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Skin wounds are a major medical challenge that threaten human health. Functional hydrogel dressings
demonstrate great potential to promote wound healing. In this study, magnesium (Mg) and zinc (Zn) are
introduced into methacrylate gelatin (GelMA) hydrogel via low-temperature magnetic stirring and photocuring,
and their effects on skin wounds and the underlying mechanisms are investigated. Degradation testing confirmed
that the GelMA/Mg/Zn hydrogel released magnesium ions (Mg?*") and zinc ions (Zn?") in a sustained manner.
The Mg?* and Zn®" not only enhanced the migration of human skin fibroblasts (HSFs) and human immortalized
keratinocytes (HaCats), but also promoted the transformation of HSFs into myofibroblasts and accelerated the
production and remodeling of extracellular matrix. Moreover, the GeIMA/Mg/Zn hydrogel enhanced the healing
of full-thickness skin defects in rats via accelerated collagen deposition, angiogenesis and skin wound re-
epithelialization. We also identified the mechanisms through which GelMA/Mg/Zn hydrogel promoted wound
healing: the Mg promoted Zn%" entry into HSFs and increased the concentration of Zn?* in HSFs, which
effectively induced HSFs to differentiate into myofibroblasts by activating the STAT3 signaling pathway. The
synergistic effect of Mg?t and Zn®>" promoted wound healing. In conclusion, our study provides a promising
strategy for skin wounds regeneration.

1. Introduction tissues. Thus, wound dressing has a significant impact on wound healing

[7-10].

The skin acts as a barrier against many pathogens and chemical
toxins, helps prevent against mechanical injury, and protects the vital
organs of the body from invasion [1-4]. Skin damage often leads to the
formation of scar tissue and the loss of skin accessories [5,6]. Extensive
soft tissue damage exceeding the body’s natural regenerative capacity
can be life-threatening and may have serious financial consequences [2].
Skin wounds often require dressing, which provides a temporary barrier
against infection, prevents dryness, and facilitates the migration and
growth of skin cells and subsequent infiltration and integration of host
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Wound dressing is key for soft tissue healing [11]. Bandages, pads,
and gauzes are widely used traditional wound dressings that protect the
wound to a certain extent, and absorb exudates such as pus and blood in
the wound. However, they also have many disadvantages. For example,
they are uncomfortable, the low water content does not provide a moist
healing environment, and they are unsuitable for loading biological
active substances to promote wound healing [7,12]. Moreover, because
of their nonbiodegradable nature, traditional dressings such as sponges,
gauze, and bandages absorb blood and form solid clots that attach to
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wounds, leading to secondary bleeding and pain. In addition, delayed
vascularization is an important cause of delayed wound healing.
Restoring an adequate blood supply to treat large-scale skin defects is a
major scientific and clinical challenge [13]. Therefore, it is very
important to develop biodegradable wound dressings that can effec-
tively promote angiogenesis and accelerate the transformation of fi-
broblasts into myofibroblasts for skin.

Hydrogels are attractive new dressings due to their unique combi-
nation of biological and physical properties [14-19]. Methacrylate
gelatin (GelMA) hydrogel not only has good biocompatibility, but also
has adjustable mechanical, swelling, degradation, and biological prop-
erties, making it an excellent wound dressing for different body parts
and wound types [20,21]. In addition, GelMA hydrogel is an excellent
carrier of bioactive substances [22,23].

Zinc (Zn) is an important coenzyme in tissue repair and a component
of many proteins [24-27]. It also plays an important role in a series of
wound healing processes, including coagulation [25], cellular immune
regulation [24], epithelial regeneration, and extracellular matrix
deposition [28]. In addition, magnesium ions (Mg?") are closely asso-
ciated with soft tissue. The concentration of Mg?" affects the migration
and adhesion of human skin fibroblasts (HSFs) [29,30]. Magnesium ions
can promote angiogenesis [31-34] and zinc ions (Zn2+) transport into
rat bone marrow stem cells (rBMSCs) [35]. Recent studies encapsulated
Zn salt, ZnO nanoparticles, magnesium (Mg) salt, and Mg—Cu particles in
hydrogels (alginate and gelatin hydrogels) to promote wound healing
[36-40]. However, there has been no study on the combined application
of Zn and Mg metal particles in wound dressings, nor on the application
or mechanism of Mg?" and Zn?" in the transformation of fibroblasts into
myofibroblasts.

Herein, we designed a GelMA hydrogel loaded with Zn and Mg
particles (GelMA/Mg/Zn) for treating skin wounds. In this paper, the
morphology, degradation characteristics, ion release behavior, and
cytocompatibility of GeIMA/Mg/Zn hydrogel were analyzed in vitro, and
its in vitro biological activity and in vivo effect on skin wounds were
studied. Finally, the possible mechanism whereby GelMA/Mg/Zn
hydrogel promotes soft tissue healing was explored.

2. Materials and methods
2.1. Preparation of hydrogels

GelMA hydrogel and 0.25% (w/v) LAP solution were mixed in the
proportion of 5% (w/v) and heated to 60-70 °C to form a homogeneous
prepolymer solution of GelMA hydrogel, which was then placed in a
suitable mold and photocured with a 405 nm light source to prepare the
control GelMA hydrogel. Magnesium and Zn particles were added to the
GelMA prepolymer solution in the ratio of 2.5% (w/v) and mixed at
10 °C. The same procedure was followed to prepare GelMA/Mg and
GelMA/Zn hydrogels. Similarly, Mg and Zn particles were added to the
GelMA prepolymer solution at the ratio of 1.25% (w/v) to form the
GelMA/Mg/Zn hydrogel.

2.2. Characterization of hydrogels

After freeze-drying, the four kinds of hydrogels were sputtered with a
thin layer of gold. A scanning electron microscope (SEM; EVO 18; Zeiss,
Oberkochen, Germany) operating at an accelerating voltage of 10 kV
was used to examine the surface morphology. An energy dispersion
spectrometer (INCA X-ACT; Oxford Instruments, Abingdon, UK) was
used for elemental analysis of the hydrogels. Scanning electron micro-
scopy (SEM) images were analyzed using Nano Measurer 1.2 software;
the diameter of the Zn and Mg particles was measured, and a particle
size distribution diagram was generated using Fiji software (ver. 1.49,
open source).
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2.3. Zn?* and Mg>" release behavior

Wafer-shaped hydrogel specimens (15 mm in diameter and 1.5 mm
in height) were immersed in phosphate-buffered saline (PBS) at 37 °C.
The ratio of sample weight to solution volume was 0.1 g/mL. The Zn**
and Mg2+ concentrations in the extracts of the samples at 0, 3, 6, 12, 24,
48, 72, and 120 h were determined by inductively coupled plasma-
optical emission spectrometry (ICP-OES; iCAP6300; Thermo Fisher
Scientific, Waltham, MA, USA). The pH value of the PBS at a specific
time was measured using a pH meter.

2.4. Mechanical properties

Mechanical properties of hydrogels were analyzed under compres-
sion conditions. Each set comprised five cylindrical specimens (11.5 mm
in diameter and 8 mm in height). The four hydrogels were placed on the
experimental platform of a universal testing machine (Z020; Zwick-
Roell, Ulm, Germany) and compressed at 5 mm/min until the hydrogels
broke. The elastic modulus was determined from the data acquired
during compression.

2.5. Swelling behavior

The hydrogels were placed in PBS at pH 7.4 and 37 °C. The expanded
hydrogel specimen was removed at specific intervals and the surface was
wiped to remove excess moisture, weighed, and placed back into the
PBS. The process was repeated until constant weight was achieved. The
swelling ratio (SR) of the sample was calculated as follows:

SR— (Wt — Wo)

x 100%
where Wy is the initial weight of the dry gel and Wt refers to the weight
of the dry gel at time t.

2.6. Degradation behavior

Wafer-shaped hydrogel specimens (15 mm in diameter and 1.5 mm
in height) were prepared and immersed in 0.5 mL of 2 U/mL collagenase
type II, which is equivalent to the concentration of collagenase during
wound healing [41], and shaken at 80 rpm at 37 °C. The collagenase
solution was renewed daily to maintain constant collagenase activity.
The hydrogel specimen was removed after 0, 3, 6, 9, 12, 24, and 48 h,
the moisture was removed from the surface of the hydrogel, and the
weight and morphology were recorded. The weight remaining ratio (%)
of the hydrogel was calculated as follows:

Wt
Weight remaining ratio (%) =Wo = 100%

where W and Wy, are the weight of the remaining and initial hydrogel at
time point t, respectively.

2.7. Biocompatibility assessment

The HSFs and human immortalized keratinocytes (HaCats) were
purchased from Procell Life Science & Technology Co., Ltd. (Wuhan,
China). The cells were cultured with Dulbecco’s modified Eagle’s me-
dium (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum
and 1% penicillin/streptomycin.

The wafer-shaped hydrogel specimens were placed in 24-well culture
plates, and HSF cells were inoculated on the hydrogel surface at a
density of 2 x 10* cells/well and cultured for 2 days. For the live/dead
cell staining experiment, the cells were washed three times with PBS and
incubated with 2 pM calcein-AM and 8 uM propidium iodide (Live/Dead
Viability/Cytotoxicity Assay for Animal Cells; KeyGen Biotech Corp.,
Ltd., Jiangsu, China) at room temperature for 45 min. The cells were



F. Yang et al.

then washed three times with PBS, and observed and photographed
using a fluorescence microscope (BX53; Olympus, Tokyo, Japan). For
the cell attachment test, after washing the hydrogel surface three times
with PBS, the cells were immobilized with 4% paraformaldehyde at
room temperature for 45 min, followed by infiltration with 0.1% Triton
X-100 for 10 min. The cells were washed three times with PBS, and then
stained with 5 pg/mL FITC-conjugated phalloidin for 50 min and 4’,6-
diamidino-2-phenylindole (Sigma, St. Louis, MO, USA) for 15 min. Then,
the cells were observed and photographed using a confocal laser scan-
ning microscope (CLSM; LSM 710; Zeiss).

For the cell proliferation experiment, HSFs and HaCats were inocu-
lated into 24-well plates at a density of 1 x 10* cells/well and cultured
with extracts of the four hydrogels. Cells were counted using the Cell
Counting Kit-8 (CCK-8; Beijing Aoqing Biotechnology Co., Ltd., Beijing,
China) after 0, 1, 2, 3, 4, 5, 6, and 7 days of culture. Optical density at
450 nm (OD450) was measured with a microplate reader.

2.8. Scratch assay

When the fusion rate of HSFs and HaCats reached 90%, a cell scratch
was prepared using the tip of a 200 pL pipette, and the shed cells were
washed with PBS. Then, the four hydrogel-derived extracts were added
to the well, cultured at 37 °C, and observed and photographed at 0, 12,
and 24 h using an inverted light microscope. Cell migration images were
analyzed using Fiji software. The cell migration ratio was obtained using
the following equation:

Ao — At
(0]

Cell migration ratio (%) = x 100%

where Ag and A, are the scratched areas before and after addition of the
extract, respectively [42].

2.9. Transwell assay

A Transwell assay was performed to investigate the effect of hydro-
gels on the migration of HSFs and HaCats. The cells were inoculated into
the upper chamber of 12-well Transwell plates (aperture: 8 pm; Corning,
NY, USA) and serum-starved for 24 h in 500 pL serum-free medium. The
lower chamber was filled with the four kinds of hydrogel extract and
cultured at 37 °C at 5% CO3 for 24 h. After 24 h, the upper chambers
were removed and the cells at the top were gently removed using a
cotton swab. The cells were fixed with 4% paraformaldehyde at 37 °C for
30 min and then washed three times with PBS. Finally, cells were stained
with 5% crystal violet solution. Representative images of each group
were taken using an inverted microscope.

2.10. Quantitative real-time PCR (RT-PCR)

Human skin fibroblasts were cultured in the hydrogel-derived ex-
tracts for 1 day to evaluate the effect of hydrogel on the expression of
a-SMA, and cultured for 2 days to evaluate the effect of hydrogel on the
expression of COL1lal, COL3al, MMP1, MMP9, EGF, FGF2, and FN1.
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract total
RNA from cells. A NanoDrop 8000 spectrophotometer (Thermo Fisher
Scientific) was used to determine the purity and concentration of total
RNA. Total RNA was reverse-transcribed into cDNA using the Prime-
Script RT kit (Takara, Tokyo, Japan). RT-PCR was performed using the
QuantStudio3 RT-PCR System (Applied Biosystems, Foster City, CA,
USA) and SYBR Green Master Mix (Roche Applied Science, Mannheim,
Germany). The primer sequences of human genome GAPDH, a-SMA,
COLlal, COL3ual, MMP1, MMP9, EGF, FGF2, and FN1 are shown in
Table S1.
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2.11. Intracellular zinc and magnesium ion concentrations

Human skin fibroblasts were cultured with the four hydrogel-derived
extracts for 2 days. The cells were digested by trypsin and counted. After
centrifugation, cell precipitate was obtained and nitrated with 2% HNOg
(80 °C, 2 h). The Zn*" and Mg?" contents in the HSF cells were deter-
mined by inductively coupled plasma-mass spectrometry (ICP-MS;
ELANDRC-e; PerkinElmer, Waltham, MA, USA). Total potassium (K")
was used as internal reference for the Mg and Zn?" measurements; the
relative ratios of Mg?>" and Zn%" to K™ were used in the data analysis.

2.12. Evaluation of the effectiveness of hydrogels in promoting wound
healing in vivo

Animal experiments were approved by the Animal Research Com-
mittee, Peking University Health Science Center (LA 2019019). Twenty
male Sprague-Dawley rats weighing 250-300 g at 6-8 weeks were used
in the study. The rats were anesthetized by intraperitoneal injection of
pentobarbital sodium at 50 mg/kg. Under aseptic conditions, four round
full-thickness skin wounds, each with a diameter of 1.5 cm, were
established on the back of rats (n = 6). The control (Ctrl; no treatment),
GelMA, GelMA/Mg, GelMA/Zn, and GelMA/Mg/Zn were randomly
treated with a breathable dressing (Tegaderm film; 3 M, St. Paul, MN,
USA). The size of the wound was observed daily and images were taken
with a digital camera at fixed focal length on days 0, 3, 5, 7, 9, 11, and
14. Then, the size of the wound was quantified using Fiji image analysis
software, and the wound reduction rate was calculated as follows:

Ao — At

Wound reduction rate (%) = x 100%

where A is the initial wound area and A, is the wound area at time point
t after injury.

The rats were sacrificed by overdose of anesthetic on days 7 and 14
after operation. The intact tissue of the wound and surrounding parts
was excised and fixed with 10% formalin. Then, the samples were
dehydrated in an ethanol gradient and embedded in paraffin. After
sectioning, the sections were stained with hematoxylin-eosin (H&E) and
Masson dyes for histological observation. Immunohistochemical (IHC)
staining was performed on the sections to reveal the progress of angio-
genesis during wound healing. Such staining of vascular endothelial cell
marker CD31 (Sigma-Aldrich, St. Louis, MO, USA) showed regenerated
arterioles and capillaries.

After the rats were sacrificed on day 14 after operation, full-thickness
skin samples with dimensions of 4 x 2 cm? were prepared, which
included the wound area and intact tissue from the wound and sur-
rounding parts. In the tensile strength test, the sample was installed in a
fixture with clamp separation of 2 cm and stretched at a crosshead speed
of 5 mm/min until fracture. The elastic modulus was obtained using the
universal testing machine’s bundled software.

2.13. RNA sequencing and bioinformatics analysis

Human skin fibroblasts were cultured in the hydrogel-derived ex-
tracts of the four hydrogels for 2 days and total RNA was isolated using
TRIzol reagent (Invitrogen) according to the manufacturer’s in-
structions. Three replicates of each sample were sequenced. Tran-
scriptome RNA sequencing was performed by Novogene Biotechnology
Co., Ltd. (Beijing, China). Reads containing adapter or ploy-Nb reads,
and low-quality reads, were removed to ensure clean, high-quality data
for subsequent analysis. DEGSeq2 software (ver. 1.20.0) was used for
differential gene expression analysis. A corrected p-value of 0.05 and
absolute fold change of 2 were set as the thresholds for significantly
differential expression. The clusterProfiler R package (ver. 3.8.1) was
used to analyze differentially expressed genes in Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways, to identify important
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mechanisms.

2.14. Western blotting

Human skin fibroblasts washed with PBS were lysed in radio-
immunoprecipitation assay (RIPA) buffer supplemented with 1% phos-
phatase inhibitor (Roche Applied Science) and 2% protease inhibitor
cocktail (Roche Applied Science). After collecting the cell lysate and
centrifuging at 14,000 rpm at 4 °C for 30 min, the supernatant was
transferred to a new tube and the protein concentration was determined
using a BCA protein analysis kit (Thermo Fisher Scientific). Total protein
of each sample was subjected to 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis,
the proteins were transferred to a polyvinylidene fluoride membrane
(Millipore, Billerica, MA, USA). The membrane was incubated overnight
with specific primary antibodies COL1 (Proteintech, Chicago, IL, USA),
a-SMA (Proteintech), STAT3 (Huaxingbochuang, Beijing, China), P-
STAT3 (Huaxingbochuang), or GAPDH (Cell Signaling Technology,

GelVIA GelMA/Mg

solution hydrogel solution

hydrogel
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Beverly, MA, USA) at 4 °C after sealing with 10% nonfat milk. The
membrane was then incubated with goat anti-rabbit IgG (Abcam,
Cambridge, UK) at room temperature. Finally, visualized immunoreac-
tive protein bands were detected using an enhanced chemiluminescence
kit (CWBIO, Beijing, China).

2.15. Statistical analysis

The results are expressed as mean + standard deviation (SD). Com-
parison of more than two groups was conducted by one-way analysis of
variance (ANOVA) using SPSS 22.0 software (SPSS Inc., Chicago, IL,
USA). A significance level of 5% was used for all analyses.

3. Results
3.1. Preparation and characterization of GelMA/Mg/Zn hydrogel

We prepared biodegradable GelMA/Mg/Zn, which can release Zn%*
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Fig. 1. Morphology and characterization of GeIMA/Mg/Zn. (A) GelMA, GeIMA/Mg, GelMA/Zn, and GelMA/Mg/Zn solutions before and after 405 nm light treat-
ment. (B) Macro-morphologies of the four types of wafer-shaped hydrogels. (C) Typical scanning electron microscopy (SEM) images of hydrogel cross-sections. Inset
at the lower left shows high-resolution SEM results. (D) Diameter distribution of Mg and Zn particles of GelMA/Mg, GelMA/Zn, and GelMA/Mg/Zn. (E, F) Energy-
dispersive spectrometry maps and spectra of the four types of hydrogels; yellow, cyan, red, blue, and magenta correspond to elemental Mg, Zn, O, C, and Cl,

respectively.
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and Mg?" and achieve excellent biological activity, to promote skin
regeneration as follows. First, the 5% blank GelMA was prepared as the
matrix of the hydrogels and control group. Then, 2.5% Zn, 2.5% Mg, and
1.25% Zn and 1.25% Mg particles were added to the blank GelMA, and a
homogeneous hydrogel solution was prepared by a low-temperature
magnetic stirring method (Fig. 1A). Subsequent photocuring under
405 nm light provided the GelMA/Mg, GelMA/Zn, and GelMA/Mg/Zn
hydrogels (Fig. 1A). GelMA/Mg/Zn was expected to promote wound
angiogenesis, and accelerate connective tissue and epithelial regenera-
tion, via release of Zn?>* and Mg?*. Photographs of the blank GelMA,
GelMA/Mg, GelMA/Zn, and GelMA/Mg/Zn are presented in Fig. 1B. The
Zn and Mg particles were evenly dispersed in GelMA, and GelMA/Mg/
Zn appeared gray due to the presence of Zn and Mg particles (Fig. 1B).
Scanning electron microscopy images (Fig. 1C) confirmed that the four
hydrogels had continuous porous structures with pore sizes of 15-100
pm, which are suitable for skin regeneration in adult mammals (20-125
pm) [43]. Moreover, Zn and Mg particles were uniformly distributed in
the GelMA hydrogel. Analysis of the SEM images using Fiji software
provided the particle size distributions of the metal particles in Gel-
MA/Mg, GelMA/Zn, and GelMA/Mg/Zn (Fig. 1D). Energy-dispersive
spectrometry maps (Fig. 1E) and spectra (Fig. 1F) also confirmed the
successful incorporation of Zn and Mg particles into GelMA.

To simulate the process of wound healing, GelMA, GelMA/Mg,
GelMA/Zn, and GelMA/Mg/Zn were cultured in 2 U/mL type II colla-
genase solution to evaluate the degradation effect [41]. Fig. 2A and B
shows that Ge]MA was completely degraded after 9 h. The addition of Zn
and Mg particles reduced the degradation rate of GelMA, and Gel-
MA/Mg remained on the wound bed for a longer period of time. The
degradation rate of the four hydrogels followed the order: GelMA >
GelMA/Zn > GelMA/Mg/Zn > GelMA/Mg. This trend suggests that the
degradation rate of GeIMA/Mg/Zn can be changed by adjusting the size
and proportion of Zn and Mg particles to suit different wound sites and

Bioactive Materials 26 (2023) 88-101

wound types. The swelling performance of a hydrogel affects its ability
to absorb wound exudate as a wound dressing. We further characterized
the swelling rate of the hydrogels (Fig. 2C); the addition of Zn particles
did not affect the swelling property of GelMA. The addition of Mg par-
ticles increased the swelling rate of GelMA, which may be due to
hydrogen generated during the degradation of Mg particles, resulting in
more pores in GelMA/Mg.

Release of Zn?* and Mg?* from hydrogels greatly affected the bio-
logical activity of the hydrogels. We soaked GelMA, GelMA/Mg, GelMA/
Zn, and GelMA/Mg/Zn in PBS at pH 7.4 to characterize their ion release
ability. During the first 12 h, the Mg?" release of GelMA/Mg and
GelMA/Mg/Zn rapidly increased, and then slowly increased to 284.07
+ 12.79 and 218.96 + 12.34 pmol/L, respectively (Fig. 2D). The Zn>*
release of GelMA/Zn increased to 7.52 + 0.40 pmol/L during the first 3
days, and the Zn?* release of GelMA/Mg/Zn slowly increased to 1.92 +
0.29 pmol/L during the first 5 days (Fig. 2E). During the soaking process,
we measured the pH value of the PBS in which the hydrogels were
soaked. Fig. 2F shows that addition of Mg and Zn particles increased the
pH of GelMA to 10.65 and 8.31, respectively. The pH of GelMA/Mg/Zn
was also higher than that of GelMA, which eventually stabilized around
10.28. Fig. 2G presents the elastic modulus of the four kinds of hydro-
gels. The elastic modulus of the GelMA/Mg/Zn hydrogel was 0.042 +
0.0085 MPa, which was significantly higher than that of the GelMA
hydrogel. This result shows that the addition of Zn and Mg particles can
overcome the disadvantages of low stiffness and easy breakage of the 5%
GelMA hydrogel, which is important for clinical application.

3.2. Biocompatibility assessment of GelMA/Mg/Zn hydrogel
The ability of cells to attach, spread, and grow on hydrogels is critical

to wound healing. Fig. 3A shows live/dead staining images of HSFs after
2 days of coculture with the four hydrogels. The proportion of dead cells
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*p < 0.05, ***p < 0.001.
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fibroblasts to GelMA, GelMA/Mg, GelMA/Zn, GelMA/Mg/Zn observed by laser confocal microscopy. (C) Cell proliferation values for each group, obtained using the

Cell Counting Kit-8 on days 1, 2, 3, 4, 5, 6, and 7.

(marked in red) on the hydrogel surface in the GelMA/Mg and GelMA/
Zn groups was about 9.3% and 5.9%, respectively, i.e., slightly higher
than in the GelMA group, while the number of dead cells in the GeIMA/
Zn and GelMA/Mg/Zn groups was very low and similar to that in the
GelMA group. Fig. 3B shows CLSM images of HSFs cocultured with the
four hydrogels for 2 days. There were fewer pseudopodia and poor
elongation on the surface of GelMA/Mg, which was consistent with the
results of the live/dead staining observations. However, on GelMA/Mg/
Zn, the cells grew flat and diffused freely, and there were abundant
“artificial feet”. The HSFs and HaCats were cultured with the four
hydrogel-derived extracts, and cell viability was detected by the CCK-8
assay (Fig. 3C). The OD450 of the five groups increased with increasing
cell culture time, but the OD450 growth rate of the GelMA/Mg and
GelMA/Zn group was slightly lower than that of the other four groups.
The results showed the biocompatibility of GelMA/Mg/Zn was better
than that of GelMA/Mg and GelMA/Zn.
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3.3. Evaluation of the biological effect of GelMA/Mg/Zn hydrogel in vitro

Migration of keratinocytes and fibroblasts plays a crucial role in
wound re-epithelialization and closure. The ability of the four hydrogel-
derived extracts to promote cell migration was studied by cell scratch
and Transwell assays. To ensure that cell migration was not caused by
cell proliferation, we treated the cells with serum starvation 24 h before
the scratch assay to reduce cell proliferation. The results of the cell
scratch and Transwell assays both suggested that the migration ability of
HSFs cells was enhanced after treatment of the four hydrogel-derived
extracts (Fig. 4A), among which the GelMA/Mg/Zn extract displayed
the strongest migration-promoting effect. The cell scratch assay of
HaCats showed the same trend, i.e., the four hydrogels promoted
migration, with the GelMA/Mg/Zn hydrogel having the greatest effect
(Fig. 4C). Quantitative analysis of the cell scratch assay showed that the
scratch healing rate of HSFs and HaCats reached 81.14 + 4.50% and
95.68 + 2.82%, respectively, after treatment with GelMA/Mg/Zn
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Fig. 4. Migration testing and the expression of wound healing-related RNA of human skin fibroblasts (HSFs) and human immortalized keratinocytes (HaCats). (A, C)
Morphological details of the scratch and Transwell assays of HSFs and HaCats after treatment with hydrogel leach liquor at 0, 12, and 24 h. (B, D) Quantitative
analysis of the migration area of HSFs and HaCats in the cell scratch assay. (E) The expression levels of a-SMA, COL1A1, COL3A1, MMP1, MMP9, EGF, FGF2, and FN
in cultured HSFs after treatment with proliferation medium and the four hydrogel-derived extracts for 24-28 h were determined by RT-qPCR. Data are shown as the
mean =+ standard deviation (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant.

extract for 24 h (Fig. 4B, D). To further verify the role of Zn?" and Mg?*
in cell migration, the scratch assays of HSFs were performed again using
salt solutions of ZnSO4 and MgCly. The results of cell scratch assay
showed that 1 and 10 pmol/L ZnSO; salt solution best-promoted HSF
migration (Fig. S1), and 100 pmol/L, 1 mmol/L MgCl, solutions pro-
moted HSF migration (Fig. S2). The release of Zn?>* and Mg?" from
hydrogels was in the effective concentration range verified by the cell
scratch assay.

Skin fibroblasts can transform into myofibroblasts, which contract,
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close wounds and produce proteins including collagen and fibronectin
(FN), as well as growth factors, to synthesize and reshape the extracel-
lular matrix, which plays a key role in wound healing [3,44]. To study
the effect of the four hydrogels on the transformation of fibroblasts into
myofibroblasts, RT-qPCR was used to detect the expression capacity of
the myofibroblast landmark gene a-SMA (Fig. 4E). Compared with the
Ctrl group, the expression of a-SMA in the GelMA/Mg, GelMA/Zn, and
GelMA/Mg/Zn groups was increased, and the expression of a-SMA was
most obvious in the GelMA/Mg/Zn group. Subsequent RT-qPCR analysis
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showed that the expression levels of collagen genes (COL1A1 and
COL3A1), FN, growth factors (VEGF, EGF, and FGF2) and matrix met-
alloproteinases (MMP1 and MMP9) in the GelMA/Mg/Zn group were
significantly increased, indicating that the ability of fibroblasts to syn-
thesize and reshape the extracellular matrix was enhanced after Gel-
MA/Mg/Zn extract treatment (Fig. 4E).

3.4. GelMA/Mg/Zn hydrogel effectively promotes skin regeneration in
vivo

The effect of the different hydrogels on skin wound healing was
evaluated using the rat full-thickness skin defect model. The wounds
were divided into five groups: Ctrl, GelMA, GelMA/Mg, GelMA/Zn, and
GelMA/Mg/Zn. Macroscopic images of rat skin wounds were taken at
fixed focal lengths on days 0, 3, 5, 7, 9, 11, and 14. Fig. 5A and B shows
that, on day 14, the wound healing rate was lowest in the Ctrl and
GelMA groups, with larger scabs visible at the wound site, followed by
the GelMA/Mg group. The wounds in the GelMA/Mg/Zn group left very
small scars; the wounds were almost fully healed. Compared with the
Ctrl, GelMA, GelMA/Mg, and GelMA/Zn groups, the skin wounds in the
GelMA/Mg/Zn group were smaller at all time points and healed better.
On day 14, the wound healing rate of the GeIMA/Mg/Zn group was 98.9
+ 1.4% (Fig. 5C). Statistical analysis confirmed that the wound healing
rate of the GelMA/Mg/Zn group was significantly higher than that of the
other four groups (Fig. 5C), which was consistent with the results of the
skin stretching test (Fig. 5D).

To investigate the reconstruction of wound tissue, H&E and Masson
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staining of the wound and surrounding tissue were performed on days 7
and 14 for histopathological analysis (Fig. 6A and B). After 7 days of
treatment, histological sections of the Ctrl and GelMA groups showed
inflammatory granulation tissue with a large number of neutrophils.
Although the granulation tissue thickness in the GelMA/Mg group was
greater than that in the Ctrl and GelMA groups, inflammation remained,
especially near the wound surface, suggesting that the biocompatibility
of GelMA/Mg on the skin surface might be poor and could easily cause
inflammation. Both the GelMA/Zn and GelMA/Mg/Zn groups displayed
more new collagen fibers at the wound site on day 7, and the initial
epithelialization was completed. The wound healing rate of the GelMA/
Mg/Zn group was higher than that of the other groups.

After 14 days of treatment, wound healing was best in the GelMA/
Mg/Zn group, followed by the GelMA/Zn group; the wound healing of
the Ctrl, GelMA, and GelMA/Mg groups was significantly worse. The
wound healing of the Ge]MA/Mg group was slightly better than that of
the Ctrl and GelMA groups; more blood vessels were visible, although
mature collagen and skin appendages were not observed. Magnified
images of the H&E and Masson staining revealed that, compared with
the other three groups, the skin wound in the GelMA/Mg/Zn group had
the thickest and most complete epidermal layer; more mature and
orderly collagen fibers were observed in the dermis layer (Fig. 6A and
B), more hair follicles, sebaceous glands and other skin appendages were
visible. These results clearly indicated that GeIMA/Mg/Zn effectively
promoted wound healing.

According to the Masson staining results, the collagen in wound skin
of the Ctrl, GelMA, and GelMA/Mg groups was sparse and disordered.

Fig. 5. In vivo macro evaluation of wound
healing of full-thickness skin defects in rats.

0 1 2 (A) Micrographs of full-thickness wounds in
. rats covered with GelMA, GelMA/Mg,
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Fig. 6. In vivo histological evaluation of wound healing of full-thickness skin defects in rats. (A, B) Optical images and corresponding amplified images of hema-
toxylin-eosin and Masson staining of wounds treated with GelMA, GelMA/Mg, GelMA/Zn, and GelMA/Mg/Zn at 7 and 14 days. Yellow dotted lines indicate the
boundary between the epidermis and dermis (yellow arrow: hair follicle; green arrow: blood vessel; black arrow: sebaceous gland). (C) CD31 immunohistochemical
(IHC) staining results at 7 days. (D) Collagen area ratio of each group according to Masson staining done 14 days after operation. (E) Statistical chart of the epidermal
thickness of the five groups. (F) CD31 IHC staining at 14 days. Data are shown as the mean + standard deviation (n = 8). *p < 0.05, **p < 0.01, ***p < 0.001, ns:

not significant.

Statistical analysis of the collagen content of wound skin tissue
confirmed that the wound healing of the GelMA/Mg/Zn group was
significantly better than that of the other groups (Fig. 6C). The degree of
re-epithelialization was considered an appropriate evaluation criterion
for wound repair. Fig. 6D shows that the thickness of the epidermis was
smallest in the Ctrl group (28.03 + 3.57 pm) and largest in the GelMA/
Mg/Zn group (41.80 + 3.22 um). CD31 IHC staining was used to identify
newly formed blood vessels at the skin wound. The GelMA/Mg and
GelMA/Mg/Zn groups had the most CD31-positive microvessels
(Fig. 6G), suggesting that the addition of Mg particles promoted vascular
regeneration at the skin wound site.

The above results indicate that GelMA/Mg/Zn can promote the re-
epithelialization of skin wounds in rats, promote collagen generation
and maturation, and promote vascular and skin appendage regenera-
tion. GelMA/Mg/Zn was the treatment most conducive to wound heal-
ing. In addition, histological analysis of the rat’s major organs (heart,
liver, spleen, lungs, and kidneys) on day 14 after treatment showed no
abnormal effects or damage (Fig. S3).

3.5. GelMA/Mg/Zn hydrogel improves wound healing via STAT3
signaling pathway

To elucidate the mechanism of GelMA/Mg/Zn hydrogel promoted
soft tissue wound healing, we used high-throughput RNA-Seq to study
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the effect of GelMA/Mg/Zn on gene expression in HSFs. Fig. 7A is the
volcano map of the transcriptome sequencing results. In this study,
differentially expressed genes were classified as log 2 x (fold change) >
1.00 and p < 0.05. There were 93 upregulated and 421 downregulated
genes in the GelMA/Mg/Zn group compared with the Ctrl group. Gene
clustering heat maps showed that GelMA/Mg/Zn upregulated genes
related to extracellular matrix formation, cell migration, and cell
adhesion in HSFs (Fig. 7B). Fig. 7C shows the bubble chart of the first 20
differential gene enrichment pathways in the KEGG pathway, which
include complement and coagulation cascades, IL-17 signaling, African
trypanosomiasis, and JAK-STAT signaling. STAT3 plays an important
role in several wound healing processes, including migration, prolifer-
ation, angiogenesis, and growth factor production [45]. Recent studies
have shown that connective tissue growth factor mediates the prolifer-
ation and migration of mouse fibroblasts through the STAT3 pathway
[46]. In addition, Zn?*can affect the phosphorylation level of STAT
proteins, although the exact mechanism is not known [47]. Among the
multiple enrichment pathways, we believe that the most relevant and
influential in terms of promoting the differentiation of human fibro-
blasts into human myofibroblasts is the STAT signaling pathway, so we
subjected it to further analysis.

Western blot analysis was performed to verify whether GelMA/Mg/
Zn hydrogels promoting soft tissue wound healing were related to the
STATS3 signaling pathway. Fig. 7D shows that, compared with the Ctrl
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shows the levels of a-SMA, COL1, STAT3, and p-STAT3 in human skin fibroblasts from the Ctrl, GelMA, GelMA/Mg, GelMA/Zn, and GelMA/Mg/Zn groups, treated

and untreated with the Stattic STAT3 inhibitor.

and GelMA groups, the expression levels of p-STAT3, a-SMA and COL1
in the GelMA/Mg, GelMA/Zn, and GelMA/Mg/Zn groups significantly
increased, and the gene expression levels in the GelMA/Mg/Zn group
were highest among the three groups. These findings suggest that
GelMA/Mg/Zn could promote the phosphorylation of STAT3, trans-
formation of HSFs into myofibroblasts, and secretion of COL1 in acti-
vated myofibroblasts. Furthermore, these results suggest that STAT3
phosphorylation may regulate soft tissue wound healing by GelMA/Mg/
Zn. To further investigate whether GelMA/Mg/Zn hydrogel promoted
soft tissue wound healing is dependent on the STAT3 signaling pathway,
Stattic, an inhibitor of STAT3, was used to inhibit STAT3 phosphoryla-
tion. The expression levels of P-STAT3, a-SMA, and COL1 in the five
groups were consistent after Stattic addition, and were all lower than in
the group without Stattic addition. Therefore, GelMA/Mg/Zn may pro-
mote the conversion of human fibroblasts into myofibroblasts by
enhancing STAT3 phosphorylation to promote soft tissue wound
healing.

To further verify the relationship between STAT3 phosphorylation
and Zn?" and Mg?* release, and to explore whether Zn?* and Mg?* play
a synergistic role and the possible mechanism, we analyzed the effects of
different materials on the expression of MagT1, ZIP6, and ZIP10 and
contents of Zn?>* and Mg?* in cells. qRT-PCR confirmed that GelMA/Mg
and GelMA/Mg/Zn significantly downregulated the expression of
MagT1, while GelMA and GelMA/Zn had no significant effect (Fig. 8A).
According to the ICP-MS results, there was no statistical difference in
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Mg2+ content in HSFs among the Ctrl, GelMA, GelMA/Mg, GelMA/Zn,
and GelMA/Mg/Zn groups (Fig. 8A). In contrast, the ZIP6 and ZIP10
expression of HSFs in the GelMA/Mg/Zn and GelMA/Mg groups was
significantly greater than in the Ctrl, GelMA, and GelMA/Zn groups
(Fig. 8A). The intracellular level of Zn** of HSFs in the GelMA/Mg/Zn
group was the highest, followed by the GelMA/Zn and GelMA/Mg
groups (Fig. 8B). These results suggest that Mg?* can promote Zn>*
entry into HSFs by up-regulating the expression of ZIP6 and ZIP10. This
suggests that an increased extracellular Mg?* concentration does not
affect the intracellular Mg concentration, and that the expression of
MagT1 decreases when the extracellular Mg?* concentration increases
to maintain the intracellular Mg?" concentration. Nevertheless, the
presence of Mg?" can upregulate the expression of ZIP6 and ZIP10, and
promote the entry of more Zn?" into HSFs. The increase of intracellular
Zn?* concentration effectively improves STAT3 phosphorylation, which
promotes the expression of a-SMA, COL1, and other downstream genes,
and induces the differentiation of HSFs into myofibroblasts, thus pro-
moting the healing of skin tissue wounds (Fig. 8C).

4. Discussion
4.1. Advantages of GelMA/Mg/Zn hydrogel

The biodegradable GelMA/Mg/Zn hydrogel reported herein was
constructed by low-temperature magnetic stirring and crosslinking
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Fig. 8. Ion transport mechanism of GelMA/Mg/Zn promoting soft tissue wound healing. (A) The gene expression of MagT1, ZIP6, and ZIP10 in human skin fi-
broblasts from the Ctrl, GelMA, GeIMA/Mg, GelMA/Zn, and GelMA/Mg/Zn groups was analyzed by RT-qPCR. (B) Total cellular Mg** and Zn?* were measured by
inductively coupled plasma-mass spectrometry analysis. (C) Schematic diagram of GeIMA/Mg/Zn promoting human soft tissue wound healing by enhancing STAT3

phosphorylation. Data are shown as the mean + standard deviation (n = 3). *p < 0.05, **p < 0.01,

under 405 nm blue light, and proved to be applicable to skin wound
healing in vitro and in vivo. The advantages of this hydrogel are as fol-
lows. Wide application range: GelMA hydrogel has adjustable mechan-
ical, swelling, and degradation properties that can accommodate
variations in skin strength, moisture, and wound healing speed among
different types of wounds [20]. The size and proportion of Zn and Mg
particles can also be adjusted. Therefore, GelMA/Mg/Zn hydrogels have
promise for application in many wound types. Good biosafety: GelMA
hydrogel exhibited good biocompatibility in several in vivo experiments
[5,20]. Zinc degrades naturally in the physiological environment
without producing gases and harmful products [48,49]. According to the
U. S. Food and Drug Administration, Zn tolerance for adults is 40
mg/day [50]. Previous studies showed that excessive Mg?" generated by
the degradation of conventional Mg implants in vivo does not change the
concentration of Mg?* in serum, because Mg?* will be discharged from
the body through the urinary system [51,52]. Cells can tolerate con-
centrations of Mg?" up to 16 mM (about 16-times higher than the
physiological range) [53,54]. The solubility of hydrogen produced by
Mg degradation is very low. In the case of well-sealed soft tissue, local
air cavities may affect surrounding tissues but do not adversely affect
open skin wounds [55,56]. Convenient production, storage, trans-
portation, and preparation: in terms of the superior biomaterial prop-
erties of GelMA/Mg/Zn hydrogel and their role in promoting soft tissue
wound healing, the GelMA/Mg/Zn hydrogel designed in this study is in
a gel state below 4 °C and can be stored with long-term biological ac-
tivity, which is conducive to large-scale production and transportation
of GelMA/Mg/Zn hydrogel. Ultraviolet-light crosslinking has the
advantage of being faster and more reliable than chemical and physical
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**p < 0.001, ns: not significant.

crosslinking methods [57]. Furthermore, the raw materials are readily
obtained, the preparation method is facile and inexpensive, and there is
great potential for clinical application.

4.2. Benefits of combined application of Zn and Mg particles

To our knowledge, this is the first study of the incorporation of Zn
and Mg particles into GelMA hydrogel to prepare soft tissue dressings.
The Mg2+ and Zn?* released by GelMA/Mg/Zn hydrogel have strong
biological activity. In addition to their own biological activities, the
combination of Zn and Mg particles has the following benefit. Firstly,
Mg>" promotes the transport of Zn?*: Our study found that the intra-
cellular Mg?* concentration was not affected by extracellular Mg?* and
Zn?* concentration changes. The expression of MagT1 in HSFs was
downregulated in the GelMA/Mg and GelMA/Zn/Mg groups, suggesting
that the high concentration of extracellular Mg?* maintained the same
intracellular Mg?* content by downregulating MagT1. Mammalian cells
have a strong intracellular Mg?" stabilization mechanism, maintaining
intracellular Mg2+ within a narrow range (17-20 mM) [58,59]. The
intracellular Mg?" concentration fluctuates much less in response to
extracellular stimulation [60,61]. In mammalian epithelial cells, low
and high extracellular Mg?" concentrations regulate the expression of
Mg transporters to maintain a constant intracellular Mg?* concentration
[62]. Moreover, Mg?" released by GelMA/Mg and GelMA/Mg/Zn
hydrogels upregulated the expression of ZIP6 and ZIP10, and the content
of Zn?* in HSFs in the GelMA/Mg/Zn group was higher than that in the
GelMA/Zn group. These results suggest that Mg?* promotes the entry of
more Zn’>" into HSFs through ZIP6 and ZIP10, thus effectively
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enhancing STAT3 phosphorylation and inducing HSFs to differentiate
into myofibroblasts. Similarly, Yu et al. co-implanted Zn/Mg ions into
titanium (Zn/Mg-PIII) via plasma immersion ion implantation; the re-
sults suggested that there may be a synergistic effect between Zn and
Mg. They also found that Zn?* did not affect the absorption of Mg?*,
while Mg?" increased the concentration of Zn?* in rBMSCs, similar to
our study [35]. Secondly, improve biocompatibility: The CCK-8 results
showed that GelMA/Mg and GelMA/Zn extracts slightly affected the
proliferation of HSFs and HaCats, while GeIMA/Mg/Zn extracts did not.
Moreover, HSFs on GelMA/Mg/Zn had better cell elongation than on
GelMA/Mg and GelMA/Zn. So the biocompatibility of GelMA/Mg/Zn
was better than that of GelMA/Mg and GelMA/Zn, which is also one of
the advantages of the combination of Zn and Mg. This indicates that the
combination of 1.25 wt% Mg and Zn particles achieved stronger bio-
logical activity. Thirdly, enhanced swelling properties of the hydrogel:
the swelling rate of GelMA/Mg/Zn hydrogel was higher than that of
GelMA/Zn hydrogel, which promoted the absorption of wound exu-
dates. This is due to the hydrogen produced during the degradation of
Mg particles, resulting in more pores in GelMA/Mg/Zn hydrogel.

4.3. The concentration of zinc and magnesium ions released

Mg and Zn particles react with water to form degradation products in
situ, and soluble Mg?" and Zn?" can be transported in the hydrogel
network and continuously released into the surrounding physiological
environment. We believe that the concentrations of Zn?* and Mg?*
greatly depend on particle size and the amounts of Zn and Mg particles
added. Against this background, we referred to some studies concerning
the effects of Zn?>* and Mg?" on cell activity and migration promotion
ability. Li et al. found that ZnPB-3, which released about 1.116 ppm
(5.42 pmol/L) of Zn?*, significantly promoted collagen deposition in
mouse embryonic fibroblasts and inhibited inflammatory factors [63].
In addition, other studies have shown that low concentrations of Zn?*
(16, 20, 40, and 80 pmol/L) can promote cell proliferation and migra-
tion [64,65]. According to previous studies, Mg>" affects both cell
migration and adhesion in a dose dependent manner [66]. In addition,
Mg?t modulated the migration capacity of human umbilical vein
endothelial cells, and reached a peak at 100 pmol/L [67]. We found that
1 and 10 pmol/L ZnSOy4 salt solution best-promoted HSF migration,
while 100 pmol/L and 1 mmol/L MgCls solutions significantly promoted
HSF migration through the cell scratch assay. The effective concentra-
tions of Zn?" and Mg?" in some literatures are different from those
obtained in our scratch experiment, which may be due to the different
cell types and culture conditions.

4.4. Relationship between the STAT3 signaling pathway and soft tissue
healing

We found that increased Zn?" in HSFs effectively enhanced STAT3
phosphorylation and induced HSFs differentiation into myofibroblasts,
thus promoting the healing of soft tissue defect. JAK-STAT is one of the
most important signaling pathways in wound healing cells; it is involved
in cell proliferation and differentiation, immune regulation, and the
inflammatory response [68]. STAT3 plays an important role in several
wound healing processes, including migration, proliferation, angiogen-
esis, and the production of growth factors [45]. Recent studies have
shown that connective tissue growth factor mediates the proliferation
and migration of mouse fibroblasts through the STAT3 signaling
pathway [47]. Several studies have shown that STAT3 can be regulated
by Zn. Yang et al. found that Zn?* promoted the neural differentiation of
pluripotent stem cells by regulating ERK1/2 phosphorylation and
STAT3 phosphorylation [44]. However, they detected few Zn-regulated
molecules, and the specific mechanism through which Zn regulated
neural differentiation needs to be further studied. In addition, Zn?* in-
creases mitochondrial STAT3 phosphorylation at Ser727 through the
ERK pathway, thereby improving cardiac oxidative phosphorylation and

99

Bioactive Materials 26 (2023) 88-101

inducing active astrocyte proliferation [69,70].

In summary, our results indicate that GelMA/Mg/Zn hydrogel can
release Zn?" and Mg?*, induce HSFs differentiation into myofibroblasts,
and accelerate extracellular matrix deposition through the STAT3
signaling pathway. By exploiting these features, GelMA/Mg/Zn hydro-
gel treatment can accelerate full-thickness defect healing and promote
wound re-epithelialization and angiogenesis in rats, which provides a
new theoretical and experimental basis for wound healing. Although
GelMA/Zn/Mg hydrogel as a wound dressing has significant benefits in
vitro and in vivo, the adhesion property needs to be improved in future
experiments.

5. Conclusion

We developed a photocured biodegradable GeIMA/Mg/Zn hydrogel
that can be applied for skin wound healing. During the degradation of
GelMA/Mg/Zn hydrogel, Mngr and Zn?* with strong biological activity
were produced. Magnesium ions upregulated the expressions of ZIP6
and ZIP10, and promoted Zn?* entry into HSFs. An increased intracel-
lular Zn?* concentration effectively promoted STAT3 phosphorylation,
thus inducing HSFs differentiation into myofibroblasts, accelerating
extracellular matrix deposition, and promoting the healing of full-
thickness skin defects in rats. In addition, GelMA/Mg/Zn hydrogel can
promote wound re-epithelialization and angiogenesis, whose effect on
wound healing is multilevel and multichannel. GeIMA/Zn/Mg hydrogel
shows great potential for clinical application due to its excellent
biocompatible properties and ability to promote wound healing.
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