysis (c) on the 7th and
14th day. Masson's Trichrome staining of skin wounds (b) and its quantitative analysis (d) on the 7th and 14th day.
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3. Materials and methods

3.1. Materials

Carboxymethyl chitosan and horseradish peroxidase were purchased
from Solarbio (Beijing, China). All the antibodies were bought from
Proteintech Group Inc (Wuhan, China). Dopamine hydrochloride, Hyal-
uronic acid (MW ¼ 5 � 105 Da), Calcein-AM, 1-ethyl-3-(3-dimethylami-
nopropyl)-carbodiimide (EDC) and N-hydroxy succinimide (NHS) were
purchased from Sigma Aldrich (St Louis, USA).
3.2. Synthesis of HA-DA polymer

HA solution was prepared with HA (1 g) and 100 mL of deionized
water. The HA solution was activated with EDC (1162 mg) and NHS (862
mg) for 30 min, and then dopamine hydrochloride (1425 mg) was added
to the reaction system. The pH of the reaction system was adjusted to 5.5
by HCl and NaOH, and the reaction was carried out under nitrogen
protection at 37 �C for 24 h. After the reaction, HA-DA was obtained by
9

using a dialysis membrane (MWCO ~ 8000 Da) for 72 h and then freeze-
drying.

1% HA-DA was characterized by 1H NMR spectroscopy (600 MHz
NMR spectrometer, AVIII HD 600, Switzerland), fourier transform
infrared spectroscopy (FTIR, TENSOR 27, BRUKER, Germany), and UV
absorption profiles at 230–350 nm (UV–vis–NIR spectrophotometer, UV-
3600 plus, Japan).
3.3. Preparation and characterization of CMC/HA-DA hydrogels

The HA-DA solution with the concentration of 2%, 4% and 6% and
the CMC solution (6%) with the volume ratio of 1:1 was fully mixed, HRP
and H2O2 were used as catalysts to prepare hydrogels with three different
raw material ratios [58]. The hydrogels were named as CMC/HA-DA1,
CMC/HA-DA2, CMC/HA-DA3.

The internal morphology of CMC/HA-DA hydrogels after freeze-
drying, fracture and gold-spraying was characterized by scanning elec-
tron microscopy (SEM, FEI Quanta200, The Netherlands).

The gelation time was measured by tilt method. At 37 �C, HA-DA and



Fig. 8. Immunohistochemical and immunofluorescence analysis of regenerated wound tissue. a. The expression of α-SMA in the skin wound of each group on the 14th
day. b. The expression of MMP-9 in the skin wound of each group on the 14th day. c. Quantified data of the relative area percentage of number of blood vessel. d.
Quantified data of the relative area percentage of number of Inflammatory cells. e. The expression of CD31 in the skin wound of each group on the 14th day. f. The
expression of PCNA in the skin wound of each group on the 14th day of treatment. g. Quantified data of the relative area percentage of number of blood vessel. h.
Quantified data of the relative area percentage of number of proliferating cells.

Fig. 9. Western blotting of regenerated wound tissue. a. The expression of related proteins at the injured site of mice on the 14th day of treatment. b. The gray scale
analysis and quantification of related proteins.
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CMC solutions were mixed and HRP/H2O2 were added. The timing was
started and the vial was tilted to observe the mixed solution every 5 s
until the liquid stopped flowing, and the gelation time was recorded.

The water content (WC) of hydrogels was also measured by WC (%)
¼ [(Ww � Wd)/Ww] � 100%, where Ww and Wd are the hydrogels’
weight after 24 h of swelling and drying, respectively.
3.4. Rheological property and stability of hydrogels

Rheological properties of CMC/HA-DA hydrogels were assessed by
measuring their elastic modulus via a rheometer platform (TA DHR2,
10
USA). The specific parameters were set as: dynamic oscillation scanning
frequency was 1 Hz–100 Hz, temperature was 37 �C, strain was 1%. The
shear viscosity of the CMC/HA-DA hydrogels was determined by
increasing the shear rate from 0.01 to 100 s�1. The linear viscoelastic
range was measured at a fixed frequency of 10 rad/s with a strain sweep
(0.01–100%).

The prepared 100 μL hydrogel was placed in a PE tube containing 1
mL PBS under 37 �C water bathing. The remaining mass of hydrogel was
measured at 1, 3, 5, 7, 14, 21 and 28 days, denoted as Wt and original
mass as W0. The degradation rate of hydrogel was calculated according to
formula L ¼ [(W0-Wt)/W0] � 100%.
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Hydrogels were put in a PE tube including 15 U/mL hyaluronidase,
and placed in water bathing at 37 �C. Hydrogels were taken out at 2, 4, 6,
8, 10, 12 and 24 h, and the quality of the hydrogel was recorded as Wt.
Then new hyaluronidase was replaced until the hydrogels were
completely degraded. The enzymatic hydrolysis rate of hydrogel was
calculated following E ¼ [(W0-Wt)/W0] � 100%.

3.5. Adhesion property of hydrogels

Qualitative characterization of the adhesion properties of hydrogels
to different materials: inorganic materials (glass, plastic, iron, rubber,
wood) and organic materials (heart, liver, spleen, lung, kidney, muscle)
were selected as the base materials for visual detection.

Quantitative test on the adhesion ability of hydrogels to host tissues:
Fresh pig skin was used as the substrate, and the shear adhesion test of
hydrogels was conducted according to ASTM F2255-05 (2015). First, a
fresh pig skin is soaked in alcohol to remove the fat layer, then sheared
into rectangles of 50 mm � 25 mm and soaked in PBS for use. Two pig
skin samples were selected and the hydrogel was injected into the surface
of the pig skin samples with an area of 25 mm� 10mm. Then the two pig
skins were bonded together, and the lap shear test was done in the tensile
mode on the universal material tester with a rate of 5 mm/min. The
maximum tensile force Nmax was recorded. The shear adhesion strength
of hydrogels can be obtained according to the following formula:

Pa¼Nmax/m
2

Where, Pa is the shear viscosity strength, and m2 is the overlap area of
hydrogel on pig skin, i.e., 250 mm2.

3.6. ROS scavenging activities of hydrogels

The hydroxyl radical scavenging assay was performed by employing
the Fenton reaction. Firstly, 300 μL CMC/HA-DA1, CMC/HA-DA2 and
CMC/HA-DA3 hydrogels were prepared respectively, and incubated with
a mixture of FeSO4 solution and saffron O solution for 10 min. After H2O2
solution was added, the mixture was reacted at 55 �C for 60 min. The
absorption value A1 of the mixed solution at 492 nm was measured by
ultraviolet spectrophotometer. In blank group, 300 μL ddH2O was used
and the absorption value was denoised as A0; in control group, 300 μL
ddH2O and 800 μL H2O2 were used, and the absorption value was
denoised as A2. The hydroxyl radical scavenging rate of hydrogels was
calculated using the following formula: ROH ¼ [(A1 - A0)/(A2 - A0)] �
100%

The DPPH free radical scavenging ability of hydrogel was also
determined. The specific procedure was to disperse 100 μmol DPPH and
300 μL hydrogel in 3 mL of anhydrous ethanol. Then stir the mixture well
and let it react in the dark for 30 min. Next, the absorption value A of the
mixture at 517 nm was detected by ultraviolet spectrophotometer. The
DPPH clearance rate was calculated by the following formula: RDPPH ¼
[(A1’-A2’)/A1’] � 100%

A1’ represents the absorption value of blank group (DPPH þ anhy-
drous ethanol), and A2’ represents the absorption value of hydrogel group
(DPPH þ anhydrous ethanol þ hydrogel).

3.7. Cytotoxicity of the hydrogels

L929 and HaCaT were selected as experimental cells. Logarithmic
growth cells were cultured at 2.3 � 103 (L929) and 2.5 � 103 (HaCaT)
cell densities in 96-well plates for 24 h in a cell incubator. At the same
time, the materials needed to synthesize the hydrogel were sterilized in
advance for 30 min, and 100 μL hydrogel was prepared on the ultra-clean
platform, and then it was put into 1 mL RPMI-1640 cell culture medium
for 24 h, the culture medium was sucked out, and the new medium was
added to the control group, while the original cell culture medium was
replaced by hydrogel extract in the experimental group for 24 h and 72 h.
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After cell culture, CCK-8 and Live/Dead staining were used to detect the
cell proliferation in hydrogels.

3.8. Hemolytic and hemostatic properties of the hydrogels

The hemolysis rate (HR) of CMC/HA-DA hydrogel was measured by
the method in the literature [59]. HR was calculated following the for-
mula: HR ¼ [(Ds�Dn)/(Dp�Dn)] � 100%, Ds, Dp, and Dn represent the
absorbance of the sample, the distilled water mixed with samples, and
normal saline mixed with samples respectively.

The blood coagulation effects of different CMC/HA-DA hydrogels
were tested using whole blood in vitro. Fresh whole blood of mice was
observed with anticoagulant tubes. The prepared 50 μL hydrogel samples
were placed in the 96-well plate, and then the samples were rinsed with
normal saline for 3 times. Add 50 μL whole blood to each well, and then
5 μL 0.2 M CaCl2 to form fibrin clots. After incubation for 4 and 8 min at
37 �C, the fibrin clots were washed with 100 μL saline carefully added
along the well wall, washed for 20 times, and then 2 mL supernatant was
collected. Hydrogel-free pores served as the control group. The absor-
bance values of supernatants of the hydrogel group and the control group
at 540 nm were measured by enzyme plate analyzer, which were
recorded as AⅣ and AⅤ, respectively. The absorbance value of whole
blood diluted with 2 mL normal saline (50 μL) at 540 nmwas taken as the
reference value, denoted as B. The blood clotting index (BCI) in vitro was
calculated using the formula. BCI ¼ A/B � 100%.

To evaluate the hemostatic ability of CMC/HA-DA hydrogel in vivo,
the Kunming mouse model of liver hemorrhage was used for the exper-
iment. In brief, the anesthetized mice using 10% chloral hydrate were
fixed on a test bench with an incision exposing the liver. Liver bleeding
was induced with a 20 g needle, and the angle between the test table and
the horizontal plane was 30�, which was convenient for blood adsorption
to the filter paper placed under the liver. Then 100 μL of different CMC/
HA-DA hydrogel was quickly applied to the wound and the hemostasis
time was recorded, and the filter paper's weight was measured. Tissues
around the liver incisions were used for hematoxylin and eosin (H&E)
test.

3.9. In vivo tests

The animals were approved by the institutional review board of
Zheng Zhou University. Female Kunming mice (25–35 g, 5–6 weeks)
were used for 3 groups including control, Tegaderm™ film, CMC/HA-DA
hydrogel. Each group contained 8 mice. Skin injury modeling was per-
formed on a sterile operating table. Experimental mice were anesthetized
by intraperitoneal injection of chloral hydrate. The back area of the
mouse was shaved in preparation for subsequent modeling. A full
thickness skin wound with a diameter of 8 mm was made on the back of
the mouse. After skin removal, hydrogel was added to the wound as the
hydrogel group, and Tegaderm™ film (3 M Health Care, USA) was added
to the wound, while the control group was not treated. The wound
healing data was collected on the 3rd, 7th, and 14th day after surgery.

On the 7th and 14th day of the experiment, the mice in each group
were sacrificed to take the specimens from the healed wounds. The tissue
samples were fixed, embedded, cross sectioned, and stained with H&E
andMasson's trichrome. On the 14th day The primary α-SMA andMMP-9
antibody (Servicebio, China, 1:2000) were used for immunohistochem-
ical staining. CD31 (Servicebio, China, 1:200) and PCNA (Servicebio,
China, 1:200) antibodies were used for immunofluorescent staining. The
primary antibodies rabbit polyclonal VEGF (Proteintech, China, 1:1000),
IL-6 (Proteintech, China, 1:1000), and IL-10 (Proteintech, China, 1:1000)
were used for Western blotting.

3.10. Statistical analysis

ANOVA was used to analyze the experimental results. Image J was
used for grayscale analysis. Error bars presented mean � standard
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deviation (SD), and *p < 0.05 was regarded to be significant difference.

4. Conclusions

In summary, we propose a novel composite hydrogel, which is pre-
pared by the enzyme cross-linking method with HRP/H2O2, using car-
boxymethyl chitosan and dopamine grafted hyaluronic acid. CMC/HA-
DA hydrogels not only exhibit multifunction like injectability, porous
network structure, adjustable gelling time, high water content, good
biodegradability and biocompatibility, but also has good tissue adhesion,
excellent antioxidant and hemostatic properties. CMC/HA-DA hydrogel
can accelerate wound healing with high collagen deposition, granulation
tissue and skin appendage generation in vivo, and the expression of
related cytokines and proteins results proved that the multifunctional
hydrogel had more promoting efficient in the mouse full-thickness skin
defect repair model. We predict that the multifunctional CMC/HA-DA
hydrogel shows great potential in the skin repairing and tissue
regeneration.
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