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ARTICLE INFO ABSTRACT

Keywords: With the increasing prevalence of drug-resistant bacterial infections and the slow healing of chronically infected
Chitosan wounds, the development of new antibacterial and accelerated wound healing dressings has become a serious
Wound dressing challenge. In order to solve this problem, we developed photo-crosslinked multifunctional antibacterial adhesive
svr:)ti?theg:llilng anti-oxidant hemostatic hydrogel dressings based on polyethylene glycol monomethyl ether modified glycidyl
Hemostat methacrylate functionalized chitosan (CSG-PEG), methacrylamide dopamine (DMA) and zinc ion for disinfection

of drug-resistant bacteria and promoting wound healing. The mechanical properties, rheological properties and
morphology of hydrogels were characterized, and the biocompatibility of these hydrogels was studied through
cell compatibility and blood compatibility tests. These hydrogels were tested for the in vitro blood-clotting ability
of whole blood and showed good hemostatic ability in the mouse liver hemorrhage model and the mouse-tail
amputation model. In addition, it has been confirmed that the multifunctional hydrogels have good inherent
antibacterial properties against Methicillin-resistant Staphylococcus aureus (MRSA). In the full-thickness skin
defect model infected with MRSA, the wound closure ratio, thickness of granulation tissue, number of collagen
deposition, regeneration of blood vessels and hair follicles were measured. The inflammation-related cytokines
(CD68) and angiogenesis-related cytokines (CD31) expressed during skin regeneration were studied. All results
indicate that these multifunctional antibacterial adhesive hemostatic hydrogels have better healing effects than
commercially available Tegaderm™ Film, revealing that they have become promising alternative in the healing
of infected wounds.

Infected skin wound

1. Introduction

Skin constitute the largest multi-layered organ of the human body,
which includes the epidermis and dermis [1,2], and it also acts as a
barrier for body protection, such as preventing excessive evaporation of
water, and protecting the human body from the invasion of pathogens
[3-5]. However, once the entire epidermis severely injured, the skin will
lose the most basic protective effect, especially the microbial infection of
the wound site will severely prolong the healing process [6,7]. If it
cannot be treated effectively in time, chronic wounds are easily colo-
nized by pathogens such as Escherichia coli, Staphylococcus aureus, and
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Staphylococcus epidermidis, finally causing non-functional scar [8-10].
For a long time in the past, antibiotics have been widely and massively
used, which inevitably leads to the emergence of drug-resistance
[11-13]. Therefore, it is very important to develop antibiotic-free
multifunctional wound dressings to treat bacterial infections.

Hydrogel has a unique three-dimensional network structure,
composed of natural or synthetic polymers, and shows good water ab-
sorption and biodegradability [14,15]. In particular, hydrogels can
provide a moist environment for callus and epithelial cells, and accel-
erate the deposition of collagen and the proliferation of fibroblasts
[16-18], thereby effectively promoting epithelialization and speeding
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up wound healing [19-21]. Chitosan (CS) is a natural cationic poly-
saccharide which has been widely used in the preparation of hydrogels
[22]. However, the application of chitosan is limited by its poor water
solubility [23]. In consideration of solving this critical problem, CS is
modified by various water-soluble groups. Polyethylene glycol mono-
methyl ether (mPEG) is a highly hydrophilic polymer, which is widely
used in biomedical applications due to its excellent biocompatibility
[24]. The modification of chitosan with mPEG (CS-PEG) not only im-
proves the water solubility, increases the mechanical strength of the
hydrogel, but also shows excellent biocompatibility [25,26]. In addition,
study has shown that polysaccharides grafted with mPEG can promote
hemostasis [27], which further expands the clinical use of mPEG grafted
chitosan-based hydrogels. However, the antibacterial properties of
CS-PEG are not enough to deal with wound healing caused by
drug-resistant bacteria.

Among many antibacterial agent, antibacterial activity of metal ion
is mild and efficient [28], which can not only effectively sterilize, but
also avoid burns that may be caused by photo-thermal antibacterial
methods [29]. Zinc ions can cause bacterial death, because zinc ions
play an important role in inhibiting active transport and amino acid
metabolism and enzyme system destruction [30]. In addition, electro-
static force from positively charged zinc ions and the negatively charged
bacteria surface destroys the bacterial cell membrane, causing leakage
of cell contents [17]. Furthermore, zinc ions can increase self-cleaning
and keratinocyte migration during wound healing, which is useful
during skin regeneration [31]. Metal nanoparticles are usually used as
carriers for ion release [32]. However, metal nanoparticles are usually
simply mixed in the hydrogel, which inevitably causes poor dis-
persibility [33]. In addition, metal particles degrade slowly and are not
suitable for wound repair [32,34,35]. The coordination of zinc ions with
the polymers might be a promising alternative approach. Zinc ions can
form complexation with hydroxyl group and amine groups. As an
important adhesive and antioxidant, dopamine with hydroxyl groups
can form a stable complexation effect with zinc ions [36,37]. Further-
more, hydrogels containing dopamine usually show excellent tissue
adhesion mainly due to the interaction between catechol groups and
amino or thiol group of the tissues [38], and they exhibited good
adhesion with the tissue to achieve hemostasis [39]. In addition, the
antioxidant capacity of dopamine can effectively relieve the oxidative
stress of the wound site and improve the speed of wound repair [40].
However, the complexion of zinc ions with dopamine has not been re-
ported for wound dressing.

Among the various gel polymerization methods, photo-initiated
polymerization can control the formation of hydrogel in space and
time [41], and has better polymerization efficiency and is unaffected by
temperature conditions [42]. Photo-polymerization has been widely
used to prepare biomaterials for drug delivery and tissue engineering.
However, there are few reports on photo-crosslinked hydrogels for
wound repair.

In this work, we developed adhesive antioxidant antibacterial he-
mostatic composite hydrogels based on polyethylene glycol mono-
methyl ether modified glycidyl methacrylate functionalized chitosan
(CSG-PEG) and double bond modified-dopamine (DMA) and zinc ions
via photo-polymerization and the coordination of zinc ions with the
catechol group of dopamine. The rheological properties, mechanical
properties, and adhesion properties of the obtained hydrogels were
characterized. In addition, the inherent antibacterial ability, blood-
clotting ability, and hemostasis ability of these hydrogels were tested.
Besides, the biocompatibility of CSG-PEG/DMA/Zn hydrogel is tested by
blood compatibility and cell compatibility. Finally, in a mouse model of
full-thickness skin defect infected by drug-resistant bacteria MRSA, the
CSG-PEG/DMA/Zn hydrogel was explored to promote the regeneration
of blood vessels and hair follicles and to further enhance wound healing.
All the results indicated that these multifunctional antibacterial hydro-
gels have enhanced hemostasis and wound healing effects in infected
skin tissue defects, showing great potential for clinical application.
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2. Materials and method
2.1. Materials

Chitosan (M, = 100 000-300 000 Da), dopamine hydrochloride (DA)
(purity 98%) and succinic anhydride were obtained from J&K. Poly-
ethylene glycol monomethyl ether (mPEG), methacrylate anhydride
(94%), glycidyl methacrylate (>97%) and zinc chloride were purchased
from Sigma-Aldrich. All other reagents were used without further
purification.

2.2. Synthesis of mPEG-COOH and CSG-PEG

mPEG-COOH was first synthesized by improving the previously re-
ported method [43]. In short, the active carboxyl end of mPEG is pre-
pared by using succinic anhydride. The specific process of synthesizing
mPEG-COOH is shown in the supplementary information (SI).

CSG-PEG is prepared by a two-step one-pot approach based on the
reaction between the carboxyl group of mPEG-COOH, the epoxy group
on glycidyl methacrylate and the amino group on chitosan. The specific
process is shown in SIL.

2.3. Synthesis of DMA and LAP

Methacrylamide dopamine (DMA) and lithium acylphosphinate
(LAP) were synthesized using the reported method [44]. The specific
process is shown in SI.

2.4. Preparation of CSG-PEG/DMA/Zn hydrogel

First, CSG-PEG, DMA, zinc chloride, and LAP were dissolved with
concentration of 25 wt%, 10 wt%, 4.5 wt%, and 1 wt% respectively. The
molar ratio of zinc ions to DMA was set as 1:2, and the corresponding
mixed solution of zinc chloride and DMA was prepared. The final con-
centrations of DMA3, DMA6, and DMA9 were 0.3 wt% (15 pL), 0.6 wt%
(30 pL), and 0.9 wt% (45 pL), respectively. The zinc ions final concen-
tration corresponding to DMA was 0.09 wt% (10 pL), 0.18 wt% (20 pL),
and 0.27 wt% (30 pL), respectively. Next, 400 pL of CSG-PEG solution
was uniformly mixed with a fixed ratio of DMA/Zn mixture solution (the
molar ratio is 2:1), then the LAP aqueous solution with a final concen-
tration of 0.05 wt% (25 pL) was added under stirring and make up the
volume of the hydrogel precursor solution to 500 pL with DI water.
Finally, hydrogel pre-polymer was put under the excitation of ultraviolet
light (365 nm) for 15 s, and after a while, the sol-gel transition
completed.

2.5. Characterizations

The nuclear magnetic resonance (lH NMR), and Fourier transform
infrared spectroscopy (FT-IR) were used to confirm the successful
preparation of DMA, mPEG-COOH and CSG-PEG. The equilibrium
swelling ratio, in vitro degradability, and scanning electron microscope
(SEM) were used to confirm swelling and degradation properties and the
morphology of CSG-PEG/DMA/Zn hydrogels. The specific processes are
shown in SIL

2.6. Rheological and mechanical test of hydrogels

The modulus of these hydrogels is measured by using a TA rheometer
(dhr-2), and the modulus changes over time are recorded [45].
Compressive stress-strain curve of CSG-PEG/DMA/Zn hydrogels was
obtained by a cyclic compression test with modification according to our
previous report [46]. The specific process is shown in SI.
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2.7. Adhesion strength test and antioxidant efficiency of hydrogels

The adhesion property of the CSG-PEG/DMA/Zn hydrogels was
evaluated by a lap-shear test based on the previous study [47]. The
specific processes are shown in SI.

The antioxidant capacity of these hydrogels by scavenging the stable
1,1-diphenyl-2-pyridohydrazino (DPPH) free radicals was evaluated by
referring to previous report [48]. The specific process is shown in SI.

2.8. In vitro whole blood-clotting performance

The in vitro whole blood-clotting test was performed according to
the previous method [49]. The specific process is shown in SI.

2.9. Hemolytic test of hydrogels

A fixed amount of hydrogel was mixed with blood cells, incubated at
37 °C for 1 h, and then the absorbance at 540 nm was tested to evaluate
hemolysis [50]. The specific processes are shown in SI.

2.10. Hemostasis performance of hydrogels

Referring to previous research, the hemostatic capability of the CSG-
PEG/DMA/Zn hydrogel was tested by employing a mouse liver hemor-
rhage model, and mouse-tail amputation model (Kunming mice, 30-35
g, female). The specific process is shown in SI.

2.11. Antibacterial property and zinc ions release test of hydrogels

The antibacterial ability of hydrogels was evaluated through contact
antibacterial test and MIC test. 10 pL of bacterial suspension (10® CFU/
mL) was mixed with the hydrogel in a 48-well plate, then 10 pL of
bacterial suspension without materials was used as a control. After
incubating the plate at 37 °C for 2 h, a certain amount of sterile PBS was
added to each well to re-suspend the surviving bacteria. After incubating
at 37 °C for 18-24 h, the colony forming unit (CFU) was calculated on
the petri dish [51]. The specific processes are shown in SI. The detailed
information of MIC test is shown in SI.

The zinc ion release performance of the hydrogels is tested by a zinc
ions kit assay, and the details are shown in the SI.

2.12. Cytocompatibility test of hydrogels

The cytocompatibility test was performed by using leaching solution
method and direct contact method according to previous research [52].
The specific process is shown in SI.

2.13. In vivo wound healing evaluation with a drug-resistant bacterial
infected full-thickness skin defect model

To further evaluate the enhanced effect of CSG-PEG/DMA/Zn
hydrogel on wound healing, a full-thickness skin defect model of
MRSA infection was established. Hematoxylin-eosin (H&E) staining was
used for histomorphological measurement at different stages of wound
regeneration to assess inflammation and epidermal regeneration in the
wound area. The collagen amount was evaluated by Masson trichrome
staining and commercial kits (Jiancheng bioengineering, China) were
used to estimate the content of hydroxyproline [4]. All operations fol-
lowed the manufacturer’s instructions. The specific process is shown in
SI. All the animal experiments were approved by the institutional review
board of Xi’an Jiaotong University.

2.14. Histology and immunohistochemistry

Histological and immunohistochemistry examinations were per-
formed to assess the vascular remodeling and inflammatory cells during
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wound healing. CD31 and CD68 were selected for the immunohisto-
chemistry staining [3]. The specific process is shown in SI.

2.15. Statistical analysis

Statistical analysis on all experimental data of the study was per-
formed, and the results are expressed as mean + standard deviation
(SD). A one-way analysis of variance (ANOVA) followed by Bonferroni
post-hoc test was used to make multiple comparisons with SPSS version
24 (IBM) to determine statistical differences (P < 0.05).

3. Results and discussion
3.1. Preparation of CSG-PEG/DMA/Zn hydrogel

Chronic wounds infected by MRSA have a high mortality ratio
worldwide, so there is an urgent need to develop a series of new
hydrogel dressings to address this issue. The regeneration of full-
thickness skin wound is a complicated process, which needs many
functions of the materials to fulfill this process, including antibacterial
property to kill the bacteria, good hemostasis to stop bleeding, and
antioxidant property to promote wound healing, ect. However, such
multi-functional hydrogel wound dressing is rarely reported. In this
study, a series of multifunctional antibacterial and antioxidant adhesion
hemostatic hydrogels for wound healing of drug-resistant bacterial in-
fections have been developed. CS is a natural cationic polysaccharide,
which is widely used due to its excellent wound healing effect [53],
hemostatic ability [54], and antibacterial activity [55]. However, the
poor solubility of CS limits its further application [56]. Thus, a series of
chitosan derivatives was designed to improve the solubility in water. For
example, quaternized chitosan has been widely used, but highly qua-
ternized modification can cause severe cytotoxicity [57]. In this work, as
shown in Fig. la, mPEG-modified chitosan (CS-PEG) with good
biocompatibility and improved solubility was developed by amidation
reaction of polyethylene glycol monomethyl ether onto the backbone of
CS in an aqueous solution. Furthermore, a double bond was introduced
to CS-PEG by grafting glycidyl methacrylate to endow the polymer of
CS-PEG with the ability that can form the basic network of the hydrogels
by photo-initiated radical polymerization [41]. At the same time, double
bond modified-dopamine (DMA) was synthesized in hopes of improving
the adhesion and antioxidant capacity of the dressings. Besides, zinc ions
was introduced to improve the antibacterial properties of hydrogels
[51]. The hydrogel precursor premix was obtained by mixing the zinc
chloride (ZnCly) aqueous solution with CSG-PEG and DMA. Subse-
quently, dual network cross-linked hydrogel was formed with LAP as
photo-initiator through the polymerization of double bonds that derived
from CSG-PEG and DMA. At the same time, zinc ions uniformly
dispersed in the hydrogel network and coordinated with catechol group
of dopamine. The covalent cross-linking between CSG-PEG and DMA
serves as the main backbone component of the hydrogel network, and
the stacking of dopamine benzene rings, the coordination of metal ions
with catechol group and the hydrogen bonding give the hydrogel a
second non-covalent physical crosslinking network (Fig. 1b). The
mutual coordination of the dual networks contributes to the energy
dissipation of the entire system, so that the hydrogel can withstand a
certain degree of deformation imposed by external mechanical forces.
Zinc ions were uniformly dispersed in the hydrogel system, not only as a
cross-linking component, but also show the antibacterial properties
[51]. At the same time, zinc ions can also promote the formation of
epithelial tissue during wound healing [31]. By increasing the DMA
concentration from 0 wt% to 0.3 wt%, 0.6 wt%, and 0.9 wt% (relative to
the weight of the total hydrogel precursor) and setting the molar ratio of
zinc ions concentration to DMA of 1:2, the zinc ions concentration
corresponding to the DMA concentration is 0.09 wt%, 0.18 wt%, and
0.27 wt% respectively, a series of hydrogels with different rheology,
morphology, and mechanical properties were obtained (Fig. 2a). The
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Fig. 1. (a) Synthesis of DMA, mPEG-COOH, and CSG-PEG; (b) Schematic representation of the CSG-PEG/DMA/Zn hydrogel formation; (c) Properties of hydrogel and

its application in infected wound healing.

hydrogels were named as CSG-PEG, CSG-PEG/DMA3/Zn,
CSG-PEG/DMA6/Zn, and CSG-PEG/DMA9/Zn as shown in Fig. S1. The
obtained adhesive, antioxidant, antibacterial and hemostasis dual
network hydrogels were used as a wound dressing during the repair of
infected wounds (Fig. 1c).

The chemical structure of DMA, mPEG-COOH, CSG-PEG and CSG-
PEG/DMA/Zn hydrogel was studied by FT-IR spectroscopy (Fig. 2b).
For DMA, the characteristic signal at 1650 cm™! was attributed to the
stretching vibration of C=O0 in the amide group, indicating that ami-
dation reaction occurred during the synthesis of DMA [58]. In addition,
the characteristic signal around 3225 cm™exhibited the stretching vi-
bration of —~OH in catechol group. For mPEG-COOH, the absorption
peaks of C=0 and —-COO with stretching and antisymmetric stretching
vibration occurred at 1735 cm™*and 1560 cm ™%, respectively, indicating
that mPEG has been successfully carboxylated [59]. For CSG-PEG, the
absorption peak related to mPEG appeared at 840 em ! and 960 cm Y,
and the absorption peak of double bond was about 1660 cm ™, indi-
cating that mPEG and glycidyl methacylate have been successfully
grafted to CS [60]. The 'H nuclear magnetic resonance (1H NMR)
analysis results of DMA, mPEG-COOH and CSG-PEG (Figs. S2-54)
further proved the successful modification of the dopamine, mPEG and
CS. Compared with the infrared spectrum of CSG-PEG, the peak of
CSG-PEG/DMA/Zn hydrogel at 1660 cm™! disappeared, which indi-
cated that DMA and CSG-PEG were polymerized via
photo-polymerization of double bond.
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3.2. Gelation time, swelling, degradation, rheology, and mechanical
properties of hydrogels

The gelation time of hydrogel is very important in clinical and
biomedical applications [61]. The gelation time of hydrogels was eval-
uated by the duration of UV light irradiation, and the gelation time of
CSG-PEG, CSG-PEG/DMA3/Zn, CSG-PEG/DMA6/Zn, and
CSG-PEG/DMA9/Zn hydrogels was about 15 s, and this dose of irradi-
ation is safe for biological tissues [62] and is good for their in vivo
application.

Tissue exudates are produced when the skin is wounded, and
excessive exudate will cause bacteria to proliferate and affect the wound
healing process. Hydrogel can absorb excess exudate from the wound
while maintaining a moist environment [63]. Therefore, the swelling
properties of these hydrogels were tested, and equilibrium swelling ratio
(ESR) were used to evaluate the water swelling degree of different
hydrogels under physiological conditions in vitro 37 °C PBS buffer
(Fig. 2c). After all hydrogels reached swelling equilibrium, the ESR of
CSG-PEG, CSG-PEG/DMA3/Zn, CSG-PEG/DMA6/Zn and
CSG-PEG/DMA9/Zn were 1607% =+ 125%, 1536% =+ 71%, 1321% +
90% and 1140% =+ 91%, respectively. The results indicated that the
hydrogel with higher DMA and zinc ions content showed lower ESR,
which was attributed to the higher cross-linking density due to higher
content of zinc ions and DMA, and the hydrophobic nature of DMA and
the hydrophobic interaction between DMAs via n-n stacking are addi-
tional reasons that lead to lower ESR of the hydrogels containing the
DMA.

The degradation behavior of these hydrogels in 37 °C PBS buffer (pH
= 7.4) was evaluated by simulating the physiological environment in
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Fig. 2. Characterization of CSG-PEG/DMA/Zn hydrogels. (a) Photographs of different hydrogels; (b) FT-IR spectra of DMA, mPEG-COOH, CSG-PEG, and CSG-PEG/
DMA/Zn hydrogel; (c) Equilibrium swelling ratio (ESR) of hydrogels (n = 3); (d) In vitro degradation curve of hydrogels (n = 3); (e) Rheological behavior of
hydrogels; (f-i) Compressive stress-strain curve of CSG-PEG, CSG-PEG/DMA3/Zn, CSG-PEG/DMA6/Zn, and CSG-PEG/DMA9/Zn hydrogels at 60% strain.

vivo (Fig. 2d). After immersing the hydrogels in PBS for 3 days, the
weight remaining ratio of CSG-PEG hydrogel was 60% of the initial
weight, which might be because the unreacted CSG-PEG residuals in the
network would diffuse out of the hydrogel matrix to cause the higher
weight loss of the hydrogels in the first 3 days. While the weight
remaining ratio of the CSG-PEG/DMA3/Zn, CSG-PEG/DMA6/Zn and
CSG-PEG/DMA9/Zn hydrogels was 40% of the initial weight. After 13
days, the residual weight of all hydrogel groups remained at about 20%,
demonstrating that CSG-PEG/DMA/Zn hydrogels showed tunable
degradation rate.

The rheological properties of hydrogels were evaluated, and the
temperature was set to 37 °C to simulate body temperature during the
test [64]. The storage modulus (G') and loss modulus (G”) of different
hydrogels were tested at a fixed frequency (10 rad s™!) (Fig. 2e). The
minimum storage modulus of CSG-PEG hydrogel was approximately
130 Pa. With the increase of DMA and zinc ions, the storage modulus of
CSG-PEG/DMA3/Zn and CSG-PEG/DMAG6/Zn hydrogels increased to
185 Pa and 265 Pa. CSG-PEG/DMA9/Zn hydrogel showed the highest
storage modulus of approximately 283 Pa. These results proved that
with the increase of DMA and zinc ions, the non-covalent interaction
becomes more obvious leading to the gradual increase of modulus of the
hydrogel.

The good resilience of different hydrogels has been confirmed by
cyclic compression test (Fig. 2f—i). When a fixed compressive strain of
60% was applied to the hydrogel, no obvious damage was seen to the
hydrogel, indicating that the hydrogel can withstand a high degree of
morphological compression. After 25 loading-unloading cycles, all
hydrogel groups can still recover to their original shape in a short time,
and the stress-strain curves almost completely overlapped, indicating
that these hydrogels have good compressibility. With the increase in the
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ratio of DMA and zinc ions, the hydrogel had a higher compressive
stress. The compressive stress of CSG-PEG/DMA3/Zn, CSG-PEG/DMA6/
Zn, and CSG-PEG/DMA9/Zn hydrogels at strain of 60% were 19 kPa, 25
kPa, and 37 kPa, respectively, higher than that of CSG-PEG hydrogel (18
kPa). All these results indicated that CSG-PEG/DMA/Zn hydrogels have
good energy dissipation capacity when external forces are applied
because of the non-covalent cross-linking network.

3.3. Morphology, adhesion, and antioxidation of hydrogels

The uniform and interconnected morphology of these CSG-PEG/
DMA/Zn hydrogels were observed with a scanning electron micro-
scope (SEM) as shown in Fig. 3a. After hydrogels were freeze-dried, all
the hydrogels showed similar pore size, and the range of pore size dis-
tribution is 50-170 pm. Specifically, as the content of DMA and zinc ions
increased, the average pore size of CSG-PEG, CSG-PEG/DMA3/Zn, CSG-
PEG/DMAG6/Zn, and CSG-PEG/DMA9/Zn hydrogels decreased obvi-
ously, and they were 129.9 + 19.1 pm, 111.1 4+ 13.8 pm, 102.5 + 14.3
pm, and 88.5 + 11.5 pm, respectively (Fig. 3b). This may be due to the
n-n interaction between DMA and the coordination interaction between
catechol group of DMA and zinc ions increasing the degree of cross-
linking of the hydrogel [65].

When hydrogel wound dressing is applied to wound area, the good
tissue adhesion of hydrogel can promote to form a physical barrier to
prevent bacterial invasion, and provide a moist environment to accel-
erate wound healing [66]. Thus, the adhesion strength of hydrogel was
tested to evaluate the tissue adhesion in vitro by conducting a lap shear
test with some modification (Fig. 3d) [47]. CSG-PEG hydrogel exhibited
the lowest adhesion strength of 6.7 kPa, and the adhesion strength of the
hydrogel increased from 7.3 kPa to 11.5 kPa (Fig. 3c) by increasing the
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Fig. 3. Morphology, adhesion and antioxidation of CSG-PEG/DMA/Zn hydrogels. (a) SEM images of hydrogels, scale bar: 200 pm; (b) Pore size distribution of
hydrogels; (c) Adhesion strength of hydrogels; d) Schematic presentation of the hydrogel adhesion test; e) DPPH scavenging percentage with a concentration of 1 mg/

mL hydrogels after hydrogels contact with DPPH for 0.5 h.

content of DMA and zinc ions. However, the decrease in adhesion
strength of CSG-PEG/DMA9/Zn hydrogel is mainly due to the increase
in storage modulus of hydrogel [67]. The good adhesion property of the
hydrogel was attributed to the following reasons. Firstly, the catechol
groups and quinone groups on CSG-PEG/DMA/Zn hydrogel interact
with the amino or thiol group of the tissues improving the adhesion
strength of the dressings [25]. Besides, chitosan interacts with the
phospholipid bilayer on the cell membrane through electrostatic and
hydrophobic interactions which can also contribute to the adhesion
strength [68]. In general, the adhesion strength of all hydrogel groups is
better than commercial dressings (about 5 kPa) [69], and these hydro-
gels can effectively bond to the surface of the skin tissue as wound
dressing.

A large number of free radicals can be produced at the wound site,
which will lead to lipid peroxidation, DNA fragmentation and enzyme
inactivation [68]. It has been proven that the use of materials containing
free radical scavenging capabilities on the wound site can promote
wound healing [10]. The free radical scavenging performance was
evaluated by the DPPH free radical scavenging efficiency of the hydrogel
with a dry weight of 1 mg/mL. As shown in Fig. 3e, the CSG-PEG
hydrogel only showed a small amount of free radical scavenging effi-
ciency, which may be because the CS has a certain degree of free radical
scavenging capacity [70]. It is worth mentioning that the free radical
scavenging efficiency of CSG-PEG/DMA3/Zn, CSG-PEG/DMAG6/Zn, and
CSG-PEG/DMA9/Zn hydrogels were all above 95%. The amount of
DPPH scavenger contained in the dry weight of CSG-PEG/DMA6/Zn
hydrogels of 1 mg/mL which was 131.6 pmol, and its amount is close
to the molar amount of DPPH (100 pmol). So with respect to DPPH, the
amount of DPPH scavenger was not much excessive. Overall, the good
free radical scavenging ability of CSG-PEG/DMA/Zn hydrogel makes it
have potential value for clinical wound healing applications.

3.4. In vitro whole blood-clotting test, blood compatibility, and in vivo
hemostasis of hydrogels

When the skin is wounded, it will inevitably cause a certain degree of
bleeding, so hemostasis is the first stage of wound healing [71]. An ideal
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wound dressing should promote platelets to aggregate at the wound site
and form a blood clot to accelerate the hemostasis [49,72]. In vitro
whole blood-clotting test is a common method to evaluate the blood
clotting ability of hemostatic hydrogel [73], and a lower blood-clotting
index (BCI) indicates a higher blood-clotting efficiency. Commercial
gelatin sponge and gauze were selected as the control group of hemo-
static agents. After incubating the different dressings with blood for 10
min at 37 °C, the results showed that BCI values of all hydrogel groups
were lower than gauze and gelatin sponge (P < 0.05) (Fig. 4a). In
addition, the BCI index of all hydrogel groups was lower than that of
carboxymethyl cellulose cross-linked gelatin-PEG hydrogel reported by
other researchers [74]. These results indicated that CSG-PEG/DMA/Zn
hydrogels have more significant hemostatic ability compared to gauze
and gelatin sponge.

Good blood compatibility is a prerequisite for the application of
biomaterials [75,76]. The blood compatibility of CSG-PEG/DMA/Zn
hydrogels were evaluated by in vitro hemolysis test. After incubating
for 1 hin a simulated physiological environment in vitro, the appearance
and color of four hydrogel groups and the positive control group (Triton
X-100) were observed (Fig. 4b). All the hydrogel groups were slightly
light yellow and consistent with PBS color, while the positive control
group was bright red. Quantitative results showed the hemolysis ratio of
all hydrogels was less than 5%. CSG-PEG showed the lowest hemolysis
ratio of 1.97%. With the increase of the content of DMA and zinc ions,
the hemolysis ratio of CSG-PEG/DMA3/Zn, CSG-PEG/DMA6/Zn, and
CSG-PEG/DMA9/Zn hydrogels were 2.21%, 2.48%, and 2.79%,
respectively, proving that these hydrogels have good blood
compatibility.

Because the CSG-PEG/DMA6/Zn hydrogel exhibited the best adhe-
sion strength, good blood compatibility and blood-clotting index, the
hemostatic performance of CSG-PEG/DMAG6/Zn was further evaluated
in mouse liver hemorrhage model and mouse-tail amputation model
(Fig. 4c-h). In the mouse liver hemorrhage model (Fig. 4c), compared
with the blank group (689.2 + 33.8 mg), the blood loss of CSG-PEG/
DMAG6/Zn hydrogel was significantly reduced (223.7 + 13.8 mg) (P <
0.01) (Fig. 4g). Next, the hemostatic performance of the mouse-tail
amputation model was tested (Fig. 4d), and the blood loss of CSG-
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PEG/DMAG6/Zn hydrogel was significantly reduced (33.4 + 9.7 mg)
compared with the blank group (237.8 + 13.6 mg) (P < 0.01) (Fig. 4h),
and it is worth mentioning that the blood loss of CSG-PEG/DMA6/Zn
hydrogel is far less than the previously reported chitosan-based wound
dressing (261.28 + 35.61 mg) [77]. The hemostatic effect of
CSG-PEG/DMAG6/Zn hydrogel in vivo is mainly due to its hemostasis of
chitosan and its good tissue adhesion ability which can adhere tightly to
the wound site, providing a stable gel network as a physical barrier to
accelerate blood-clotting.

3.5. Antibacterial property and cell compatibility of hydrogels

The antibacterial effect of the hydrogels is important for them as
wound dressing [78]. Firstly, these CSG-PEG/DMA/Zn hydrogels were
contacted with bacteria to test their inherent antibacterial properties.
After co-cultivation at 37 °C for 2 h, CSG-PEG hydrogel performed a low
sterilization ratio, which may be due to the inherent antibacterial of CS.
In contrast, there was almost no obvious bacterial colony in the hydrogel
group containing zinc ions (Fig. 5a, b, and c). Quantitative results
showed that the CSG-PEG/DMA3/Zn, CSG-PEG/DMA6/Zn, and
CSG-PEG/DMA9/Zn hydrogels could be effective against Staphylococcus
aureus (S. aureus, Gram-positive bacteria) and Escherichia coli (E. coil,
Gram-negative bacteria) (Fig. 5d, f), indicating that they have excellent
antibacterial properties. As the zinc ions content increases, the anti-
bacterial property of hydrogels was enhanced. In addition,
methicillin-resistant Staphylococcus aureus (MRSA), as a common clini-
cally drug-resistant bacteria has also been used to evaluate the inherent
antibacterial properties of CSG-PEG/DMA/Zn hydrogels [8]. As shown
in Fig. 5e, CSG-PEG/DMA3/Zn, CSG-PEG/DMA6/Zn and
CSG-PEG/DMA9/Zn hydrogels also had a good antibacterial effect for
MRSA due to the effective antibacterial property of zinc ions [79]. A
contact antibacterial test of CSG-PEG/DMAG6 hydrogel (Fig. S5) was also
conducted. Without the zinc ions, the inhibition ratio of the
CSG-PEG/DMAG6 hydrogel for E. coil, S. aureus, MRSA is only 22.7%,
28.0%, and 30.5%, indicating that zinc ions are the main antibacterial
component in the hydrogel. Furthermore, the minimum inhibitory
concentration (MIC) of the CSG-PEG/DMA6/Zn hydrogel was shown in
Fig. S6. The OD value of the bacterial stock solution was recorded as a
positive control, and the OD value of MHB was recorded as a negative
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control. The absorbance value of the bacterial suspension after treat-
ment with different concentrations of materials was compared. The MIC
of CSG-PEG/DMAG6/Zn hydrogel for S. aureus, E. coil and MRSA were 4.0
mg/mL, 12.5 mg/mL, and 4.5 mg/mL, respectively. The release
behavior of zinc ions from the hydrogel was also tested. As shown in
Fig. S7, zinc ions release showed burst release performance within 1 h
and the release amounts were 16.53 pg/mL, 41.6 pg/mL, and 62.5
pg/mL, respectively. Then zinc ions release rate was slowed down, and
showed a sustained release within 288 h. After 288 h, the release of zinc
ions from the hydrogels reached 39.3 pg/mL, 86.9 pg/mL and 118.8
pg/mL, which can provide sustained antibacterial property of the
hydrogels.

The viability of L929 fibroblasts was used to evaluate the cell
compatibility of these hydrogels. Firstly, the cytotoxicity of CSG-PEG/
DMA/Zn hydrogels were tested by the leaching solution method. As
shown in Fig. 5g, h, and i, the number of cells increased significantly
within five days, which indicated that the cells grew well throughout the
experiment. At the same time, there was no difference in the cell
viability of different concentrations of hydrogels, and the cell viability in
the cell culture medium with hydrogel extract was similar to the TCP
group, indicating that these hydrogels have good cell compatibility.

Subsequently, the cytotoxicity of the materials was further evaluated
by the direct contact method, and tested by co-cultivating the lyophi-
lized hydrogel with the cells seeded on the well plate. As shown in
Fig. 5j, the cytotoxicity results on 1st day indicated that with the in-
crease of DMA and zinc ions concentration, cytotoxicity of the hydrogel
showed a slight concentration-dependent changes. However, in general,
different hydrogel groups all showed obvious good cell viability. After
continuing to co-culture L929 cells with hydrogels from the day 1 to the
day 3, it showed obvious increase of cell viability. On 3rd day, the cell
viability of CSG-PEG/DMA9/Zn hydrogel had a difference compared
with CSG-PEG/DMA3/Zn and CSG-PEG/DMA6/Zn (P < 0.05). Through
LIVE/DEAD cell staining on 3rd day (Fig. 5k), it was found that most of
the 1929 cells were green and in spindle-shape and only a few of dead
cells, which was consistent with the quantitative results of alamarBlue.
On 5th day, CSG-PEG, CSG-PEG/DMA3/Zn, CSG-PEG/DMA6/Zn, and
CSG-PEG/DMA9/Zn hydrogels were no significant difference in cell
viability compared with TCP. These results showed that, consistent with
the results of the leaching solution method, the hydrogels have good cell
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compatibility. The cell proliferation ability of this new type hydrogels is
better than our previous reported host-guest interaction hydrogels based
on quaternized chitosan [46], and these hydrogels can be used as a
potential candidate for clinical dressings.

3.6. In vivo wound healing in infected full-thickness skin defect model

All the above test results showed that CSG-PEG/DMA/Zn hydrogel
can be used as a potential wound dressing for skin repair. Among them,
CSG-PEG/DMAG6/Zn with suitable mechanical strength, good adhesion
and hemostatic ability and cell compatibility were chosen as the
representative. Drug-resistant MRSA infected mouse full-thickness
defect model was established to evaluate the efficacy of these hydro-
gels as wound dressings. Tegaderm™ Film was used as a control group.
Since antibiotics was widely used to treat skin wound, CSG-PEG/DMA6
hydrogel loaded with amoxicillin (CSG-PEG/DMA6-Am) in situ was
regarded as another control group. As shown in Fig. 6a, b, and c, the

5 mg/ml 10 mg/ml 20 mg/ml
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Fig. 5. Antibacterial and cell compatibility test of CSG-PEG/DMA6/Zn hydrogel. Images of contact antibacterial activity of hydrogel against (a) S. aureus and (b)
MRSA and (c) E. coli; Bacterial survival ratio of S. aureus (d), MRSA (e), and E. coli (f); The cell viability on day 1 (g), day 3 (h), and day 5 (i) by using the leaching
solution method; (j) The results of L929 cells survival ratio obtained by direct contact method for 1 day, 3 days, and 5 days; (k) LIVE/DEAD staining pictures of
hydrogel and cells co-cultured for 72 h (n = 4).

results showed that the wound area of all groups had a certain degree of
shrinkage from 3 days to 7 days, and to 14 days. After 3 days of treat-
ment, there was still some yellow pus at the wound site (Fig. 6a), indi-
cating that the full-thickness skin defect model of MRSA infection was
successfully established. The wound area of CSG-PEG, CSG-PEG/DMA6-
Am, and CSG-PEG/DMA6/Zn hydrogel groups were significantly
smaller than that of commercial Tegaderm™ Film group (Fig. 6¢). The
wound closure ratio of CSG-PEG/DMA6/Zn hydrogel group was
approximately 25% higher than that of Tegaderm™ Film group (P <
0.01), which showed the best wound repair effect. The wound closure
ratio of CSG-PEG and CSG-PEG/DMAG6-Am hydrogel groups was similar,
and also obviously higher than Tegaderm™ Film group. After 7 days of
treatment, the wound closure ratio of CSG-PEG, CSG-PEG/DMA6-Am
and CSG-PEG/DMA6/Zn hydrogel groups was 63%, 74%, and 86%,
respectively, which showed that the wound healing effect of these
hydrogels was better than Tegaderm™ Film group. Besides, the wound
closure ratio of CSG-PEG/DMAG6/Zn hydrogel group was significantly
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higher than that of Tegaderm ™ Film group and CSG-PEG hydrogel
group (P < 0.01). More importantly, the wound closure rate of the CSG-
PEG/DMAG6/Zn hydrogel group on day 7 was better than that of the
other repeorted mPEG-modified chitosan-based hydrogel [26], which is
because zinc ions provided the antibacterial effect in the initial stage of
infection, and promoted the migration of fibroblasts and vascular
remodeling during the wound healing stage. On the 14th day, the wound
in the CSG-PEG/DMAG6/Zn group was almost completely healed (wound
closure ratio was more than 95%). The residual area of the wound in the
CSG-PEG/DMA6-Am hydrogel was only 10%, and amount of wound
area remained more than 10% in the other groups.

Granulation tissue is composed of newly formed capillaries and
proliferated fibroblasts, which play a critical role in wound repair [4].
Therefore, the thickness of granulation tissue was measured to distin-
guish the quality of wound repair. As shown in Fig. 6d and e, after 7 days
of healing, Tegaderm™ Film showed the thinnest granulation tissue
thickness (441 pm). The granulation tissue thickness of CSG-PEG and
CSG-PEG/DMA6-Am, and CSG-PEG/DMAG6/Zn hydrogel were 527 pm,
and 628 pm, and 724 pm, respectively, and 724 pm was significantly
thicker than other groups (P < 0.01). All these results indicated the best
effects of CSG-PEG/DMAG6/Zn hydrogel in the wound healing process. In
conclusion, the hydrogel containing dopamine and zinc ions showed the
best treatment effect in entire wound healing stage. This is because
dopamine can effectively remove ROS and prevent peroxidation damage
at the wound site, and zinc ions can not only effectively kill bacterium,
but also promote the proliferation and migration of fibroblasts, which
contributes to the formation of epithelial tissue [17,20,80]. In general,
CSG-PEG/DMAG6/Zn hydrogel is superior to the commercial Tegaderm™
Film due to its inherent antibacterial and wound healing ability.
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3.7. Histomorphological evaluation

Wound healing is a complex and orderly physiological process,
which includes hemostasis, inflammation, migration, proliferation and
remodeling [81]. Hematoxylin and eosin stained sections (H&E stain-
ing) were used to evaluate the wound healing effect at different stages
[82]. As shown in Fig. 7a, all the hydrogel groups showed mild in-
flammatory response after 3 days of treatment, but Tegaderm™ Film
group showed strong acute inflammation. Besides, compared with the
CSG-PEG and CSG-PEG/DMA6-Am  hydrogel groups, the
CSG-PEG/DMA6/Zn hydrogel group showed relatively fewer inflam-
matory cells and more fibroblasts. This may be due to the antioxidant
ability of dopamine, and zinc ions’ promotion of migration of fibroblasts
[20]. On the 7th day, all the groups almost formed varied degrees of
epidermal structure, and had a large number of migrated fibroblasts.
Compared with Tegaderm™ Film and CSG-PEG, CSG-PEG/DMA6-Am
and CSG-PEG/DMAG6/Zn hydrogel groups had relatively thicker
epidermis.

New blood vessels provide nutrients and oxygen for wound site,
which is essential for wound repairing [83]. The number of blood vessels
at the wound site was counted on the 7th day to evaluate wound healing
effect (Fig. 7c), and the results showed that the CSG-PEG/DMA6/Zn
hydrogel group revealed the best angiogenesis promotion effect
(Fig. 7a, pointed by the red arrow), which was significantly higher than
Tegaderm™ Film group (P < 0.01) and CSG-PEG hydrogel group (P <
0.05). This is due to the function of zinc ions to promote angiogenesis
[80]. On the 14th day, although the Tegaderm™ Film group showed
complete epithelial regeneration, but still no obvious hair follicle for-
mation. In contrast, the hydrogel treatment groups, especially epidermal
structure of the CSG-PEG/DMAG6/Zn hydrogel group appeared similar to
the normal tissues, and there was more skin component such as hair
follicles (Fig. 7a, pointed by the green arrow). The statistical results
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Fig. 7. (a) Morphological results of wound healing site after treatment for 3 days, 7 days and 14 days, and Masson’s trichrome staining at the wound site on the 7th
day, scale bar: 200 pm; (b) Newborn hair follicles on 14th day; (c) Regeneration of blood vessels on 7th day; (d) Collagen amount by measuring the content of

hydroxyproline. *P < 0.05, **P < 0.01.

showed that the number of hair follicle regeneration in
CSG-PEG/DMAG6/Zn hydrogel group was significantly higher than that
in Tegaderm™ Film (P < 0.05) and CSG-PEG hydrogel group (P < 0.05)
(Fig. 7b). However, CSG-PEG/DMA6-Am hydrogel group occurred a
certain degree of irregular epidermis on the 14th day, which indicated
that wound healing effect of CSG -PEG/DMA6-Am hydrogel was not
very satisfactory. These results indicated that the CSG-PEG/DMA6/Zn
hydrogel exhibits the best effect on extracellular matrix remodeling
and tissue regeneration.
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3.8. Analysis of collagen deposition in wound healing

The process of wound healing always accompanied by changes in
collagen metabolism. Hydroxyproline is the most widely distributed key
component of collagen (content is 13.4%) [46], and the amount of hy-
droxyproline can reflect the collagen metabolism of wound site [84].
The total collagen level in granulation tissue was tested by analyzing the
content of hydroxyproline to evaluate the effects of the four treatments
groups. As shown in Fig. 7d, on the 3rd day, CSG-PEG/DMA6/Zn
hydrogel group showed the most collagen deposition compared with
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other groups (P < 0.01). The amount of collagen deposition of
CSG-PEG/DMAG6/Zn hydrogel group was significantly higher than that
in the CSG-PEG/DMA-Am hydrogel group on the 7th day (P < 0.05). On
the 14th day, the collagen deposition of CSG-PEG/DMA6/Zn hydrogel
group and CSG-PEG/DMAG6-Am hydrogel group was similar, which was
still significantly higher than that of Tegaderm™ Film group and
CSG-PEG hydrogel group (P < 0.01). Within 14 days of treatment, the
collagen content in the wound site continued to increase. Compared
with the Tegaderm™ Film group, the hydrogel groups showed a better
collagen deposition throughout the repairing process. At the same time,
Masson’s trichrome staining was performed on the tissue section on the
7th day to observe collagen deposition (Fig. 7a). The collagen in the
wound treated was dyed blue. Compared with Tegaderm™ Film group,
the hydrogel treatment groups exhibited more blue color, and the
CSG-PEG/DMAG6/Zn group showed the best collagen regeneration abil-
ity compared with other hydrogel groups. Therefore, these results
proved that the CSG-PEG/DMA6/Zn hydrogel can effectively promote
collagen deposition.

a) Tegaderm™ Film CSG-PEG
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3.9. The expression of CD31 and CD68 during wound healing

Many studies have shown that cytokine changes during wound
healing are closely related to cell metabolism and proliferation [85,86].
CD68 is ubiquitous in monocytes and macrophages, especially near the
wounds [87]. CD68 is highly expressed in inflammation, as the level of
inflammation decreases, the expression of CD68 decreases [88]. CD31
plays an important role in vascular regeneration for the proliferation
and remolding stage of wound healing, and is used to evaluate the
neovascularization during wound healing [89]. Therefore, CD68 and
CD31 were selected as indicators to evaluate the inflammation and
angiogenesis of wound healing process for wound dressing. The immu-
nofluorescence staining of CD68 (Fig. 8a) and the quantitative results
(Fig. 8b) showed that the expression of CD68 is higher in the inflam-
mation stage, and the expression level gradually decreases over time
during the whole process of wound healing. On the 3rd day and 7th day,
compared with other groups, the CSG-PEG/DMA6/Zn hydrogel group
showed the lowest CD68 expression (P < 0.05), which was mainly
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Fig. 8. Immunofluorescence staining results of wound regeneration site on 3rd day and 7th day with (a) CD68 and on 7th day and 14th day with (d) CD31. Red
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because the zinc ion is antibacterial and can promote fibroblast prolif-
eration. The immunofluorescence staining of CD31 and quantitative
results are shown in Fig. 8c and d. Compared with Tegaderm™ Film,
CSG-PEG and CSG-PEG/DMA-Am, the wound site treated with
CSG-PEG/DMAG6/Zn hydrogel showed more CD31 expression on the 7th
day. In addition, on the 14th day, the expression levels of CD31 in the
CSG-PEG/DMA-Am hydrogel group and the CSG-PEG/DMA6/Zn
hydrogel group were similar and significantly higher than Tegaderm™
Film group (P < 0.05). In short, by reducing the expression of CD68 and
simultaneously promoting the expression of CD31, CSG-PEG/DMA6/Zn
hydrogel can significantly promote wound healing and has a better
repair effect than Tegaderm™ Film.

4. Conclusions

In this work, we developed a series of multifunctional hydrogels with
antibacterial properties, compressibility, adhesion, antioxidation and
hemostasis, and further demonstrated that they can be used as a new
type of drug-resistant bacteria infected skin wound dressing. These
hydrogels showed stable rheological property, short gelation time,
excellent tissue adhesion, biocompatibility, antibacterial property and
free radical scavenging capability, which can effectively promote wound
healing. In addition, the CSG-PEG/DMA6/Zn hydrogel showed good
blood-clotting ability in vitro and hemostatic ability in vivo. Compared
with Tegaderm™ Film and PEG-CSG and PEG-CSG/DMA-Am, CSG-PEG/
DMAG6/Zn hydrogels showed the excellent therapeutic effect in term of
the wound closure ratio, granulation tissue regeneration and collagen
deposition in the full-thickness skin defect model of MRSA infection. In
addition, the results of CD31 and CD68 staining during the wound
healing process further showed that these multifunctional hydrogels
have effective promotion in the wound healing process by reducing
inflammation and promoting vascular regeneration. All results indicate
that these multifunctional antibiotic-independent antibacterial adhesion
antioxidant hemostasis hydrogels represent competitive candidates and
can be used to treat wounds infected by resistant bacteria.
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