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ARTICLE INFO ABSTRACT

Keywords: A novel sprayable adhesive is established (ZnMet-PF127) by the combination of a thermosensitive hydrogel
Thermosensitive hydrogel (Pluronic F127, PF127) and a coordination complex of zinc and metformin (ZnMet). Here we demonstrate that
Skin wound

ZnMet-PF127 potently promotes the healing of traumatic skin defect and burn skin injury by promoting cell
proliferation, angiogenesis, collagen formation. Furthermore, we find that ZnMet could inhibit reactive oxygen
species (ROS) production through activation of autophagy, thereby protecting cell from oxidative stress induced
damage and promoting healing of skin wound. ZnMet complex exerts better effects on promoting skin wound
healing than ZnCl, or metformin alone. ZnMet complex also displays excellent antibacterial activity against
Staphylococcus aureus or Escherichia coli, which could reduce the incidence of skin wound infections. Collectively,
we demonstrate that sprayable PF127 could be used as a new drug delivery system for treatment of skin injury.
The advantages of this sprayable system are obvious: (1) It is convenient to use; (2) The hydrogel can cover
irregular skin defect sites evenly in a liquid state. In combination with this system, we establish a novel sprayable
adhesive (ZnMet-PF127) and demonstrate that it is a potential clinical treatment for traumatic skin defect and
burn skin injury.

ZnMet-PF127
Reactive oxygen species (ROS)
Autophagy

1. Introduction factors such as IL-1p, IL-6, TNF-a, etc. Angiogenesis play an important

role in the mature of wound tissue [2]. The proliferative phase, also

Skin injury is the destruction of the physiological structure and
function, which manifests as a local impairment of skin tissue. The skin
tissue exhibits restricted self-repair ability. For certain types of skin
wound, such as deep skin wounds, skin burns and diabetic ulcers, it is
difficult to heal thoroughly by self-repair ability of skin. The heal of
these severe skin wounds often require surgery (such as skin grafting) or
skin reconstruction by using bioactive dressing materials [1].

Skin wound healing is a multi-step process, consists of inflammatory,
proliferative, and mature periods. Wound inflammation in the early
period is characterized by the recruitment of neutrophils and macro-
phages to the trauma area, under the chemotaxis of inflammatory
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called the granulation tissue phase, follows the inflammatory phase.
During this phase, the formation of new capillaries and proliferation of
fibroblasts greatly promote granulation tissue formation [3,4]. The
mature phase, also known as the remodeling phase, occurs 2-3 weeks
after injury. Fibroblasts secrete extracellular matrix such as collagen
fibers, and then the irregular collagen fiber is gradually replaced by
newly synthesized collagen fiber, which is more regular and elastic [5,
6]. Excessive reactive oxygen species (ROS) accumulation and inflam-
mation delays wound healing and even aggravates wound injury [7].
Metformin, a biguanide, is currently the first-line drug for the initial
treatment of type 2 diabetes (T2D) because of its inhibitory effect on
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liver glucose production [8-10]. Metformin also shows significant
anti-inflammatory effects which has been demonstrated by abundant
fundamental research and clinical trials [11,12]. Several clinical studies
showed that oral metformin administration has modest anti-systemic
inflammation effect [13,14]. It has also been reported that metformin
can reduce pro-inflammatory cytokines (IL-1f, TNF-a) and macrophage
migration inhibitor (MIF) in vivo [15]. In addition, metformin reduces
the production of ROS during diabetic nephropathy [16]. In addition,
positive effects of metformin on various inflammatory skin diseases
(psoriasis, acanthosis nigricans, acne, etc.) have also been reported [17].
However, as for skin wound healing, while some researchers suggest a
positive role of metformin, a negative role of metformin for skin wound
healing by inhibition of human keratinocyte proliferation is also re-
ported [18,19].

Zinc (Zn), an essential trace element in human bodies, exerts key
roles on human growth, development, immunity response, etc. [20].
Zinc exists in many enzyme systems, such as carbonic anhydrase, protein
kinase, respiratory enzyme, lactate dehydrogenase, superoxide dismut-
ase, alkaline phosphatase, DNA and RNA polymerase, etc. [21,22].
Metabolic activation of these enzymes requires zinc ions, which plays
important roles in the process of wound repair [23]. Clinically, zinc
sulfate has been widely used in wound care of patients with decubital
ulcers [24]. Zinc ion also plays important roles in promoting skin wound
healing due to its prominent roles in antibacterial, promoting fibroblast
proliferation, accelerating ECM synthesis and secretion, and reducing
the production of free radicals to ensure cellular viability [25].

Based on the reported functions of both metformin and zinc, we
hypothesized that zinc modified metformin (ZnMet) may have potent
effect on promoting skin wound healing. ZnMet is a coordination com-
plex that has a stoichiometric ratio of 1:2 (Zn: metformin) [26]. We
equip ZnMet with biocompatibility, anti-inflammatory, antioxidant and
antibacterial properties by the principle of complexation between zinc
ion and metformin. Hydrogels are widely used as drug delivery systems
in tissue engineering and damage repair, and the application of spray-
able hydrogels in the repair of skin injuries is receiving more and more
attention [27,28]. In this study, by using Pluronic F127 (PF127, also
known as Poloxamer 407), a temperature sensitive hydrogel which is
liquid at low temperatures and gradually transforms into a semisolid gel
form when temperature arises [29], we synthesize a novel sprayable
adhesive (ZnMet-PF127) for treatment of skin wound and skin burns.
Sprayable ZnMet-PF127 can cover the surface of irregular skin defect
evenly in the form of liquid below room temperature. It is worth noting
that we for the first time apply thermosensitive hydrogel PF127 as a
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spray for skin wound healing by taking advantage of its reversible
thermal response. Liquid PF127 is applied to the wound by a nebulizer
and solidifies into a semi-solid state once it contacts the skin surface. It is
convenient to use. Through in vivo and in vitro experiments, we
demonstrate that ZnMet-PF127 greatly accelerates skin wound healing
in mouse models with traumatic skin defects and skin burns. Mecha-
nistically, we find that ZnMet-PF127 dramatically promotes angiogen-
esis, cell proliferation, granulation tissue formation, collagen
deposition. Furthermore, we find that ZnMet could inhibit ROS pro-
duction through activation of autophagy, thereby inhibiting inflamma-
tion, protecting cell from oxidative stress induced damage and
promoting healing of skin wound. Thus, we demonstrate that
ZnMet-PF127 is a potential clinical treatment for traumatic skin defect
and skin burns.

2. Materials and Methods
2.1. Synthesis of ZnMet-Pluronic F127

A schematic diagram of preparation process and application was
shown in Fig. 1. Metformin hydrochloride (MW = 165.62 Da) and zinc
chloride hexahydrate were obtained from Macklin company. Pluronic
F127 was from Aladdin company. All materials and reagents were not
further purified unless otherwise stated. Deionized (DI) water (>18.2
MQ cm) was used in this study.

Synthesis of ZnMet complex: Guanidine hydrochloride and zinc
chloride hexahydrate were dissolved in anhydrous alcohol at a con-
centration ratio of 2:1, then metformin hydrochloride solution was
added slowly into zinc chloride solution. The whole reaction system was
maintained at 50 °C for full reaction with continuous magnetic stirring
for 6 h until the micro crystal was precipitated. The crystal product was
collected, washed repeatedly with a small amount of ethanol, and vac-
uum filtrated through Bouchard funnel. Finally, the products were
lyophilized [26]. The content of zinc irons in ZnMet was indirectly
calculated by the elemental analyzer. The concentration and the ratio of
zinc in ZnMet complex were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) (Agilent 7700X) (Table 2).

Preparation of ZnMet-Pluronic F127: Pluronic F127 powder was
stirred overnight in normal saline to make 5%, 10%, 16%, 20% and 25%
solutions at 4 °C. Then ZnMet was added into the above Pluronic F127
solutions to form a final concentration of ZnMet at 50 pM [30].
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Fig. 1. Schematic diagram of ZnMet-PF127 preparation process and application.
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Table 1
Primers used for RT-qPCR.

Gene name Sequences (5'-3")
IL-6 F: CTGCAAGAGACTTCCATCCAG
R: AGTGGTATAGACAGGTCTGTTGG
TNF-a F: CCCTCACACTCAGATCATCTTCT
R: GCTACGACGTGGGCTACAG
IL-1p F: GCAACTGTTCCTGAACTCAACT
R: ATCTTTTGGGGTCCGTCAACT
iNOS F: TGTCTGCAGCACTTGGATCAGGAA
R: GAAGCCACTGACACTTCGCACAAA
VEGF F: TGGTGGACATCTTCCAGGAGTA
R: GCACACAGGACGGCTTGAA
GAPDH F: AGAAGGCTGGGGCTCATTT

R: CTGGAAGGTGGACAGCGAGG

3. Examination of ZnMet properties

The attenuated total reflection (ATR) patterns of metformin (Met)
and ZnMet were characterized by Fourier Transform Infrared Spectros-
copy (FTIR Spectroscopy) (PerkinElmer, Frontier) with a wavenumber
from 500 to 4000 cm ™! at room temperature. The thermal properties of
the samples were evaluated by thermogravimetric analyzer (TGA) (Gas
Analyzer, TGA55). TGA data were recorded for each analyzed sample in
the temperature range of 50-800 °C. 'H NMR (nuclear magnetic reso-
nance) and 13C NMR analyses of Met and ZnMet were performed using
nuclear magnetic resonance spectroscopy (Bruker, AVANCE III 500
MHz) and n2-cryoo-platform for Prodigy probe. Samples were dissolved
with d6-DMSO solvent. The experimental procedure was carried out at
room temperature [31]. Data acquisition was performed with Bruker’s
TopSpin 3.2 software and processed with MestReNova 14.1 (Mestrelab
Research S.L.). The stability of ZnMet was tested by high-performance
liquid chromatography (HPLC) (Agilent 1260 Infinity) with a diode
array detector for the content and purity of ZnMet aqueous solution at
day 0 and 14. Column type is EclipsePlus C18. Mobile phase: potassium
dihydrogen phosphate solution (0.01 M, pH 3.5): acetonitrile = 75:35
[32].

Characterization of Pluronic F127 hydrogel: The fluid morphology of
PF127 thermosensitive hydrogel was examined at room temperature
and 37 °C, respectively. The ability of ZnMet-PF127 to fill in irregular
skin defects evenly in a liquid state was also examined. We introduced
irregular shapes to agarose gel and found that ZnMet-PF127 could
perfectly fit into those irregular shapes (Fig. 2A). The microstructural
morphology of Pluronic F127 hydrogel and ZnMet-PF127 were exam-
ined by scanning electron microscope (SEM) (Zeiss, Merlin). Surface
morphologies were obtained under 5 kV accelerated voltage [33]. All
samples were coated with platinum before scanning to improve elec-
trical conductivity. Rheological properties of ZnMet-PF127 hydrogel
and PF127 hydrogel were measured using a rotary rheometer (Ther-
moFisher Scientific, HAAKE MARS 40) [34]. The morphologies of the
ZnMet-PF127 samples were examined by transmission electron micro-
scopy (TEM). About 3 pL of sample was gently placed on carbon-coated
copper grids (TED Pella, Redding). The grids were discharged before use
with a negative current of 15 mA for 10 s. Specimens were prepared in a
controlled environment and were allowed to dry at room temperature
overnight. Finally, specimens were transferred to a transmission elec-
tron microscope (Hitachi, HT7700). Samples were analyzed under low
dose conditions with a defocus range of 2-4 pm. Images were taken by

Table 2
Zn**/Met ratio in ZnMet determined by ICP-MS.
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an F-416 CMOS camera and EMMENU version 4.0.9.52 (Tvips) software
[35].

3.1. Invitro drug release assay

10 mL ZnMet-PF127 was placed in 30 mL of PBS (pH 7.4, pH 4.0, pH
8.9), at 37 °C, with continuous stirring at 100 rpm. At certain time in-
tervals, 1 mL of above solution was taken out and 1 mL of PBS was added
into the above solution to maintain a constant volume [36]. The con-
centration of ZnMet in the solution was analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) (Agilent 7700X) to determine the
release rate.

3.2. Cell proliferation

Dulbecco’s Modified Eagle Medium (DMEM, HyClone) with 10%
fetal bovine serum (FBS, Gibco) and 50 U/ml penicillin G plus 50 pg/ml
streptomycin sulfate (HyClone) was used for the culture of human em-
bryonic fibroblasts (NIH3T3) and human umbilical vein endothelial
cells (HUVEC). The third to fifth generations of NIH3T3 and HUVEC
were used. Cells were seeded in 96-well plates at a density of 2 x 10°
cells/well and cultured in an incubator at 37 °C with 5% carbon dioxide.
After 24 h, cells were treated with different concentrations of drugs (100
pM Met, 50 pM ZnCl; and 5 pM, 25 pM, 50 pM, 100 pM, 200 pM and 500
UM ZnMet), and cell proliferation was examined by using CCK8 kit
(Beyotime, C0038) at day 1, 3 and 5, respectively [37].

3.3. Antibacterial property test

Staphylococcus aureus (S. aureus) ATCC6538 and Escherichia coli (E.
coli) DH5a Strain (Guangzhou Qiyun Biotechnology Co., LTD) were used
to evaluate the antibacterial activity. 4 mL S. aureus and E. coli suspen-
sion (1 x 10* CFUs/mL) were incubated respectively at 37 °C and 170
rpm for 12 h, then 0.5 mL of the above suspension was diluted using
broth medium to a concentration of 102 CFU/mL and incubated under
the above condition for another 12 h. Finally, 20 pL of the above bac-
terial suspension was applied to an agarose Petri dish and cultured
overnight at 37 °C. Colony forming unit (CFU) was counted for each
sample [38].

3.4. Quantitative real-time gPCR (RT-qPCR)

Total RNA was isolated using RNAiso Plus (TAKARA, 9108) ac-
cording to the manufacturer’s instruction. Reverse transcription was
performed using a reverse transcription kit (Beyotime, D7168 M) from
0.5 pg total RNA according to the manufacturer’s instructions [39].
RT-qPCR analyses were performed as we previously described [40]. All
samples were normalized to GAPDH expression. The DNA sequences of
primers used for RT-qPCR analyses in this study are summarized in
Table 1.

3.5. Monodansylcadaverine (MDC) staining for autophagosomes

Dulbecco’s Modified Eagle Medium (DMEM, HyClone) with 10%
fetal bovine serum (FBS, Gibco) and 50 U/ml penicillin G plus 50 pg/ml
streptomycin sulfate (HyClone) was used for the culture of human em-
bryonic fibroblasts (NIH3T3). The third to fifth generations of NIH3T3

ZnMet ZnMet Zn?* Conc. ( ppb ) Zn** Conc. RSD Zn* Mass ( mg ) Zn**/Met ( mg/mg ) Zn**/Met ( mM/mM )
Weight (mg) Volume (L)

repeat-1 10.4 5 451.072 1.303 2.26 0.278 0.549

repeat-2 10.4 5 445.203 2.087 2.23 0.273 0.539

repeat-3 10.4 5 445.207 0.621 2.23 0.273 0.539
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Fig. 2. Characterization of ZnMet.

were used. Cells were seeded in 6-well plates at a density of 1 x 10°
cells/mL and cultured in an incubator at 37 °C with 5% carbon dioxide.
After 24 h, cells were treated with Met (100 pM), ZnCl, (50 pM) and
ZnMet (50 pM), followed by staining with monodansylcadaverine
(MDC) for autophagosome (Beyotime; C3018S) at 37 °C for 30 min.
After 3 washes with Assay Buffer, the cells were immediately observed
under a fluorescence microscope (Nikon confocal A1R with FLIM).
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3.6. Determination of reactive oxygen species (ROS)

Reactive oxygen species (ROS) was measured by ROS Assay Kit
(Beyotime, S0033S) as previously described with some modification
[41]. Briefly, NIH3T3 were incubated with 6-Carboxy-2', 7’-dichlor-
odihydrofluorescein diacetate (DCFH-DA) at a final concentration of 10
mM for 20 min and washed 3 times with cell culture medium without
FBS. ROS production in NIH3T3 was measured fluorometrically with
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excitation and emission settings at 488 nm and 525 nm, respectively.
3.7. Western blot analysis

Western blotting was then performed as previously reported
[42-44]. In short, cells were lysed with lysate (Beyotime, P0013). Pro-
tein extracts were then separated on a 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis using a semi-dry apparatus
and transferred to a polyvinylidene fluoride (PVDF) membrane (Biorad,
USA). Then non-specific sites on the membrane were blocked at room
temperature with blocking solution (Beyotime, P0252) for 1 h. After
that, the blot was incubated with primary antibody followed by incu-
bation with secondary antibodies conjugated with horseradish peroxi-
dase; and at last, the membrane was visualized using a Western Blotting
Detection Kit (Mei5bio, MF-078-01) by chemiluminescence imaging
system (LAS4000, ImageQuant). Antibodies were used after a
thousand-fold dilution in this project: (GAPDH: ORIGENE, TA-08; LC3B:
ABclonal, A19665; P62: ABclonal, A19700; AMPK: HUABIO,
ET1608-40; p-AMPK: HUABIO, ET1701-37; VEGF: ABclonal, A12303).

3.8. Animal studies

All mice used in this study were group-housed under the temperature
between 20 °C and 24 °C and exposed to a 12-h light/12-h dark cycle.
Male C57BL/6 mice weighing 25-30 g were used. Two full-thickness
round-shape wounds with a diameter of 8 mm were made on the back
of each mouse [45-48]. The modeling process is described below: after
anesthetized by inhalation of isoflurane, the mice were placed in the
prone position. Hair on the back of the mice was removed with electric
scissors, and two full-thickness wounds were made on the back on either
side of the midline with an 8 mm biopsy trocar through two layers of
skin. After surgery, the mice were kept as one mouse per cage to avoid
eaten of the PF127. Mice were randomly divided into the following
groups: PF127 (control group), ZnCl, (50 pM)-PF127, Met (100
pM)-PF127 and ZnMet (50 pM)-PF127, 6 mice for each group (n = 6).
Mice were administered every 24 h by spraying using a nebulizer.
Wound surface was photographed at day 0, 1, 3, 5, 7 and 9 after surgery.
Depending on the healing of the skin wound, all mice were sacrificed at
day 11. We also tested if ZnMet-PF127 could promote healing of burn
skin injury. Burn skin injury model was established as previously re-
ported [49,50]. After anesthetized with isoflurane, the hair on the back
was removed with depilatory cream, and the back was sterilized with
iodophor, then a solid aluminum rod (10 mm in diameter, 51 g), which
was heated to 100 °C by leaving in boiling water for 10 min, was placed
on the back of the mice for 15 s [51]. The wounds were photographed at
day 0, 3,5, 9, 13 and 17 after operation, and depending on the healing of
the wound, all mice were sacrificed on day 17 after operation. The
protocols for animal study in this project were approved by the Insti-
tutional Animal Care and Use Committee of Southern University of
Science and Technology (Approval No. SUSTech-JY202112032). In this
study, we have complied with all relevant ethical regulations for animal
experiments. In order to study the biosafety of ZnMet at specific con-
centrations in vivo, we examined the pathological changes of heart,
liver, spleen, lung and kidney of mice by H&E staining.

3.9. Histomorphological analysis

Hematoxylin and eosin staining (H&E) (Baso, BA4025) was used for
histomorphological evaluation of wound regeneration to assess inflam-
mation and epidermal regeneration in the defect area. H&E staining was
performed as we previously described [40,52]. After removed from the
wound, the skin tissue was fixed with 4% paraformaldehyde immedi-
ately for 48 h, then dehydrated with graded alcohol, and finally
embedded in paraffin. The skin tissue was sectioned into 5 pm slices,
followed by H&E staining for microscopic examination. Briefly, the
slices were dewaxed with 100% xylene for 3 min, with 50:50
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xylene/100% ethanol for another 3 min, then rehydrated with 100%
ethanol for 3 min, with 95% ethanol for another 3min, then stained with
hematoxylin (Gill’s IX) at room temperature for 5 min, and then washed
with deionized water for 5 min. After that, the slices were soaked in acid
alcohol (1% HCI in 70% ethanol) for 5 times and rinsed with deionized
water. After treated with ammonia (1 ml pure NH4OH in 1 L water) and
rinsed with deionized water, sections were stained with Eosin solution at
room temperature for 1 min, and then dehydrated with graded alcohol
(95% ethanol for 2 min; 100% ether for 2 min) and cleared by xylene
(100% xylene for 30 min). All sections were observed and photographed
with optical microscope.

3.10. Masson trichrome staining

The collagen amount was evaluated by Masson trichrome staining
(Solarbio, G1340) as we previously described [52]. After deparaffinized
and rehydrated, skin tissue samples (5 pm), were treated with Bouin’s
solution at 56 °C for 15 min. After cooling in a water-bath at 18-26 °C
for 5 min, samples were stained using working Weigert’s iron hema-
toxylin solution for 5 min at room temperature. Then, slides were rinsed
with deionized water and stained with Biebrich scarlet-acid fuchsin for
5 min at room temperature and rinsed with deionized water for 1 min.
Slides were then treated with working phosphotung-
stic/phosphomolybdic acid solution for 5 min at room temperature and
placed in Aniline Blue solution for 5 min at room temperature. Slides
were treated with acetic acid (1%) for 2 min at room temperature and
dehydrated through a graded alcohol series (70, 80, 90 and 100%),
cleared in xylene for 5 min. All sections were photographed using a 400
x light microscope. The collagen volume fraction was analyzed using
Fiji-ImageJ software. The relative percentage of collagen density was
then calculated using the following equation:

Collagen (%) = collagen area / total area of skin x 100%

3.11. Histological, immunohistochemistry, immunofluorescence
examinations

Histological and immunohistochemistry analysis were performed to
evaluate the formation of vessels and the number of immune cells during
skin wound healing. Immunohistochemistry staining of CD31 (Abcam,
ab28364) was used to assess the formation of vessels [53]. F4/80 (Cell
Signaling Technology, 70076) was used to assess the number of infil-
trated macrophages. TNF-a (Cell Signaling Technology, 11948T) was
used to assess the inflammatory state of the skin wound. Slides were
subjected to sodium citrate buffer (pH 6.0) at 58 °C for 16 h for antigen
retrieval and then incubated with rabbit anti-CD31, F4/80 and TNF-«
antibodies, respectively. CD31 positive blood vessel number within unit
area was analyzed using Fiji-ImageJ software. The mean signal intensity
of F4/80 and TNF-a was analyzed using Fiji-ImageJ software.

3.12. Collagen analysis by two-photon laser microscope

Collagen fibers and second harmonic generation was detected by
two-Photon laser microscope (Olympus FVMPE-RS). Two-photon
emitted fluorescence signal was collected from each specimen, and the
mean signal intensity was analyzed using Fiji-ImageJ software [54,55].

3.13. Statistical analysis

The sample size for each experiment was determined according to
our previous experiences. The data were expressed as mean + standard
deviation (SD), as indicated in the figure legends. Student’s t-test and
one-way analysis of variance (ANOVA) were used in this study. Differ-
ences with P < 0.05 were considered statistically significant.
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4. Results and discussion
4.1. Structure, composition, and characteristics of ZnMet

ZnMet complex was obtained by the complexation of ZnCl; and Met,
and the ratio of Zn?' to Met in ZnMet was 1:2 detected by ICP-MS,
indicating the successful synthesis of ZnMet (Table 2), which is consis-
tent as previously reported [26].

The 'H NMR spectra of Met and ZnMet were shown in Fig. 2A and B.
In the 'H NMR spectrum, proton resonances were all detected at -3-15
ppm. As shown in Table 3, Met free ligand showed the following &
(ppm): 2.91 (6H(A), 2CH3 groups), 1.12 (1H, -NH + 2H, -NH5(C),
primary and secondary amine), 6.80 and 7.22 (2H(B), both = NH imine
groups). ZnMet complex displayed the following & (ppm): 2.91 (6H(A),
2CHj3 groups), 0.83 (1H, -NH + 2H, -NH»(C), primary and secondary
amine), 6.64 and 7.19 (2H(B), both = NH imine groups [56,57]. These
results showed that in the case of ZnMet complex, the signal of 2H(B)
was shifted in comparison with the Met, where it can be ascribed to the
participation in the chelating process.

The 13C NMR spectral of ZnMet coincided well with the spectral
characteristics of Met (Fig. S1). HPLC results were shown in Fig. 2C, the
red curve represented the ZnMet HPLC results at day 0 and the black
curve represented the HPLC results at day 14. It clearly displayed that
the curve peaks at days 0 and 14 overlapped perfectly. The retention
time of ZnMet was 0.92 min and 0.94 min, respectively. No interference
peak was observed during the retention time of Met. These results
indicated that ZnMet had a high purity and excellent stability. TGA re-
sults indicated that marked weight loss of Met at the temperature be-
tween 250-400 °C may be due to the onset of thermal decomposition.
ZnMet also started to lose weight at 250 °C but at a lower speed
compared with Met (Fig. 2D). The lower thermal decomposition speed of
ZnMet than Met suggested that the thermal stability of Met was greatly
elevated by the complexation of Zn ions. FTIR Spectroscopy results of
Met and ZnMet revealed the different NH absorption peaks, at the range
of 3500-3200 cm ™!, between ZnMet and Met reflected the potential
involvement of NH in the complexation of Met and Zn ions. (Fig. 2E).
And the stretching vibrations of the NH bond was between 1650 and
1550 cm™!. The results indicated that with the gradual generation of
ZnMet, NH Peak moved towards 1618 cm™! in ZnMet from 1622.5 cm ™!
in Met. Moreover, another peak at 1557.5 cm™! in Met also moved to
1518 cm™! which further indicated that the formation of ZnMet
complex.

(A-B) 'H NMR map of Met (A) and ZnMet (B). (C) HPLC of ZnMet
after for 14 days’ storage. (D) TGA image of Met and ZnMet. Red font
indicates the shift of NH-Zn energy. (E) FT-IR spectra of Met and ZnMet.

PF127, a temperature sensitive hydrogel which is liquid at low
temperatures and gradually transforms into a semisolid gel form when
temperature arises. Fig. 3A clearly demonstrated that 20% PF-127

Table 3
Proton positions and §-chemical shift (ppm) of Met and ZnMet.
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wne A
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NH,
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Position of 8-Chemical shift (ppm) in 8-Chemical shift (ppm) in
protons Met ZnMet
A 291 291
B 7.22 7.19
6.80 6.64
C 1.12 0.83
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hydrogel can be switched from liquid at room temperature to solid at
37 °C, indicating excellent temperature-sensitivity of PF127 hydrogel.
20% PF127 hydrogel could be adequately filled to irregular defects on
agarose gel medium (Fig. 3A). The elastic modulus of ZnMet-PF127
hydrogel depends on concentrations and temperature. The gelation
temperature and elastic modulus of ZnMet-PF127 hydrogel and PF127
hydrogel were tested with different concentrations from 10% to 25%.
The initial gelation temperature of 20% ZnMet-PF127 hydrogel was
around 20 °C (Fig. 3B-E). As showed in Fig. S3, the gelation temperature
and elastic modulus of ZnMet-PF127 hydrogel and PF127 hydrogel are
similar. This means that ZnMet does not change the properties of PF127
hydrogel. Considering the spraying method of administration, we chose
the 20% concentration of ZnMet-PF127 hydrogel for the follow-up ex-
periments, which is also a widely used concentration by other re-
searchers [58-63]. Considering the pH value of the wound surface could
affect the healing process, we tested the drug release rate of ZnMet from
ZnMet-PF127 under different pH conditions (pH 7.4; pH 4.0; pH 8.9)
[64]. Fig. 3F displayed when left in normal physiological environment
(PBS, pH = 7.4) for 2 h, the release amount of ZnMet from ZnMet-PF127
hydrogel reached about 40%. When left in an acidic or an alkaline
environment (PBS, pH = 4.0 or pH = 8.9) for 2 h, the release amount of
ZnMet from ZnMet-PF127 hydrogel reached about 50% and 46%
respectively. Therefore, during the first 2 h, the release rate of the drug is
high. After 10 h, the drug release amount reached about 100% in acidic
or alkaline environments (PBS, pH = 4.0 or pH = 8.9). At the time point
of 12 h, the drug release amount reached about 95% in normal physi-
ological environment (PBS, pH = 7.4). This means that the drug release
rate of ZnMet-PF127 hydrogel is slightly increased in acidic or alkaline
environments. These results suggest that the drug retention ability of
PF127 hydrogel is not obvious [65]. The TEM images of the
ZnMet-PF127 and PF127 sample (without dyeing) were shown in
Fig. 3G. Compared with PF-127 hydrogel, metal-like particles with a
diameter of about 10-20 nm were detected in ZnMet-PF127, but not in
PF-127, indicating that ZnMet was successfully loaded into PF-127
hydrogel. Negative staining of PF-127 and ZnMet-PF127 (Fig. S2)
showed no significant difference, indicating that the loading of ZnMet
didn’t change the basic structure of PF-127. Similar morphology of
PF127 and ZnMet-PF127 were observed by SEM as shown in Fig. 3H.
Both PF127 hydrogel and ZnMet-PF127 presented a porous structure
with similar pore size. The porous structure suggests the good breath-
ability of ZnMet-PF127 which contributes to skin wound healing.

(A) Photograph of PF127. (B-E) Rheological behavior of ZnMet-
PF127 at different concentrations. G/, elastic modulus; G”, viscous
modulus. (F) Drug release of ZnMet-PF127. (G) Representative TEM
images of PF127 hydrogels and ZnMet-PF127 hydrogels. Scale bar, 50
nm. (H) Representative SEM images of PF127 hydrogels and ZnMet-
PF127 hydrogels. Scale bar, 50 pm.

4.2. ZnMet greatly promotes cell proliferation and exerts potent
antibacterial effect

The proliferation of fibroblast and endothelial cells are important for
the recovery of the skin defect. Here, we examined the cell proliferation/
toxicity and antibacterial effect of ZnMet. As shown in Fig. 4A, when
ZnMet concentration was below 50 pM, there was a positive relationship
between NIH3T3 proliferation and ZnMet concentration. However,
when the concentration of ZnMet was over 50 pM, the proliferation rate
of NIH3T3 decreased dose-dependently. There was a similar relationship
between the proliferation rate of HUVEC and the concentration of
ZnMet. The most suitable concentration of ZnMet for the proliferation of
HUVEC was also around 50 pM (Fig. 4A). At the same time, we
demonstrated that 50 pM ZnMet has a better effect on the proliferation
rates of both NIH3T3 and HUVEC than Met or ZnCl, alone. Based on
these results, we chose 50 pM of ZnMet as the working concentration in
this study.

Inhibition of skin wound infection should be helpful for skin defect
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Fig. 3. Characterization of ZnMet-PF127.

recovery. In clinical, wound infections dramatically delay the recovery
process of the wounds [66-68]. Here, we used gram-positive bacteria
S. aureus and gram-negative bacteria E. coli to evaluate the antibacterial
effect of ZnMet. As showed in Fig. 4B and C, bacteriostatic function of
50 pM ZnMet was similar to ZnCl; on S. aureus. Colony number in ZnCl,
and ZnMet group was dramatically decreased compared with control or
Met group. There were about 2.5 x 10° and 2.43 x 10° colonies in
control group and Met group, respectively. This number was reduced to
about 3100 in ZnCl; and 2966 in ZnMet group, respectively. In the case
of E. coli, the antibacterial effect of ZnMet was the best among all the
groups. Colony number of E. coli in control and Met group was similar,
about 1.5 x 10° in the former and 1.25 x 10° in the latter. The colony
number was significantly decreased in both ZnCl, group (3048 colonies)
and ZnMet group (only 398 colonies) compared with control group.
Collectively, for both bacteria, ZnMet exhibited the best antibacterial
properties, indicating that the complexation of Zn ion to Met improves
the bacteriostatic function of Zn ion [69]. Thus, these results suggest
that ZnMet could lower the risk of wound infection during the process of
skin wound healing.
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(A) Cell proliferation assay of NIH3T3 and HUVEC using CCK8 kit. (B
and C) Antibacterial assay of ZnMet (50 uM). S. aureus and E. coli were
incubated with Met (100 pM), ZnMet (50 pM) and ZnCl;, (50 pM) for 24
h. All results are displayed as mean + SD. *p < 0.05, **p < 0.01 and
***p < 0.001, one-way ANOVA using the Tukey post-test. All experi-
ments were performed with three replicates and independently repeated
twice, qualitatively identical results were obtained.

4.3. ZnMet-PF127 drastically accelerates the healing of full-thickness skin
defect

We examined the effect of ZnMet-PF127 on wound healing in vivo by
employing the full-thickness skin defect model which is commonly used
[70-72]. The modeling process and grouping information can be found
in “Materials and Methods” part. The wounds were medicated every 24
h. Before each treatment, a thin layer of dry PF127 hydrogel left by the
last treatment could be seen on the wound surface, which can effectively
separate the wound from the external environment and reduce the
occurrence of wound infection. As displayed in Fig. 5A, typical photos of
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Fig. 4. ZnMet promotes NIH3T3 and HUVEC proliferation and inhibits growth of S. aureus and E. coli.

wounds at different time points showed that ZnMet-PF127 significantly
accelerated the skin wound healing process compared with other
groups. Most wounds healed completely at day 9 after surgery in
ZnMet-PF127 group. Fig. 5B and C demonstrated that at all time points
(day 1, 3, 5, 7, and 9), the healing rate of the wound in ZnMet-PF127
group was significantly faster than in other groups, especially after
day 5.

(A) Representative photographs of wounds at day 1, 3, 5, 7 and 9. (B)
Traces of wound-bed closure during 9 days for each treatment. Scale bar,
5 mm. (C) Wound contraction for each treatment. Scale bar, 5 mm. All
results are displayed as mean + SD. N = 6 mice per group. *p < 0.05,
*¥*p < 0.01 and ***p < 0.001, (C) one-way ANOVA using the Tukey post-
test.

4.4. ZnMet-PF127 significantly increases collagen deposition and new
vessel formation

Depending on the healing of the skin wound, all mice were sacrificed
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at day 11 after surgery. At this point in time, viewed from outside the
wound, the skin wounds of ZnMet-PF127-treated mice were almost
closed. The skin defect area was removed and soaked in 4% formalin,
dehydrated, and embedded in paraffin, then sectioned into 5 pm for
histological analysis. H&E staining revealed that the wound width in
ZnMet-PF127 group was the smallest among all groups (Fig. 6A). In
ZnMet-PF127 group, the wound tissue has been switched from granu-
lomatous phase to collagen formation phase, however, it was still in the
granulomatous phase in other groups. Collagen deposition after granu-
lation tissue formation is beneficial to wound healing. We observed
larger amount collagen deposition in ZnMet-PF127 group compared
with the other groups (Fig. 6B and F). Two-photon collagen images
showed the most abundant and assembly collagen fibers in ZnMet-
PF127 group (Fig. 6C and G). Masson staining also displayed the high-
est collagen-occupied area in ZnMet-PF127 group (Fig. 6B and F). These
data suggest that ZnMet-PF127 helps healing of skin wound at least in
part by increasing collagen deposition. The number of blood vessels
reflects the quality of wound healing. CD31 immunohistochemical
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Fig. 5. ZnMet-PF127 enhances skin wound closure.

staining demonstrated that the density of new vessels in the wound site
in ZnMet-PF127 group was the highest among all the groups (Fig. 6D
and H), indicating that ZnMet-PF127 promotes wound healing partially
through increasing new vessel formation.

H&E staining (A), Masson trichrome staining (B) and two photon
microscope images (C) of healed skin tissues at determined time. Scale
bar, 100 pm. (D) Immunohistochemical staining of CD31. Scale bar, 30
pm. Quantitative analysis of wound length from H&E staining (E),
collagen occupied percentage from Masson trichrome staining (F) and
fluorescence intensity from two photon microscope image (G). Quanti-
tative analysis of vessels (H). All results are displayed as mean + s.d. N
= 6 mice per group. *p < 0.05, **p < 0.01 and ***p < 0.001, one-way
ANOVA using the Tukey post-test.

4.5. ZnMet-PF127 exerts strong anti-inflammation and pro-angiogenesis
effects during wound healing process

Immunofluorescence staining of F4/80 and TNF-o suggested the
potent anti-inflammatory effect of ZnMet-PF127 (Fig. 7A-D). The signal
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intensity of TNF-a in ZnMet-PF127 group was the weakest compared
with other groups (Fig. 7A and B). Also, the relative coverage of F4/80 in
ZnMet-PF127 group was the lowest among all groups (Fig. 7C and D).
Moreover, RT-qPCR analysis displayed that the transcription of in-
flammatory relative genes such as IL-1f, IL-6, TNF-a, iNOS were dras-
tically decreased and VEGF was increased in ZnMet treated NIH3T3
(Fig. 7E). Interestingly, we found that while the expression of TNF-«
protein was the highest in ZnCl,-PF127 group, the mRNA level was the
highest in Met group (Fig. 7A and E). We repeated three times and ob-
tained similar results. This inconsistency between in vitro and in vivo
results may be due to different cell compositions. Skin tissue contains a
variety of cell types. Although, the expression levels of TNF-u protein or
mRNA were not so consistent in some groups between in vivo and in
vitro experiments, both protein and mRNA level of TNF-a was the lowest
in ZnMet-PF127 group. The increased VEGF expression partially
explained why ZnMet could promote new vessel formation. Therefore,
we demonstrated that ZnMet can facilitate skin wound healing through
multi-biological functions. The above results suggest that ZnMet-PF127
facilitates skin wound healing at least partially by inhibition of
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Fig. 6. ZnMet-PF127 greatly promotes granulation tissue formation, collagen deposition and new vessel formation.

inflammation and promoting new vessel formation. Researchers have
reported that both ZnCl; and Met has inhibitory effect on inflammation
[8,9,15,73]. In our study, the inflammation inhibitory effect of either
ZnCly or Met was not obvious, this discrepancy may be due to the low
concentrations we used in this project. Previous studies have shown that
the non-toxic concentration of Zn?" to fibroblast and vascular endo-
thelial cells ranges from 0 to 50 pM. Higher concentrations of Zn?* could
lead to proliferation inhibition or even cell death [74]. According to the

clinical oral dose of Met, its blood concentration was 1-9 mg h L. Our
experimental concentration of Met was 0.7 mg h L™, much lower than
the clinical blood concentration of Met [75-77]. However, despite the
low concentration we used, ZnMet exhibited strong inhibitory effect on
inflammation both in vivo and in vitro. This is of great clinical signifi-
cance, the lower concentrations of drugs used, the less potential side
effects could be caused.

Immunofluorescence staining of TNF-a (A), F4/80 (C) and
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Fig. 7. ZnMet-PF127 has potent anti-inflammation and pro-angiogenesis effect.

quantitative analysis of immunofluorescence intensity (B and D). Scale
bar, 50 pm. All results are displayed as mean + s.d. N = 6 mice per
group. *p < 0.05, **p < 0.01 and ***p < 0.001, versus controls, stu-
dent’s t-test. (E) Real-time qPCR (RT-qPCR) analysis of the effects of
Met, ZnMet and ZnCly on IL-1p, IL-6, TNF-a, iNOS and VEGF gene
expression in NIH3T3 cells. *p < 0.05, **p < 0.01 and ***p < 0.001, one-
way ANOVA using the Tukey post-test.

4.6. ZnMet enhances autophagy and inhibits ROS production

Excessive accumulation of reactive oxygen species (ROS) can break
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cell homeostasis, leading to oxidative stress, increased production of
inflammatory factors and mitochondrial dysfunction [78]. To study if
ZnMet could inhibit inflammation and maintain cell homeostasis
through inhibiting ROS production, we detected ROS in NIH3T3 with
different treatment. As shown in Fig. 8A and C, ZnMet significantly
inhibited ROS production compared with the other groups, suggesting
that ZnMet could protect cells from oxidative stress induced damage by
inhibiting ROS production.

Metformin can induce autophagy to reduce cell oxidative damage
[79], probably through activating AMPK/mTOR/p70S6K pathway [80].
Here we detected autophagosome formed in NIH3T3 cells after treated
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Fig. 8. ZnMet enhances autophagy and inhibits ROS production.

with ZnMet and other control drugs by MDC staining (Fig. 8B and D).
Obviously, compared with blank control group, Met, ZnCly and ZnMet
all induced the formation of autophagosomes in NIH3T3 to varying
degrees, and ZnMet induced the largest amount of autophagosomes.
Western blot analysis showed in Fig. 8E and F indicated that compared
with blank control, Met or ZnCl, group, autophagy related protein P62

621

was significantly reduced while autophagy protein LC3B was increased
in ZnMet group, suggesting that ZnMet could promote autophagy in
NIH3TS3 cells. As expected, protein level of p-AMPK was significantly
increased in ZnMet group. Furthermore, compared with blank control
group, Met group and ZnCl, group, ZnMet strongly induced the
expression of VEGF protein in NIH3T3, consistent with the increased
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mRNA level (Fig. 7E), further demonstrating that ZnMet can promote
angiogenesis. It has been well demonstrated that autophagy can pro-
mote angiogenesis by inducing the expression and secretion of VEGF
[81-84]. Collectively, the above results demonstrated that ZnMet could
promote skin wound healing by promoting cell autophagy, angiogenesis
and inhibiting ROS production through activation of AMPK.
Immunofluorescence staining of ROS (A), MDC Staining of auto-
phagosome (B) and quantitative analysis of immunofluorescence
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intensity (C and D). Scale bar, 20 pm. All results are displayed as mean
+ s.d. N = 6 mice per group. *p < 0.05, **p < 0.01 and ***p < 0.001,
versus controls, Student’s t-test. (E) Western blot analysis for the protein
levels of P62, LC3B, p-AMPK, AMPK and VEGF in NIH3T3 cells and
quantitative analysis of the protein levels of P62, LC3B, p-AMPK, AMPK
and VEGF in NIH3T3 cells (F). (G) Working model showing the anti-ROS
mechanism of ZnMet in the treatment of skin wound. *p < 0.05, **p <
0.01 and ***p < 0.001, one-way ANOVA using the Tukey post-test.
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Fig. 9. ZnMet-PF127 greatly enhances the healing of burn skin injury.
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4.7. ZnMet-PF127 dramatically accelerates wound healing of burn skin
injury

Given that ZnMet-PF127 has potent antibacterial and anti-
inflammatory properties, we also tested the effect of ZnMet-PF127 on
the healing of burn skin injuries, which are notable by severe inflam-
mation and a potential risk of infection [85-87]. We established mouse
skin burn model as previously reported [49,50]. The modeling process
and grouping information can be found in “Materials and Methods” part.
Representative photos of skin wounds at different time points were
shown in Fig. 9A. Obviously, the healing rate was fastest in
ZnMet-PF127 group after 9 days, and the wounds in this group were
almost completely closed at day 17 (Fig. 9B), thus all mice were sacri-
ficed at day 17 after surgery.

H&E staining and Masson staining were used to analyze the histo-
logical changes. The scalded wound morphology was revealed by H&E
staining in Fig. 9C. Completely healed wounds and thick granulation
tissues could be seen in mice treated with ZnMet-PF127, while mice in
groups treated with PF127, Met-PF127 or ZnCl,-PF127 were charac-
terized by less fully healed wounds and relative thin granulation tissues.
Meanwhile, the scalded wound has been completely covered by
epidermal layer, and the granulation tissue thickness was highest in
ZnMet-PF127 group compared with other groups (Fig. 9D). Masson
staining showed more collagen deposition in ZnMet-PF127 group than
in other groups (Fig. 9C and E). Thus, the potent effect of ZnMet-PF127
on burn skin wound healing is also at least in part because it can effi-
ciently promote the secretion and deposition of collagen fibers in the
skin.

(A) Representative photographs of skin wounds at day 0, 3, 5, 9, 13
and 17. H&E staining, Masson trichrome staining (B) of skin tissues at
wound sites at day 17. Quantitative analysis of the granulation tissue
thickness (E) and collagen occupied area percentage (F) of the wounds
at day 17. Scale bar, 10 mm, 1 mm and 100 pm. All results are displayed

PF127 Met-PF127
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as mean + SD. N = 6 mice per group. *p < 0.05, **p < 0.01 and ***p <
0.001, one-way ANOVA using the Tukey post-test.

4.8. The concentration of ZnMet used in this study has great biosafety

To study the biosafety of PF127, Met-PF127, ZnCly-PF127 and
ZnMet-PF127 at specific concentrations used in our study in vivo, we
examined the pathological changes of heart, liver, spleen, lung and
kidney of mice by H&E staining. The results showed in Fig. 10 displayed
that compared with PF127, Met-PF127, ZnCl,-PF127 or ZnMet-PF127
treatment all has no toxic effect, all organs examined showed normal
tissue and cell structure, indicating that the concentration of ZnMet used
in this study have a reliable biosafety in mice.

Representative H&E staining photographs of heart, liver, spleen,
lung and kidney of mice after treatment with PF127, Met-PF127, ZnCl,-
PF127 and ZnMet-PF127 at specific concentration. Scale bar, 200 pm. N
= 6 mice per group.

5. Discussion and conclusion

In present study, we establish the potent role of ZnMet-PF127 in
promoting skin wound healing, including traumatic skin wound and
burn skin injury. ZnMet-PF127 greatly accelerates skin wound healing at
least partially through promoting granulation tissue formation, collagen
deposition, new vessel formation, and inhibiting ROS accumulation and
inflammation.

Although the use of thermosensitive hydrogel in wound healing has
been reported previously [88], here we for the first time use thermo-
sensitive hydrogel PF127 as a spray by a nebulizer for skin wound
healing. It acts as a therapeutic barrier, provide moisturization and relief
pain, absorb extrudates, prevent bacterial infection. The porous struc-
ture of PF127 allows drug release evenly in tissues and serves as a de-
livery system for small molecules and drugs. In our study, 20% PF127 is

ZnMet-PF127

ZnCl,-PF127

200 pm

Fig. 10. ZnMet-PF127 at the concentration of 50 pM has no toxic effect on tissues and organs in vivo.
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used as a scaffold to load ZnMet complexes. The load of ZnMet com-
plexes to PF127 doesn’t change the properties of PF127 demonstrated by
examination of rheological behavior. Sprayable ZnMet-PF127 could fill
in irregular skin defects evenly in a liquid state. After sprayed onto the
skin, ZnMet-PF127 immediately switches from a liquid state to a
semi-solid state and forms a shield between skin wound and external
environment which reduces the incidence of wound infection.

In this study, we provide strong evidence that ZnMet-PF127 spray-
able adhesive is a potentially effective drug for treatment of skin
wounds, including traumatic skin wound and burn skin injury. First, the
wound tissue in ZnMet-PF127 treated group has been switched from
granulomatous phase to collagen formation phase while the other
groups are still in the granulomatous phase. Second, there is more
collagen formed in ZnMet-PF127 treated group than in other groups.
Third, protein or mRNA expression levels of inflammation related genes,
including IL-1p, IL-6, TNF-a and iNOS, are significantly decreased in
ZnMet-PF127 treated group compared with other groups. Fourth, both
the mRNA and protein level of VEGF and the vessel density in ZnMet-
PF127 treated group in wound site are much higher than in other
groups. More importantly, our data demonstrate that ZnMet could
inhibit ROS production through activation of autophagy, probably by
activating AMPK signal, thereby protecting cell from oxidative stress
induced damage and promoting angiogenesis, thus contributing to in-
crease the process of skin wound healing. We also demonstrate that
ZnMet exhibits potent antibacterial effect on both S. aureus and E. coli,
further reduces the risk of wound infection.

Common skin wounds and burn skin wounds are usually irregular in
shape and depth and due to the severity and complexity of burn skin
wounds, traditional sheet-like wound dressings are not always appro-
priate. Sprayable ZnMet-PF127 allows for easy, fast, and large-scale
dressing changes.

Collectively, our study for the first time demonstrates the use of
thermosensitive hydrogel PF127 as a spray by a nebulizer for skin
wound healing, and for the first time we establish the potent effect of
sprayable ZnMet-PF127 on the healing of traumatic skin wound and
burn skin injury. We believe that ZnMet-PF127 is a potential clinical
treatment for skin wound and has great economical and clinical value.
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