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ARTICLE INFO ABSTRACT

Keywords: Bacterial infection is a vital factor to delay the wound healing process. The antibiotics abuse leads to drug
Multifunctional hydrogel resistance of some pathogenic bacteria. Non-antibiotic-dependent multifunctional biomaterials with accelerated
Self-healing

wound healing performance are urgently desired. Herein, we reported a composite antibacterial hydrogel PDA-
PAM/Mg?" that shows excellent self-healing and tissue adhesive property, and photothermal antibacterial
functions for accelerating wound healing. The gel was composed of polyacrylamide (PAM), polydopamine (PDA),
and magnesium (Mg>") and prepared via a two-step procedure: an alkali-induced dopamine pre-polymerization
and followed radical polymerization process. The composite gel shows excellent tissue adhesiveness and Mg>*-
synergized photothermal antibacterial activity, inducing a survival rate of 5.29% for S. aureus and 7.06% for
E. coli after near infrared light irradiation. The composite hydrogel further demonstrated efficient bacteria in-
hibition, enhanced wound healing and collagen deposition in a full-thickness skin defect rat model. Together, the
PDA-PAM/Mg?* hydrogel presents an excellent wound dressing with excellent tissue adhesion, wound healing,
and antibacterial functions.

Tissue adhesiveness
Photothermal antibacterial effect
Wound healing

1. Introduction antimicrobial tool, it exhibits many advantages: targeting selectivity,

deep tissue/biofilm penetration, remote controllability,

Skin is the largest organ of human and functions as a protective
barrier [1]. Damaged skin loses the barrier function, which makes it
susceptible to wound infections that aggravate the skin injury and even
causes death [2,3]. Biomaterials have been used to avoid infections
during wound healing. However, the traditional treatments, such as
inorganic antimicrobials, would cause severe systemic toxicity to result
in antibiotics resistance [4]. Therefore, new strategies are needed to
accelerate wound healing.

Photothermal therapy (PTT) that leverages photothermal reagents to
convert laser light energy into thermal energy has emerged as a new
strategy with great potential for antibacterial activity. It physically
eliminates microorganisms via a variety of hyperthermia effects,
including protein/enzyme denaturation, cell membrane rupture, cell
cavitation, and cell fluid evaporation [5,6]. Furthermore, as a
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non-invasiveness, rapid effectiveness, and fewer side effects [7]. In
recent years, many nanomaterials have been developed for photo-
thermal antibacterial therapy [8-11]. For example, Ma et al. [12] con-
structed core-shell nanomaterials (GNR@LDH-PEG) of gold nanorods
(GNRs) and layered double hydroxides (LDHs), which fulfilled a 99.25%
inhibition of Escherichia coli (E. coli) and 88.44% for Staphylococcus
aureus (S. aureus) upon treatment with a 5-min near infrared (NIR)
irradiation. Deng et al. [13] designed dual-valent platinum nano-
particles (dvPtNPs) that are composed of a Pt° core and a Pt>" shell.
Under NIR irradiation, dvPtNPs efficiently killed E. coli and
methicillin-resistant Staphylococcus aureus (MRSA) both in vitro and in
vivo. Noteworthily, when the photothermal nanomaterials are directly
applied on the wound surfaces, excessive topical concentrations and
cytotoxicity are unavoidable [14]. To this end, a stable medium is
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needed to uniformly disperse the photothermal agents and maintain the
antibacterial effects for a longer time.

Hydrogels are soft materials with three-dimensional network struc-
tures and are ideal multifunctional wound dressings with merits of
maintaining the moist microenvironment, allowing water and oxygen
permeation, absorbing excess exudates, and shielding microorganisms
[15,16]. These functions are fundamental and important for wound
healing via promoting fibroblast proliferation, keratinocyte migration,
and eventual re-epithelialization [17-20]. However, the weak me-
chanical properties and lack of adhesiveness result in impaired perfor-
mance of most hydrogels [21]. Therefore, multi-functional hydrogels
with tunable chemical and mechanical properties are expected to
address the limitations of currently available alternatives [22,23].

In this study, a photothermal PDA-PAM/Mg?" composite hydrogel
with self-healing and adhesiveness was designed. As shown in Fig. 1,
PDA was bound to the PAM network through the interactions between
the amino as well as catechol groups in PDA and the amino groups in
PAM. Magnesium ions (Mg?") was incorporated in the hydrogel for the
promoting effects on cell proliferation, differentiation, and tissue
regeneration [24-26]. The hybrid crosslinks of covalent bonds and
reversible non-covalent bonds in PDA—PAM/Mg2+ hydrogel conferred
favorable self-healing and adhesive capability. When exposed to NIR
irradiation, the PDA in hydrogels displayed excellent photothermal
efficiency and antibacterial activities in E. coli & S. aureus. The photo-
stability and recyclability of photothermal effect were improved by the
introduction of Mg?*. The cytocompatibility of the composite hydrogel
in vitro was investigated and the wound healing of the hydrogel dressing
was evaluated in a wound infection rat model.

2. Material and methods
2.1. Materials

Acrylamide (AM), ammonium persulfate (APS), N, N-methylene
bisacrylamide (BIS), magnesium chloride, and tetramethylene ethyl-
enediamine (TMEDA) were purchased from Kelong Chemical Co.
(Chengdu, China). Dopamine hydrochloride was purchased from
Aladdin Bio-Chem Technology (Shanghai, China). Staphylococcus aureus
(S. aureus, ATCC 6538, Gram-positive) and Escherichia coli (E. coli, ATCC
8739, Gram-negative) were used for the antibacterial experiments. 3-
(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT)
was obtained from Energy Chemical Technology (Shanghai, China).

2.2. Preparation of hydrogels

Dopamine hydrochloride (12.8 mg) was dissolved in 8 mL PBS
aqueous solution (pH 11) and stirred at room temperature for 10 min to
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form stable PDA solution, which was then mixed with 1600 mg AM, 160
mg APS, 8 mg BIS, and 9.6 mg magnesium chloride for 5 min. TMEDA
was added and the mixture was immediately vortexed to obtain PDA-
PAM/Mg?t hydrogel. The PAM-PDA hydrogel was prepared in the
absence of magnesium chloride. Similarly, PAM was prepared as a
control sample without addition of PDA and Mg?".

2.3. Physicochemical characterization of hydrogels

The attenuated total reflection Fourier transform infrared (FT-IR)
spectroscopy of PAM, PAM-PDA, and PDA-PAM/Mg>" hydrogels were
measured on an infrared spectrometer (Invenio-R, American), in which
the scanning range was set from 400 cm ™! to 4000 cm™! with a reso-
lution of 4 cm™l. X-ray photoelectron spectroscopy (XPS. Kratos,
AXISSupra, UK) was utilized to analyze the chemical composition of
PDA-PAM/Mg?* hydrogel. Under the condition of the voltage of 15 kv
and the current of 5 mA, the monochromatic Alka X-ray was used as the
excitation source (hv = 1486.6 eV). The micro-morphology of hydrogels
was observed by a scanning electron microscope (SEM. S4800, Hitachi
Ltd, Japan). Before the examination, all the samples were freeze-dried
and sprayed with a thin gold layer. The pore size distribution and the
porosity were calculated using the software Image J by measuring the
images obtained by SEM. The equilibrated swelling ratios (ESR) of
hydrogels were determined by swelling tests. The freeze-dried hydrogel
samples with the same volume were immersed into PBS (pH = 7.4) at
37 °C for 24 h until swelling equilibrium. Then the samples were taken
out and weighed after the removal of superfluous water. The ESR was
calculated according to the formula as:

ESR = (W, -Wq)/Wq x 100%

where Wy and Wy represent the weight of the hydrogels at the swollen
and the dry states, respectively. The test was repeated three times.

2.4. Self-healing behavior

The self-healing capacity of the hydrogels was evaluated by macro-
scopic autonomous healing and rheological recovery test. The hydrogel
sample with a diameter of 2.5 cm and a height of 0.3 cm was cut into two
halves. The cross-sections of the two halves were closely contacted to
observe the self-healing behavior. The gel state of the sample was
observed after 2 h.

A strain amplitude sweep test of the hydrogel disks was carried out
on an Antonpa rheometer (MCR302, Austria) to determine the linear
viscoelastic region and the value of critical strain. A freshly prepared
hydrogel was tested by an alternate strain sweep test with a strain range
from 1% to 10,000% and a constant frequency of 1 Hz.

Amplitude oscillatory strains were switched from small strain (2%)
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Fig. 1. Schematic illustration for the mechanism and application of PDA-PAM/Mg>* hydrogel in wound healing in a full-thickness defect model.
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to large strain (1000%) and 5 cycles were carried out.
2.5. Adhesion property

The adhesion properties of hydrogels were tested by a universal
testing machine (Shimadzu, AGS-J, USA) and a macroscopic adhesion
test. Various substrates, including porcine skin, polyethylene (PE) film,
glass slide, and aluminum (Al) plate, were employed to investigate the
adhesive properties through tensile-adhesion testing. The substrates
bonded with the hydrogels (20 mm x 20 mm) were compressed for a few
minutes at room temperature, and the tensile adhesive strength of the
hydrogel was measured at a constant speed of 5 mm/min (n > 5). Be-
sides, the macroscopic adhesion test of the hydrogels adhered to various
substrates was also conducted.

2.6. Photothermal effect

The photothermal conversion of hydrogels was studied by continu-
ously irradiating the materials in a tube filled with 1 mL gel for 10 min
by using an 808 nm NIR laser (2 W cm™2). Simultaneously, FLIRE 60
infrared thermal imager was employed to monitor the temperature
changes and capture thermal images. Photothermal stability was carried
out according to our previous study [27].

2.7. Antibacterial activity

The in vitro antibacterial activities of hydrogels were investigated by
using S. aureus and E. coli as model bacteria. Gels were co-cultured with
bacteria to evaluate the inhibitory effect. Specifically, the prepared
hydrogel samples (diameter: 15 mm; thickness: 3 mm) were added into a
48-well plate. Bacteria suspension in Luria-Bertani (LB) medium (1 x
10° CFU mL™1) was added to co-culture with hydrogel. The experiment
was divided into four groups (n = 4):

PAM: PAM gel control group and light treatment;
PAM-PDA: PAM-PDA gel and light treatment;
PDA-PAM/Mg?*: PDA-PAM/Mg?* gel and light treatment;
and Control group: only medium, no other treatment.

The 48-well plate was exposed to a 660 nm laser (2 W cm™~2) for 10
min. After that, 30 pL. medium of each hole was diluted with 10 mL PBS,
then 50 pL dilution was coated on the solid medium. The agar plates
were cultured in the incubator for 14 h and then photographed. On the
other hand, the 24-well plate was incubated in an incubator for 14 h, and
100 pL medium was taken from each well. The optical density (OD) of
medium at 600 nm was measured by a microplate reader (Biorad, USA).

2.8. Cytocompatibility assay

MTT colorimetry and living/dead cell staining were used to explore
the effect of materials on cell growth. Mouse embryonic fibroblast cells
(NIH/3T3) and fibroblast cells (L929) were cultured in DMEM supple-
mented with 10% FBS and 1% penicillin-streptomycin in a CO incu-
bator at 37 °C. After cells adhered to the plate for 12 h, the medium was
replaced with 200 pL of hydrogel extracts. After incubated for additional
48 h, 20 pL of MTT solution was added into each well and incubated for
4 h. Eventually, the medium was replaced by 200 pL DMSO and
analyzed by a microplate reader (Biorad, USA) using an excitation
wavelength of 490 nm. The cell viability was calculated according to a
previous study [28,29].

Live/dead staining was conducted using NIH/3T3 and L929 cells,
which were seeded into a 6-well plate. Briefly, after cells adhered to the
plate for 12 h, the cells were incubated with hydrogel extracts for 48 h.
Next, cells were stained with Calcein-AM/PI dye for 25 min and
observed under a fluorescent microscope (Olympus IX71, Japan) at
excitation/emission wavelengths of 530/580 nm and 490/515 nm for PI

205

Bioactive Materials 15 (2022) 203-213

and Calcein-AM, respectively. All Experiments were performed in
triplicate.

The cell scratch assay was performed after cells adhered to the plate.
Cells were incubated with the extracts of hydrogels and imaged using
inverted optical microscopy at 0, 24, 48, and 72 h. The scratch area rate
was obtained by the equation:

Scratch area rate (%) = (A / Ag) x 100%

where A and A( were the scratch areas on day t and day 0, respectively.

2.9. In vivo wound healing evaluation

Animal experiments comply with the National Regulations on the
Administration of Laboratory Animals and were approved by the Animal
Care and Use Committee of Sichuan University. Sprague Dawley (SD)
rats (male, approximately 260 g) were purchased from the Dashuo
Biotechnology Co. Ltd. All rats were acclimatized for a week and then
the back hair was shaved. Full-thickness wound model was established
at the dorsal area of SD rats. Four full-thickness defect wounds with a
diameter of 1 cm were symmetrically made on each side of the spine
after rats were anesthetized by intraperitoneal injection of 10% chloral
hydrate. Thereafter, 100 pL S. aureus (108 CFU mL™!) was injected into
the wound to establish infection. The wounds of each rat were covered
with PAM, PAM-PDA, and PDA-PAM/Mg?" hydrogel, respectively (n =
5). The hydrogels were treated with 808 nm NIR laser (2 W cm~2) for 10
min. Medical nonwovens were then used to fix wound dressings. During
the experiment period, the wound dressings were replaced every three
days. The wound sites were photographed on days 0, 3, 7, and 14.
Wound areas were measured using the Image J software and wound
closure calculated as follows:

Wound closure (%) = (1 — (A / Ap)) x 100%

where A and Ap were the wound areas on day t and day 0, respectively.

2.10. Histological analysis

After a 14-day treatment, the skin tissues were collected and fixed in
4% paraformaldehyde solution. The tissue was embedded in paraffin
and cross-sectioned to 5 pm thick slices. The tissue sections were stained
with hematoxylin-eosin (H&E) reagents and Masson [30]. All slices were
analyzed and photo-captured on a microscope (Leica, Germany).

2.11. Statistical analysis

Statistical analyses were performed using SPSS 25.0 software for
Windows. Data were presented as means + standard deviation. The
difference in the values between the two groups was determined by t-
test. The statistical significance of more than two groups was assessed
using one-way ANOVA. A value of *p < 0.05 was considered statistical
differences and **p < 0.01 was considered statistically significant
differences.

3. Results and discussion
3.1. Preparation and physicochemical characterization of hydrogels

In this study, the composite hydrogels were produced by a two-step
procedure. Firstly, polydopamine (PDA) was synthesized by an alkali-
induced pre-polymerization. Secondly, the PDA-PAM/Mg?* hydrogel
was fabricated by an aqueous radical polymerization. Control hydrogels
PAM and PAM-PDA were prepared similarly. FT-IR spectrometry was
used to investigate possible crosslinks within the obtained hydrogels.
The assignments of infrared light absorption peaks were shown in Fig. 2a
and Table 1. Compared with pure PAM hydrogels, the spectra of PAM-
PDA and PDA-PAM/Mg?* hydrogels depicted a new peak at 1258
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Fig. 2. Characterization of hydrogels. (a) The FTIR spectra of different hydrogels. (b) XPS characterization of PDA-PAM/Mg>" hydrogel. SEM images of PAM (c),
PAM-PDA (d), and PDA-PAM/Mg>" (e) hydrogels. The pore size distributions of PAM (f), PAM-PDA (g), and PDA-PAM/Mg?" (h). The porosity (i) and SER (j)

of hydrogels.

Table 1
Assignment of FT-IR spectra (Fig. 1a) of hydrogels.

Number Wavenumber (cm™?) Peak assignments

1 3100-3400 O-H and N-H stretching vibration

2 2925 CH,, antisymmetric vibration

3 2850 CH, symmetric vibration

4 1650 C=O0 stretching vibration for amido

5 1600 N-H bending vibration for primary amide
6 1400 C-N stretching vibration for primary amide
7 1450 CH;, in-plane scissoring

8 1350 C-H Bending vibration

9 1100 NH; in-plane rocking

cm ™}, which was corresponding to the C-N stretching vibration. The
appearance of new peak presented that there was an interaction between
amino groups in PAM and phenolic hydroxyl groups in PDA. Moreover,
the wide-scan XPS spectrum of PDA-PAM/Mg?" hydrogel was measured
(Fig. 2b), which indicated that the main chemical components of gel
included organic elements C, O, and N and inorganic Mg. The XPS result
evidenced the successful encapsulation of Mg?* in the hydrogel.

The microstructures of hydrogels were observed by SEM. As
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demonstrated in Fig. 2c—e, compared with PAM hydrogel with smooth
surfaces, the hydrogels containing PDA had a microfibril structure. The
formation of microfibrils in the PAM-PDA and PDA-PAM/Mg?*t gels
were attributed to the complexation of PDA and PAM chains through n-n
interactions and hydrogen bonds [31], which facilitated the broken
hydrogel for self-healing. The pore size distributions were obtained from
the SEM images and the average diameters of PAM, PAM-PDA, and
PDA-PAM/Mg>* hydrogels were 4.13, 7.30, and 14.03 pm, respectively
(Fig. 2f-h). It gradually became larger with the addition of PDA and
Mg?*, but the porosity of hydrogels containing PDA were smaller than
the PAM hydrogel (42.38%), and the smallest value belonged to
PDA—PAM/MgZJr hydrogel (34.54%) (Fig. 2i). Consequently, the ESRs of
hydrogels containing PDA were lower than the PAM hydrogel
(124.52%) (Fig. 2j), which was due to the increased crosslinking density
with the addition of PDA and Mg?* in the hydrogel matrix. Even the ESR
of PDA-PAM/Mg>* hydrogel was 59.48%, it could swell sharply and
absorb tissue surplus exudates, suggesting its potential application in
wound dressing.



Z. Guo et al.
3.2. Self-healing behavior of the hydrogel

Self-healing hydrogels have promising applications in wound closure
by prolonging the service life of hydrogel and preventing wound infec-
tion. The self-healing performance of PDA-PAM/Mg?" hydrogel was
evaluated by macroscopic observations after cutting the hydrogels in
two halves (Fig. 3a). After a 2-h contact, the two halves stuck together to
form an intact gel, indicating the natural healing without any external
forces. The self-healed hydrogel was well stretched without crack. The
self-healing behavior of hydrogels could be explained as the recombi-
nation of hydrogen bonds and n-r interactions, which was promoted by
the mutual diffusion of free polyacrylamide chains and polydopamine at
the incision (Fig. 3b).

The self-healing behavior was also assessed by a rheological recovery
test. An amplitude strain sweep test (strain 1-10,000%) was conducted
to determine the linear viscoelastic region (LVR) and intersecting point.
As illustrated in Fig. 3d, the G’ and G” curves, intersected at a strain of
670%. The higher critical strain indicated that the hydrogel could sus-
tain a larger deformation. Once the strain exceeded the critical strain,
the structure of the hydrogel would collapse and converse from a solid
with gel properties to a liquid with fluid properties as the G’ value
decreased dramatically. The self-healing property was further
confirmed. As shown in Fig. 3e, when a strain of 1000% was applied, the
G’ value was lower than G” value, that indicated that the cross-linking
network of hydrogel was destroyed [32]. However, the values recov-
ered (G° > G”) when the strain of 1000% returned to 2.0%, clearly
demonstrating the reconstruction/self-healing of hydrogel structure.
When the two processes were repeated, the reversible rheological
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behavior was observed. More importantly, the G’ value was recovered to
a larger value than the initial G’ value when the strain turned low strain.
The higher G’ value implied a good recovery which was mainly due to
the increase of cross-linking points with the rearrangement of polymer
molecular chains after the higher strain was applied. This conclusion
was further confirmed by the sticky and sandy hydrogel at the end of the
experiment, which was remarkably different from the dollop-like PAM
(Fig. 3c).

3.3. Stable and strong adhesion capacity of PDA-PAM/Mg*" gel

The adhesive hydrogels that completely adhere and integrate with
the tissues could afford a beneficial microenvironment to avoid in-
fections and promote healing. PDA-PAM/Mg*" hydrogel was firmly
adhered to an elbow joint even when it adopted different angles
(Fig. 4a), suggesting a potential in providing a stable and close contact
between the gel and the dynamic wound. The hydrogels also exhibited
good adhesion to various material surfaces (hydrophilic, hydrophobic,
metallic, and organic tissues) and could bear a heavy load of 100 g
(Fig. 4b). Furthermore, the adhesion strength of the hydrogel to repre-
sentative surfaces was quantified by a tensile-adhesion test (Fig. 4c). The
highest adhesion strength to glass, PE, Al, and porcine skin was 41.22,
28.99, 38.58, and 3.69 KPa, respectively (Fig. 4d). The high adhesion of
the hydrogel was mainly due to hydrogen bonds formed between amide
groups of PAM and functional groups on the surface of various sub-
stances. Another key component, polydopamine, could enhance the
adhesive force and further improvement of adhesiveness strength. The
catechol group formed strong covalent bonds and hydrogen bonds with
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Fig. 3. Self-healing properties of the PDA-PAM/Mg*" hydrogel. (a) Photographs of the self-healing process with disk-shaped hydrogel. (b) Proposed self-healing
mechanism of the hydrogel via hydrogen bonds and n-n interactions. (c) The different states of hydrogels at the end of the experiments. (d) Rheological data of
the hydrogel from the strain amplitude sweep test (1-10,000%) at 1 Hz frequency. (e) Rheological data of the hydrogel from alternate step strain switching from low
strain to high strain.
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different nucleophilic reagents (Fig. 4c) [33]. The excellent adhesion
property of PDA-PAM/Mg?* gel suggested its potential application in
wound dressing by skin protection in a convenient manner.

3.4. Photothermal effect

The photothermal effect could stimulate local microcirculatory
blood flow, inhibit bacteria, and reduce inflammation. Thus, the pho-
tothermal effects of the hydrogels were studied by irradiating the
hydrogel samples under an NIR laser (808 nm, 2 W cm™~2). Photothermal
images and corresponding temperature change curves of different
hydrogels were presented in Fig. 5a-d. After irradiation for 10 min,
PAM-PDA and PDA-PAM/Mg?* hydrogels showed a temperature in-
crease of 23.0 and 24.8 °C (Fig. 5d), which was significantly higher than
that of PAM hydrogel (5.7 °C). These results indicated that PAM
hydrogel had no photothermal effect, and PDA containing hydrogels
possessed excellent photothermal conversion efficiencies. In addition,
the photothermal stability was studied by performing laser on/off ex-
periments in four irradiation-cooling cycles. As shown in Fig. Se, PDA-
PAM/Mg?" showed a higher photothermal stability than PAM-PDA;
after four on/off cycles, PAM-PDA can only induce an elevated tem-
perature of 14.3 °C, lower than that of PDA-PAM/Mg2+ (21.3 °Q).
Taking together, the results manifested that the addition of Mg* could
improve the stability and repeatability of photothermal effect.
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3.5. Antibacterial performances of PDA-PAM/Mg>*

Encouraged by the high photothermal conversion performance, we
sought to study the in vitro photothermal antibacterial activity of PDA-
PAM/Mg?t against S. aureus and E. coli. After laser treatment, PAM
induced an 88.35% survival of S. aureus (Fig. 5f), which was signifi-
cantly higher than those of PAM-PDA (7.72%) and PDA-PAM/Mg?*
(5.29%) groups. Similarly, the survival rate of E. coli treated with PAM
hydrogel was 87.67%, much higher than those of bacteria treated with
PAM-PDA (8.09%) and PDA-PAM/Mg>" (7.06%). Owing to Mg?*-syn-
ergized photothermal antibacterial activity under NIR irradiation, the
PDA-PAM/Mg?* hydrogel showed a lower survival rate (<10%) than
the previously reported Mg?*-based carboxymethyl cellulose (CMC) and
silk fibroin (SF) composite hydrogel (CMC/SF/Mg(OH),, approximately
20%) [34].

Besides, the antibacterial effects of different hydrogels without light
irradiation were studied (Fig. 5g). PAM and PAM-PDA showed very
limited antibacterial efficacy; 93.29% of S. aureus and 94.31% of E. coli
were alive after treated with PAM-PDA. In contrast, PDA-PAM/Mg?*
showed a significantly enhanced antibacterial activity, resulting into a
survival rate of 76.77% for S. aureus and 74.82% for E. coli. These results
were further intuitively verified by the bacterial coating plates (Fig. Sh
and i). PDA-PAM/Mg>* showed better antibacterial activity than PAM-
PDA owing to the Mg®*-mediated antibacterial effect, which was
consistent with previous studies [35,36]. Taking together,
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PDA-PAM/Mg?*t displayed an improved antibacterial activity via a
photothermal and Mg?* synergy.

3.6. Cytocompatibility evaluation of the hydrogels

The cytocompatibility is essential for hydrogel dressings. The cell
biocompatibility of the hydrogels was first evaluated by an MTT assay.
As shown in Fig. 6b, there was no significant differences in the relative
survival rates between NIH/3T3 and 1929 cells cultured in all hydrogel
extracts, and the viability of cells cultured in all hydrogel extracts was
higher than 85% after a 48-h incubation, indicating that the prepared
hydrogels have good cytocompatibility [30,37].

Next, a live/dead staining assay was used to visually evaluate the cell
biocompatibility. As shown in Fig. 6a, after a 2-d co-culture, most cells
were alive and spaced regularly with spindle-like morphology and only a
few cells were dead, revealing that the hydrogels nearly had no cyto-
toxicity. Therefore, live/dead staining and MTT results manifested that
PAM, PAM-PDA, and PDA-PAM/Mg?* hydrogels were cytocompatible
and could be used for tissue repair.

Furthermore, a cell scratch assay was performed to explore the im-
pacts of hydrogels on the migration, motility, and proliferation of cells.
The results were shown in Fig. 6¢, the scratch area decreased in all
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hydrogel groups over time, especially in PDA-PAM/Mg*" group. The
semi-quantitative analysis of scratch area revealed that there was PDA-
PAM/Mg*" group (29.89%) showed a much smaller residual scratch
area than PAM (44.57%) and PAM-PDA (43.36%) groups (Fig. 6d),
implying that the existence of Mg?" contributed to the enhanced cell
migration and proliferation [25,38].

3.7. Evaluation of wound healing and antibacterial activity in vivo of the
hydrogels

The wound healing effects of the hydrogels were evaluated by a rat
skin full-thickness defect model. Hydrogel dressings were replaced every
3 days. Representative pictures of the wounds in different groups at
scheduled time intervals were shown in Fig. 7a. Macroscopically, PDA-
PAM/Mg*" hydrogel showed a much higher wound healing efficacy
than the other two groups, and no obvious wounds were observed in the
PDA-PAM/Mg?" group after a 14-day treatment. Furthermore, the
quantitative wound areas and wound closure were calculated based on
the wound photographs (Fig. 7b). After treatment for 3 days, PAM, PAM-
PDA, and PDA-PAM/Mg?" hydrogel groups displayed wound closure of
13.12%, 14.31%, and 18.06%, respectively. On day 7, the wound
closure in PDA-PAM/Mg*" hydrogel group was 79.46%, much larger
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points (*p < 0.05, **p < 0.01).

than that of PAM (62.01%) and PAM-PDA (65.50%). On the 14th day, all
wounds in PDA-PAM/Mg?t group were completely cured, verifying a
much better wound healing effects than PAM and PAM-PDA. Together,
these results clearly demonstrated that the desirable physicochemical
characteristics endowed the PDA-PAM/Mg?" hydrogel the best wound
healing efficiency. Compared with another Mg?*-based hydrogel (21
days) composing of PAM and Gellan Gum (GG), our PDA-PAM/Mg>* gel
(14 days) still showed a shorter healing time [39].

The in vivo antibacterial efficacy of hydrogels was evaluated by
collecting skin tissues of the wound sites and bacteria on the them with
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swabs after the treatment with hydrogels for 24 h. On the one hand, the
survived bacteria on the wound sites were checked through Gram-
staining; on the other hand, the collected bacteria were incubated in a
37 °C incubator for 4 h. Then the optical density (OD) of the medium of
bacteria at 600 nm was measured and the medium diluted with PBS for
the bacterial coating experiment. The results were shown in Fig. 8a and
b, both the Gram-staining of the skin tissue sections and the colony study
suggested that PAM-PDA and PDA-PAM/Mg?* plus laser treatment
induced significant elimination of S. aureus. This result was confirmed
by the quantitative analysis of S. aureus, where OD value of PAM group
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Fig. 7. Wound healing effects in vivo of the hydrogels. (a) Images of the wounds in rats following treatment with different hydrogels onto the wound area after
surgical removal. (b) The wound closure at the indicated time points for each group. (c) H&E-stained histological images of the wound tissues from each treatment
group (brown, red, blue, green, yellow, purple arrows represent epithelium, vessels, hair follicles, sebaceous gland, sweat glands, inflammatory cells, respectively).
(d) Masson staining histological images of the regeneration of skin tissue after treated for 14 days. (e) Quantitative analysis of collagen content (%) in the different

treatment groups based on Masson staining. (*p < 0.05; **p < 0.01).

(0.13) is much larger than those of PAM-PDA (0.074) and PDA-PAM/
Mg%" (0.056) (Fig. 8c). Overall, PDA-PAM/Mg?" group showed the best
antibacterial effect, which consistent with the in vitro antibacterial
results.

3.8. Histological analysis

Histological analysis was carried out to further evaluate the wound
healing effect of hydrogel dressings. H&E staining results of the regen-
erated skin tissues that were collected on day 14 were shown in Fig. 7c.
All hydrogel groups exhibited a regenerated epithelium layer (brown
arrows). Fewer inflammatory cells were observed in the PAM-PDA and
PDA-PAM/Mg?" groups, which was attributed to the photothermal
elimination of S. aureus. More granulation tissues were replaced with the
migration of fibroblasts to the wound site (red double-headed arrows),
which was mainly due to the presence of Mg?*. Moreover, some hair
follicles, sweat glands, and sebaceous glands were observed in the PDA-
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PAM/Mg?* group. These results suggested that the PDA-PAM/Mg**
displayed the most promising wound healing effects amongst all
hydrogels.

Collagen deposition plays an important role in scar contraction, re-
epithelialization and preliminary dermis construction [40,41]. The
collagen deposition in the treated skins was evaluated by Masson
staining (Fig. 7d). After 14 days of treatment, the collagen fibers of the
skin tissues treated with PDA-PAM/Mg2+ were thicker, denser, and
better arranged. The collagen content in PDA-PAM/Mg>" group (52.2%)
was significantly higher than PAM (31.4%) and PAM-PDA (40.8%)
groups (Fig. 7e), confirming the better tissue repairing property.

4. Conclusion
In this work, a multi-functional PDA-PAM/Mg?" hydrogel was re-

ported for wound treatment. With strong supramolecular interactions
existing in the hydrogel, including hydrogen bonding, coordination
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effect, and n-n stacking interactions, the prepared hydrogel exhibited
excellent self-healing and adhesiveness properties. The introduction of
PDA endowed the gel with outstanding photothermal effect. More
importantly, the hydrogel inherited excellent thermal stability with the
presence of Mg?*. Benefiting from PTT, hydrogels containing PDA
possessed a good antibacterial effect on E. coli and S. aureus. Moreover,
the PDA-PAM/Mg?* hydrogel had good cytocompatibility and possessed
wound restoration in effective accelerating way as proved by full-
thickness skin defect repair experiments. In summary, multifunctional
PDA-PAM/Mg?*t hydrogel is a bacteriostatic wound dressing for accel-
erating wound healing and holds a potential in future clinical adjuvant
treatment.
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