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Abstract

Previously, we demonstrated that magnesium oxide (MgO)-incorporated electrospun
membranes show powerful antibacterial activity and promote wound healing, but the
underlying mechanisms have not been entirely understood. Herein, we investigated
the relationship between structure and function of MgO-incorporated membranes
and interrogated critical bioactive cues that contribute to accelerated wound healing
and functional restoration. Our results show that MgO-incorporated membranes
exhibit good flexibility and improved water vapor transmission rates (WVTRs) and
sustained Mg?" release in a simulated model of wounds. MgO-incorporated mem-
branes modulate macrophage phenotype to downregulate inflammatory response,
contributing to alleviated inflammation and creating a favorable microenvironment
for wound healing. Specifically, MgO-incorporated membranes stimulate macro-
phages to shift to a pro-healing M2 phenotype and upregulate pro-healing cytokine
of transforming growth factor-beta 1 (TGF-p1) and downregulate pro-inflammatory
cytokines under lipopolysaccharide (LPS) challenge conditions. Together with
increased TGF-p1 by macrophages, MgO-incorporated membranes significantly
boost the proliferation of fibroblasts and upregulate collagen production, thus driving
granulation tissue formation and wound closure. MgO-incorporated membranes pro-
mote angiogenesis by promoting tube formation and upregulating vascular endothe-
lial growth factor (VEGF) production of endothelial cells. Rapid epithelialization of
regenerated skin tissue is attributed to the balanced phenotype of keratinocytes
between proliferative and terminally differentiated populations. In addition to coordi-
nating keratinocyte phenotype, MgO-incorporated membranes reduce the expres-
sion of inflammatory cytokine interleukin 1-alpha (IL-1a) therefore promoting hair
follicle regeneration. These data provide mechanisms of MgO-incorporated mem-
branes that inhibit bacterial infection, alleviate inflammation, facilitate extracellular

matrix production and epithelialization, and potentiate hair follicle regeneration.
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1 | INTRODUCTION

The global expenditure for wound management is estimated to be
approximately 27 billion U.S. dollars in 2027 and will continue to
increase, which imposes a huge burden on patients and healthcare
systems.' ™3 Acute wounds undergo overlying stages including hemo-
stasis, inflammation, proliferation, and tissue remodeling, which is
called the typical wound healing process.*> However, this process is
often accompanied by bacterial infection that impairs the wound heal-
ing microenvironment. Bacterial infection leads to prolonged elevation
of pro-inflammatory cytokines and diminished neovascularization,
which stuck the healing process at the inflammatory phase and some-
times results in chronic and nonhealing wounds and even leads to sys-
temic infection and amputation.® Planktonic bacteria transform into a
biofilm with extracellular polymeric substances covering wound beds,
leading to insufficient supplies of oxygen and nutrients, and further
deteriorating wound healing microenvironment.””? To overcome
these problems, there is a growing requirement for effective
approaches to reduce wound infection.

Clinically, wound bed preparation is a critical concept and good
practice, allowing clean wounds with healthy granulation.'® Dressings
are the most effective and feasible means for this purpose: they iso-
late wounds from the external environment and keep wounds with
proper moisture, not too dry or too wet, optimized for healing. How-
ever, moist wounds are at high risk of bacteria thriving and infec-
tion.'* Wound dressings should be both protective to bacterial
penetration and inhibitory to bacterial growth. In addition, good bio-
activity that enhances endogenous repair mechanisms is also required
for dressings to shorten the wound healing period.*? Therefore, multi-
functional dressings with good antibacterial capacity and bioactivity
are highly anticipated to prevent wound bacterial infection and pro-
mote robust wound healing.2"*? Current strategies focus on the use
of antibacterial and bioactive materials to prepare multifunctional
dressings. Inorganic metallic ceramics represent good candidates due
to their powerful antibacterial capacity and superior bioactivity and
have been extensively investigated for wound dressing materials.
Recently, many studies demonstrated that metallic oxide-incorporated
electrospun nanofiber membranes show great capacity in inhibiting
bacterial infection and accelerating wound healing.*>'” Despite
promising outcomes, the underlying mechanisms are not fully
elucidated.

In a pilot study, we showed that magnesium oxide (MgO)-
incorporated electrospun nanofiber membranes exert multifunctional-
ity for treating Staphylococcus aureus-inoculated wounds in a rat
model.2 While we provided some information on the antibacterial
properties and bioactivity of these MgO-incorporated membranes,
many critical issues remained unknown. For instance, they showed
powerful antibacterial activity, but the efficacy differed under in vitro
and in vivo conditions. The electrospun membrane containing 0.5%
MgO promoted robust hair follicle regeneration, in contrast, mem-
branes containing lower or higher MgO did not guide hair follicle
regeneration. In this study, we performed comprehensive investiga-

tions on the antibacterial properties and bioactivity of MgO-

incorporated membranes toward infected wounds. Physicochemical
properties including ultrastructure, tensile strength, and water vapor
transmission rate (WVTR) are crucial for dressing materials and were
characterized for evaluating the suitability for wound dressing. The
release of magnesium ions from MgO-incorporated membranes was
determined by incubating them with gelatin gels to simulate the
MgO-

incorporated membranes toward wound healing were validated by a

microenvironment of wounds. Promotive effects of
bacterial infected full-thickness defect model of rats. MgO-
incorporated membranes were cultured with key effector cells includ-
ing macrophages, fibroblasts, endothelial cells, and keratinocytes,
which provided critical information to uncover underlying mechanisms

of antibacterial and bioactive activities.

2 | MATERIALS AND METHODS

21 | Materials

Polycaprolactone (PCL, M, = 80,000) and type A gelatin (~300 g Bloom)
Sigma-Aldrich.
2,2,2-trifluoroethanol (TFE), magnesium oxide nanoparticles (MgO,

were purchased from Glacial acetic  acid,
~50 nm diameter), chloramine T, sulfuric acid, hydroxyproline, lipopoly-
saccharides (LPS, from Escherichia coli O55:B5) were obtained from

Shanghai Aladdin Bio-Chem Technology Co., LTD.

2.2 | Preparation and characterization of
MgO-incorporated membranes

MgO-incorporated membranes were prepared via acetic acid-
mediated electrospinning as previously described.?® PCL and type A
gelatin were dissolved in TFE at the total polymer concentration of
10% (wt/v) with PCL/gelatin ratio of 8:2 (wt/wt). A tiny amount
(0.2%, v/v) of glacial acetic acid was added into the mixture to
increase the miscibility between PCL and gelatin.® Before electro-
spinning, various amounts (0.1%, 0.5%, and 1%, wt/v) of MgO nano-
particles were added into PCL/gelatin solution and sonicated for
30 min to yield a suspension with homogeneous distribution of undis-
solved magnesium substances. The suspension was fed through a
20 G needle at a consistent feeding rate of 1.5 ml/h and charged with
a high voltage of 15 kV to generate nanofibers, which were collected
by a slow-speed mandrel (6 cm diameter, 60 rpm) at a distance of
10 cm to form nanofiber membranes. The obtained membranes were
stored in a vacuum cabinet for at least 1 week to remove residual sol-
vent. Electrospun membranes made from PCL/gelatin solution adding
0%, 0.1%, 0.5%, and 1% MgO nanoparticles were denoted as PCL/ge-
latin, MgO-0.1, MgO-0.5, and MgO-1, respectively.

Physicochemical properties of MgO-incorporated membranes
including surface morphology, elemental composition, thermal analy-
sis, water vapor transmission rates (WVTRs), water uptake ability, and
tensile strength were determined. The detailed methods are provided

in Appendix S1.
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To recapitulate Mg2+ release from membranes to wounds, we
incubated MgO-incorporated membranes on the surface of gelatin
gels at 37°C. Transparent gelatin gels were prepared as described
elsewhere®” with minor modifications. Briefly, type A gelatin was agi-
tated in hot water (80°C) at a concentration of 6% (wt/v) for 2 h to
obtain a homogeneous solution. Aliquoted hot solution (2 ml) was
carefully added into each well of 12-well plates to avoid bubble for-
mation and then cooled at 4°C to form transparent gels. MgO-
incorporated membranes (22 mm diameter) were prewetted with
saline and carefully placed onto the surface of gelatin gels to ensure
complete contact. Samples were maintained in a 37°C incubator with
95% humidity. At each time point, membranes were removed from
incubation, and 0.5 ml saline was added into each well to rinse gel and
then collected for analysis. This step was repeated three times to
allow a total of 1.5 ml retrieved solution for each well. After that,
membranes were placed back onto the surface of gelatin gels for incu-
bation and subsequent analysis. The concentration of magnesium ion
was measured by an inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (Prodigy Plus, Teledyne Leeman Labs) (n = 3

for each group).

23 |
healing

Assessment of S. aureus-infected wound

Assessment of MgO-incorporated electrospun membrane modulated
S. aureus-infected wound healing was performed in an infection model
of rat full-thickness skin wounds according to previous studies.?%?!
Sprague Dawley (SD) rats (~170 + 10 g) were provided by Shanghai
JSJ Lab Animal Center and were housed in a laboratory with a tem-
perature of 22-25°C and 40%-70% humidity at a light-dark cycle of
12 h. Animal experiments and procedures were reviewed and
approved by the ethical committee of Donghua University
(No. DHUES-STCSM-2020-01) and were performed in accordance
with the Guide for the Care and Use of Laboratory Animals (National
Institutes of Health, 8th Edition, revised 2011).

Prior to the animal study, electrospun membranes were punched
into 10 mm discs and disinfected by ultraviolet irradiation. Surgical
procedures were performed under sterile conditions. Rats were anes-
thetized by intraperitoneal injection of 2% pentobarbital sodium
(0.2 ml/100 g) and placed on a sterile drape for surgery. The dorsal
area was shaved and disinfected with 70% ethanol. Paired symmetri-
cal round full-thickness wounds (10 mm in diameter) were created on
the dorsum using a scalpel. Wounds were inoculated with S. aureus
(ATCC 25923) (20 pl of 108 CFU/ml suspension per wound) and then
received dressing treatments: PCL/gelatin membrane and MgO-0.5
membrane. A control group was set by dressing the wounds with a
commercial bandage (3M Adhesive Bandages). Three wounds were
created on the back of each rat along the midline. For each endpoint,
four rats were used for each group. A total of 48 rats were used for
the study.

To assess the healing process, wounds were observed and photo-

graphed at regular intervals. Sizes of healing wounds were measured
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by tracing wound edge from photographs using Image J (h = 4
wounds for each group) and plotted to wound closure curve
over time.

Animals were sacrificed 3, 7, 10, and 14 days after surgery for
analysis. Each wound area was resected from the skin and halved into
two pieces. For each wound area, one-half piece was freshly stored in
liquid nitrogen for quantitative real-time polymerase chain reaction
(gRT-PCR) and Western blot analyses (n = 3 wounds for each group),
the other half piece was fixed with 4% paraformaldehyde, embedded
in paraffin, and sectioned into serial slides for histological and immu-
nofluorescent staining. The rates of the fluorescent positive area of
specific markers were then quantified using Image J with Image-Pro
Plus (n = 3). The detailed methods are provided in Appendix S1.

24 | Assessment of antibacterial properties

Gram-negative bacteria E. coli (ATCC 25922) and Gram-positive bac-
teria S. aureus (ATCC 25923) and Staphylococcus epidermidis (ATCC
12228) were used to assess the antibacterial properties of MgO-
incorporated membranes. Prior to inoculation, bacteria were culti-
vated in Mueller-Hinton broth with gentle shaking at 37°C overnight.
inoculated with 200 pl
(108 CFU/ml) and incubated at room temperature for 24 h. Bacterial

Each sample was germy inoculum
inoculated membranes were vortexed in 10 ml 0.85% sodium chloride
solution. After centrifuging at 12,000 rpm for 5 min at 4°C, bacteria
were harvested and stained with DMAO and EthD-IIl and imaged with

a fluorescence microscope (DMi 8, Leica).

2.5 | Bioactivity of MgO-incorporated membranes
The bioactivity of MgO-incorporated membranes was evaluated with
key effector cells participating in would healing process, including der-
mal fibroblasts, endothelial cells, and macrophages. Electrospun mem-
branes were tailored into discs and disinfected by ultraviolet
irradiation before cell seeding. Murine macrophages (RAW 264.7 cell
line), human foreskin fibroblast (HFF), human umbilical vein endothe-
lial cell (HUVEC), and immortalized human skin keratinocyte line
(HaCaT) were provided by Stem Cell Bank, Chinese Academy of Sci-
ences (Shanghai). Cells were maintained and expanded in high glucose
Dulbecco's Modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin antibiotics at 37°C
and humidified 5% CO, in an incubator. These cells were separately
seeded on the surface of electrospun membranes at various densities
for different studies.

Murine  macrophages were seeded at densities of
1.0 x 10° cells/cm? on 14-mm disc membranes in 24-well plates to
determine cell viability and morphology and 1.2 x 10° cells/cm? on
20-mm disc membranes in 6-well plates to analyze the expression
levels of pro-inflammatory and pro-healing genes. At day 4, cell viabil-
ity and morphology of murine macrophages were assessed by live/

dead staining and scanning electron microscopy (SEM) imaging,
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respectively. Gene expression was analyzed by gRT-PCR at day
7 (n = 3 for each group). To investigate immune modulative effects of
MgO-incorporated membranes on macrophages, an LPS challenge
assay was performed as described elsewhere.?? Briefly. macrophages
were seeded at a density of 1.0 x 10° cells/well on membranes and
cultured in complete medium for 24 h, followed by incubating in com-
plete medium containing 100 ng/ml LPS for 24 h. Cells were then har-
vested for gRT-PCR (n = 3 for each group). A group of macrophages
seeded on the PCL/gelatin membrane in the absence of LPS was set
as control. Detailed procedures of gRT-PCR are provided in
Appendix S1.

Fibroblasts were seeded at a density of 1.0 x 10° cells/cm? on
disc membranes (14 mm diameter) in 24-well plates to observe cell
morphology and to determine cell proliferation. Cell viability was
assessed by live/dead staining and cell morphology was observed by
SEM. At day 4, samples were rinsed with phosphate-buffered saline
(PBS), stained with calcein-AM and propidium iodide for 30 min at
37°C, and imaged with a fluorescence microscope (DMi 8, Leica). For
SEM imaging, cell-seeded membranes were thoroughly washed with
PBS, fixed in 4% paraformaldehyde, dehydrated with gradient ethanol,
and dried at room temperature overnight. Samples were sputter-
coated with gold and observed under a scanning electron microscope
(Phenom, Netherlands). Cell proliferation rates on electrospun mem-
branes were determined by a CCK-8 assay (Beyotime Biotechnology,
Shanghai) following manufacturer's instructions (n = 4 for each
group).

Fibroblasts were seeded at a density of 1.25 x 10° cells/cm? on
disc membranes (20 mm) in 6-well plates to quantify the amounts of
cell-secreted total protein and collagen and transforming growth
factor-B1 (TGF-p1). Total protein was determined by a BCA assay
(Beyotime Biotechnology) following manufacturer's instructions (n = 4
for each group). Collagen deposition on electrospun membranes was
measured by a hydroxyproline assay. Cell-seeded membranes were
hydrolyzed in 3 M sulfuric acid at 105°C for 2 h. After cooling, hydro-
lysates were incubated with chloramine T solution for 20 min at room
temperature and reacted with color reagent at 65°C for 20 min. The
absorbance at 558 nm was read using a Multiskan MK3 plate reader
(n = 4 for each group). The amount of hydroxyproline for each sample
was calculated against a standard curve of known concentrations of
hydroxyproline. The amount of collagen was calculated by a conver-
sion factor of 14.3% because hydroxyproline makes up 14.3% of colla-
gen.Z®2% Accumulation of fibroblast-produced TGF-B1 on electrospun
membranes was determined by a TGF-B1 assay kit (Invitrogen) follow-
ing manufacturer's instructions (n = 4 for each group).

HUVECs were seeded at a density of 1.0 x 10* cells/cm? in
24-well plates for in vitro wound healing assay. Membranes were
incubated in complete medium at 37°C for 24 h and the medium was
harvested for subsequent assay. HUVECs were seeded in complete
medium (high glucose DMEM supplemented with 10% fetal bovine
serum) and cultured to reach 80% confluence. A line of cells was then
scraped away in each well using a pipette tip, then complete medium
was replaced by the as-prepared membrane-incubating medium. Ran-

domly selected view along the scraped line in each well was imaged

with a microscope. To determine vascular endothelial growth factor
(VEGF) accumulation, HUVECs were seeded at a density of
1.25 x 10° cells/cm? on disc membranes (20 mm) in 6-well plates. At
day 7, cell culture medium was harvested to measure accumulated
VEGF using a VEGF kit (Invitrogen) following manufacturer's instruc-
tions (n = 4 for each group). To assess tube formation, 100 pl cold
Matrigel (Corning, Bedford, MA) was carefully added into each well of
48-well plates and incubated at 37°C for 30 min to allow gel forma-
tion. After that, HUVECs were seeded on the surface of Matrigel at
the density of 2 x 10%cells/well and treated with membrane-
incubating medium for incubation. Tube formation was visualized
using a microscope (DMi 8, Leica). The total length of tubules, number
of junctions, number of meshes, and total mesh area per high magnifi-
cation field were calculated from obtained images using Image J
(n = 5 for each group).

HaCaT cells were seeded at densities of 1.0 x 10° cells/cm? on
14-mm disc membranes in 24-well plates to determine cell viability
and morphology and 1.25 x 10° cells/cm? on 20-mm disc membranes
in 6-well plates to analyze the expression levels of functional genes by
RT-PCR. Cell viability, morphology, and proliferation of HaCaT cells
on electrospun membranes were assessed by live/dead staining, SEM
imaging, and CCK-8 assay (n = 4 for each group) as aforementioned,
respectively. Detailed procedures of qRT-PCR are provided in
Appendix S1.

2.6 | Statistical analysis

Data are present as mean * standard deviation and are analyzed by
unpaired student's t test and one-way or two-way analysis of variance
(ANOVA\) followed by Tukey's post hoc multiple comparisons where
appropriate. A p-value less than 0.05 (*p < .05) was considered statis-

tically significant.

3 | RESULTS
3.1 | Physiochemical properties of electrospun
membranes

SEM images show the dense fibrous ultrastructure of MgO-incorporated
membranes (Figure 1A). Both the MgO-0.5 and MgO-1 membranes had
some particle aggregations within and between nanofibers, whereas this
was absent in the PCL/gelatin and MgO-0.1 membranes. X-ray photo-
electron spectroscopy (XPS) analysis (Figure 1B) confirms that the sur-
face of electrospun membranes was composed of similar elements of
carbon (Figure 1C) and oxygen (Figure 1D), while MgO-incorporated
membranes contained increasing amounts of magnesium from MgO-0.1
to MgO-1 membranes (Figure 1E). Differential scanning calorimetry
(DSC) thermograms (Figure 2A) indicate that the melt peaks of MgO-0.1
and MgO-0.5 membranes were comparable to the PCL/gelatin mem-
brane (~50°C). The MgO-1 membrane had a slightly higher melt peak
than the other electrospun membranes.
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Surface morphology and elemental analysis of MgO-incorporated membranes. Scanning electron microscopy images reveal dense

nanofiber structure of membranes (A). Bead-like aggregation of MgO nanoparticles can be observed on MgO-0.5 and MgO-1 membranes. XPS
analysis (B-E) confirms similar abundance of carbon and oxygen and increased amounts of magnesium from Mg0-0.1 to MgO-1 membranes

MgO-incorporated membranes exhibited sustained Mg?* release
in a simulated wound model (Figure 2B). Membranes containing
greater MgO showed significantly increased Mg?* release compared
with the MgO-0.1 membrane. The MgO-incorporated membranes
showed much greater WVTRs (Figure 2C) and water uptake ability
(Figure 2D) compared with a commercial transparent dressing.

Incorporation of MgO greatly increased the WVTRs but did not affect
the water uptake ability of membranes.

Wound dressings are readily wetted by wound exudate and mois-
ture, we therefore determined the tensile test of MgO-incorporated
membranes in wet state. MgO-incorporated membranes showed

lower stress-strain curves (Figure 2E) and significantly smaller
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ultimate tensile strength (UTS) (Figure 2F) as the MgO contents
increased. In contrast, incorporated MgO had negligible effects on
Young's moduli (Figure 2G) and breaking strains (Figure 2H), except
for the MgO-0.1 membrane that has a significantly greater Young's
modulus than the PCL/gelatin membrane. Previously, we demon-
strated that lower doses of nMgO (less 1%) can significantly improve
the overall mechanical properties of membranes due to additional
energy-dissipating mechanism introduced by the nanoparticles filled

in polymer matrix.®> However, after soaking in PBS, the MgO-

FIGURE 2 Physicochemical
properties of MgO-incorporated
membranes. DSC thermograms
demonstrate that the melting
peak of the MgO-1 membrane
(around 50°C) shifted left slightly
compared with the other
membranes (A). Electrospun
membranes show sustained
Mg2+ release (B) and
significantly greater water vapor
transmission rates as the MgO
contents increase (C), but
incorporated MgO has no effects
on the water uptake ability (D).
MgO-incorporated membranes
exhibit lower stress-strain curves
(E) and significantly smaller UTS
(F) as the MgO contents
increase, but increased MgO
shows negligible effects on
Young's moduli (G) and breaking
strains (H). One-way analysis of
variance with Tukey's post hoc
test, * indicates p < .05;n =3
for B, C, and D; n = 6 for (E-H)

incorporated membranes showed swelled fibers in which MgO nano-

particles lose the additional energy-dissipating effects on fibers.

3.2 | Wound healing of S. aureus-infected defects

Figure 3A shows the gross appearance of healing wounds in a rat full-
thickness skin defect model at different intervals. The MgO-0.5 mem-
brane group showed significantly accelerated wound closure and
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FIGURE 3 Invivo assessments of wound healing of Staphylococcus aureus-infected full-thickness defects in a rat model. Gross appearance of
S. aureus-infected wounds received various treatments for 14 days (A). The MgO-0.5 membrane effectively suppresses bacterial infection and
reduces biofilm formation compared with wounds in the control group and the PCL/gelatin membrane group, where wounds are severely
infected with biofilm covering wound beds. Curves of wound closure over time (B) demonstrate that the MgO-0.5 membrane significantly
accelerates the healing process of S. aureus-infected wounds than other treatments. One-way analysis of variance with Tukey's post hoc test,

n =4, * indicates p < .05. Western blot confirms significantly lower protein levels of IL-1f and IL-6 in the MgO-0.5 membrane-treated wound at
day 3 (C). One-way analysis of variance (ANOVA) with Tukey's post hoc test, n = 3, * indicates p < .05. real-time polymerase chain reaction also
indicates significantly downregulated expression levels of pro-inflammatory cytokine genes of IL-1p and TNF-a in the MgO-0.5 membrane-
treated wound compared with the other groups at days 3 and 7 (D). In addition, the MgO-0.5 membrane significantly upregulated the expression
levels of pro-healing genes of TGF-f1, COL1a1, COL3a1, and a-SMA (D). Two-way ANOVA with Tukey's post hoc test, n = 3, * indicates p < .05
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improved quality of healing compared with empty control and
PCL/gelatin membrane groups (Figure 3A,B). The MgO-0.5 membrane
group showed a clean wound bed without purulence or swelling as
early as day 3. Thereafter, it underwent a robust healing process and
almost achieved complete wound closure to form scab-free regener-
ated skin at day 14. In contrast, wounds were failed to resolve inflam-
mation in a timely manner for both the control and PCL/gelatin
membrane groups. Wound sites were severely swollen and covered
by a thick purulent layer of biofilm until day 7. Despite reduced
wound size thereafter, neither the control nor the PCL/gelatin mem-
brane treated wounds were completely healed at day 14.
Inflammation of wounds was evaluated at protein and gene levels
using Western blot (Figure 3C) and quantitative RT-PCR (Figure 3D),
respectively. IL-1p, IL-6, and TNF-a represent the major pro-
inflammatory factors during wound healing. Western blot indicates
that the MgO-0.5 membrane significantly suppressed the protein
expression of IL-1p and IL-6 (Figure 3C). In line with evident amelio-
rated inflammation on wounds, RT-PCR analysis confirmed that
expression levels of IL-18 and TNF-a were significantly lower for the
MgO-0.5 group compared with the control and PCL/gelatin groups at

days 3 and 7 (Figure 3D). Along with alleviated inflammatory
responses, the MgO-0.5 membrane significantly up-regulated expres-
sion levels of pro-healing genes for wound healing compared with that
of the control and PCL/gelatin groups, while relatively late upregula-
tion of TGF-B1 and COL1al occurred at day 7 (Figure 3D).

Gram staining shows that many S. aureus bacteria existed on the
surface of wound beds and formed biofilm for the control and
PCL/gelatin membrane groups (Figure 4). In contrast, MgO-0.5 incor-
porated membrane-treated wounds were free of bacteria at days
3 and 7. H&E and Masson's Trichrome staining reveals that wounds of
the MgO-0.5 membrane group showed accelerated granulation for-
mation and faster wound closure, and robust hair follicle regeneration
(Figure 5). In contrast, neither the control group nor the PCL/gelatin
membrane-treated group showed regenerated epidermis or dermis
layers.

Collagen maturation of regenerated dermal tissues was evaluated
by Picrosirius red staining using white light and polarized light micros-
copy (Figure 6). Immature collagen shows light green/yellow and is
generally regarded as collagen type Ill; mature collagen exhibits strong

orange/red with organized fibers and is generally regarded as collagen

FIGURE 4 Gram staining of
wound biopsy at days 3 (A) and

7 (B) to show wound infection of
specific bacterial populations.
Gram-positive bacteria (violet
dots) are observed on the wound
surface of the control group and
PCL/gelatin group at days 3 and
7, while the MgO-0.5 membrane-
treated wounds are almost absent
of bacteria at each time point



LIU ET AL

FIGURE 5
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Histological analyses of the healing wounds by H&E (left panel: A-D) and Masson's trichrome (right panel: E-H) staining at days

3 (AE), 7 (B,F), 10 (C,G), and 14 (D,H). The MgO-0.5 membrane-treated group shows complete regeneration of mature skin tissue with regular
hair follicle formation and functional epithelization at day 14, in contrast, wounds of the control and PCL/gelatin are immature granulation tissues

Type 1.2° At day 7, wounds were largely immature as revealed by
sparse light green/yellow staining (Figure 6A). Among those, the
MgO-0.5 membrane allowed relatively denser green/yellow staining.
At day 14, the Mg0O-0.5 membrane-treated wound showed intense
orange/red staining of mature collagen fibers with a basket weave
configuration, indicating its robust healing (Figure 6B). Contrary,

though wounds for the control and PCL/gelatin groups had relatively

denser staining than those of day 7, they remained immature collagen
with light green/yellow staining.

Immunofluorescence staining was used to evaluate the inflamma-
tion, angiogenesis, and functional restoration of skin (Figure 7). Inten-
sive presence of immune cells and capillaries within wound sites
manifests persistent inflammation. The MgO-0.5 membrane-treated

wound showed similar expression of CD31 positive cells and weaker
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CD68 positive cells at day 7 compared with other groups
(Figure 7A). At day 14, CDé68 positive cells and CD31 positive cells
were sparsely distributed within the regenerated skin tissue,
whereas these cells were still extensively present within the granula-
tion tissues of control and PCL/gelatin groups. CD86/CD206 is
widely used to marker pro-healing macrophage (M2) subpopulation.

FIGURE 6 Representative
images of Picrosirius red staining
of wounds at days 7 (A) and

14 (B). For each panel, the upper
rows are white light images, and
the lower row is polarized light
images

M2 macrophages predominantly existed at the neighboring tissues
surrounding granulation tissues of wounds at day 7 (Figure 7B). A
considerable increase in M2 macrophage subpopulation was found
in the granulation tissues of control and PCL/gelatin groups and
regenerated skin for the MgO-0.5 group, indicating its active role in
tissue regeneration. The quantitative results of positive occupied
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FIGURE 7 Representative
immunofluorescence images of
wound tissue sections stained with
CD31/CDé8 (A) and CD206/CD86
(B) at days 7 and 14. Epidermal
differentiation marker and epidermal
basal cell marker of wounds at day
14 are immunofluorescent stained
with K10 and K14, respectively, to
assess epidermis maturation (C). All
wound tissue sections are
counterstained with DAPI to show
host cells. (D-1) is the quantitative
analysis of fluorescence of specific
markers

area indicated that the expression of CD31and CD206 in MgO-0.5
membrane was significantly higher than that of other groups
(Figure 7D,F). Taken together, these results demonstrate the critical

role of the Mg0O-0.5 membrane in alleviating inflammation and in

promoting tissue regeneration.

Y sk WILEY_L_t

Epidermal maturation of regenerated skin at day 14 was assessed
by K10 (epidermal differentiation marker)/K14 (epidermal basal cell
marker) staining (Figure 7C). Notably, the quantitative analysis results
showed that the expression levels of K10 and K14 in the Mg0-0.5
membrane group were significantly higher than those in other groups
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(Figure 7H,l). The MgO-0.5 membrane-treated wound showed a
mature epidermis that regenerated skin was fully covered by K10 pos-
itive epidermis lining on the K14 positive epidermal basal layer. In
contrast, wounds for control and PCL/gelatin groups showed partially
covered K10 positive epidermis with weak K14 epidermal basal layer,
indicating their immature nature of regenerated epidermis.

3.3 | Antibacterial activity of electrospun
membranes

The antibacterial activity of electrospun membranes containing vari-
ous amounts of MgO nanoparticles against common species of bacte-
ria involved in wound infections, including E. coli (Figure 8A), S. aureus
(Figure 8B), and S. epidermidis (Figure 8C). The antibacterial activity of
electrospun membranes was dependent on the amounts of incorpo-
rated MgO nanoparticles. Live/dead staining shows a predominate
live population of bacteria on MgO-0.1 membranes indicating negligi-
ble effects of MgO-0.1 membrane on bacterial survival because it only
caused a few bacterial deaths (red dots). With increasing amounts of

incorporated MgO nanoparticles, MgO-0.5 and MgO-1 membranes

induced considerable death of bacteria. This finding is consistent with

our previous reports.>*3

3.4 | Bioactivity of electrospun membranes
Macrophages are the major cellular component of innate immunity
and are actively involved in host responses to biomaterials and wound
healing processes.?>?” Murine macrophages exhibited a round shape
with many dead cells (red dots) on the PCL/gelatin membrane at day
4 as revealed by live/dead staining (Figure 9A) and SEM (Figure 9B)
images. Interestingly, round and spindle-shaped macrophages coex-
isted on Mg0-0.1 and MgO-0.5 membranes with much fewer dead
cells (red dots), though the number of round macrophages outweighs
that of spindle-shaped macrophages. In contrast, macrophages
showed round shape with considerable death on the MgO-1
membrane.

Murine macrophages showed similar expression levels of anti-
inflammatory, pro-healing gene TGF-p1 and M1 marker gene inducible
nitric oxide synthase (iNOS) (Figure 9C) in response to various

amounts of magnesium within electrospun membranes. In contrast,

FIGURE 8 Live/dead staining
shows bacterial viability on
electrospun membranes.
Escherichia coli (A), Staphylococcus
aureus (B), and Staphylococcus
epidermidis (C) are predominantly
live (green dots) with a few dead
cells (red dots) on the Mg0-0.1
membrane, while they experience
considerable death (red dots) on
MgO-0.5 and MgO-1 membranes
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FIGURE 9 Assessment of murine macrophage RAW 264.7 response to MgO-incorporated membranes. Live/dead staining (A) shows that
Mg0-0.1 and MgO-0.5 membranes support more live cells (green) with elongated shape than on PCL/gelatin and MgO-1 membranes at day

4, where many dead cells (red dots) are observed. Scanning electron microscopy images (B) reveal distinct shapes of cells on electrospun
scaffolds: cells are round on PCL/gelatin and MgO-1 membranes, while they show both round and elongated shapes on MgO-0.1 and MgO-0.5
membranes. Quantitative real-time polymerase chain reaction analysis demonstrates that MgO-incorporated membranes tend to upregulate pro-
healing gene TGF-p1 and downregulate pro-inflammatory genes of iNOS, IL-6, and IL-1p (C). Lipopolysaccharide (LPS) greatly activates
inflammatory responses of macrophages (D). MgO-incorporated membranes elevate TGF-B1 expression and significantly suppress the expression
levels of INOS, IL-6, and IL-18 compared with the PCL/gelatin membrane under LPS stimulation conditions (D). One-way analysis of variance with
Tukey's post hoc test, n = 3, * indicates p < .05



LIU ET AL

¥ | wiL EY_Y

MgO-incorporated membranes downregulated the expression levels
of IL-6 and IL-1p. LPS resulted in lower TGF-p1 production and
elicited significantly higher pro-inflammatory gene expression
(Figure 9D). Macrophages showed significantly higher TGF-f1 expres-
sion on MgO-0.5 and MgO-1 membranes than that on the
PCL/gelatin and MgO-0.1 membranes (p < .05), which is equivalent to
that of the PCL/gelatin membrane without LPS activation. MgO-

incorporated membranes significantly downregulated LPS-stimulated
elevation of inflammatory factor-related genes of iINOS, IL-6, and IL-
1p. This immune modulative effect is proportional to the amounts of
MgO nanoparticles incorporated into membranes.

Fibroblasts are the master cells producing extracellular matrix
during wound healing. HFFs exhibited spindle shape on electrospun
membranes as revealed by live/dead staining (Figure 10A) and SEM

FIGURE 10 Assessment of dermal fibroblast response to MgO-incorporated membranes. Live/dead staining (A) shows that HFFs present
spindle shape and have greater survival rates on MgO-0.1 and MgO-0.5 membranes over PCL/gelatin and MgO-1 membranes at day 4. Cells
attach well and flatten with larger cell area on MgO-0.1 and MgO-0.5 membranes relative to those on PCL/gelatin and MgO-1 membranes as
revealed by scanning electron microscopy images (B). The production of bioactive components is associated with the metabolic activity of HFFs.
As semi-quantified by CCK-8 assay (C), the MgO-0.5 membrane supports a significantly higher cell proliferation rate compared with other
membranes, which corresponds to its greater total protein deposition, collagen accumulation, and TGF-p1 secretion as quantified by BCA assay
(D), hydroxyproline assay (E), and TGF-B1 ELISA kit (F), respectively. Two-way analysis of variance (ANOVA) with Tukey's post hoc test and n = 4
for C, D, and E; one-way ANOVA with Tukey's post hoc test and n = 4 for F. * indicates p < .05
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FIGURE 11 Assessment of endothelial cell response to MgO-incorporated membranes. In vitro wound healing assay (A) demonstrates that
MgO-0.1 and MgO-0.5 membranes significantly promote the migratory activity of HUVECs than PCL/gelatin and MgO-1 membranes. MgO-
incorporated membranes significantly promoted the tube formation of HUVECs as revealed by macroscopic images (B) and quantitative
measurement of the total length of tubules (C), number of junctions (D), number of meshes (E), and total mesh area (F). One-way analysis of
variance (ANOVA) with Tukey's post hoc test, n = 5, * indicates p < .05. The production of VEGF is dependent on the dose of MgO incorporated
into electrospun membranes. ELISA assay (G) shows that HUVECs generate significantly greater amounts of VEGF on Mg0-0.1 and MgO-0.5
membranes. Contrary, the MgO-1 membrane suppresses the VEGF production of HUVECs. One-way ANOVA with Tukey's post hoc test, n = 4,
* indicates p < .05
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FIGURE 12

Assessment of HaCaT cell response to MgO-incorporated membranes. Live/dead staining (A) and scanning electron microscopy

images (B) show that HaCaT cells exhibit greater viability with greater coverage on the MgO-0.5 membrane. CCK-8 assay (C) reveals that the
MgO-0.5 membrane supports the greatest proliferation rate among these electrospun membranes. Two-way analysis of variance with Tukey's
post hoc test, n = 4, * indicates p < .05. In comparison to the PCL/gelatin membrane, the MgO-0.5 membrane upregulates the gene expression
levels of K14 (D) and Involucrin (F) and downregulates the gene expression levels of K10 (E) and IL-1« (G). Unpaired student's t test,n = 6, *

indicates p < .05

images (Figure 10B). Fibroblasts showed greater cell area, higher por-
tions of live cells (Figure 10A, green staining), and increased cell cov-
erage (Figure 10B) on MgO-0.1 and MgO-0.5 membranes in
comparison to those cells on the PCL/gelatin and MgO-1 membranes.
This was corresponded to significantly accelerated proliferation rates
of fibroblasts on the MgO-0.1 and MgO-0.5 membranes as deter-
mined by CCK-8 assay (Figure 10C) (p < .05). The MgO-0.5 membrane
boosted extracellular matrix production that fibroblasts accumulated

much greater amounts of total protein (Figure 10D) and collagen
(Figure 10E) (p < .05), and secreted two folds of pro-healing growth
factor TGF-p1 (Figure 10F) compared with that of PCL/gelatin and
MgO-1 membrane.

Wound healing assay shows that HUVECs exhibited elevated
migratory activity in the MgO-incorporated membrane-incubated
medium (Figure 11A). Grossly, MgO-incorporated membranes sup-

ported increased tube formation activity of HUVECs on the surface of
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Matrigel (Figure 11B). Quantitative measurements show that MgO-
incorporated membranes significantly promoted total length of
tubules (Figure 11C), number of junctions (Figure 11D), number of
meshes (Figure 11E), and total mesh area (Figure 11F) compared with
the PCL/gelatin membrane, especially for the MgO-0.5 and MgO-1
membranes. The cytokine production of HUVECs activated by
MgO-incorporated membranes was dose-dependent (Figure 11G).
Membranes incorporated with lower amounts of MgO boosted VEGF
production, while the MgO-1 membrane significantly suppressed
VEGEF expression of HUVECs.

Epidermal keratinocytes are master cells responsible for the main-
tenance and repair of the epidermis. HaCaT is a spontaneously immor-
talized cell line developed from human adult skin and has been
extensively used to investigate epidermal regeneration. MgO-
incorporated membranes affect HaCaT cells in a dose-dependent
manner (Figure 12). HaCaT cells showed the largest cell area and
greatest viability (Figure 12A) on the Mg0O-0.5 membrane. These cells
were confluent and showed greater coverage on the surface of the
MgO-0.5 membrane (Figure 12B). Both MgO-0.1 and MgO-0.5 mem-
branes boosted HaCaT proliferation, while the MgO-1 membrane sup-
pressed HaCaT growth in comparison to the PCL/gelatin membrane
(Figure 12C). RT-PCR analysis shows that the MgO-0.5 membrane
intermediate proliferative characteristic and differentiation of kerati-
nocytes by upregulating K14 (Figure 12D) and suppressing K10
(Figure 12E). The Mg0O-0.5 membrane upregulated the expression of
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Proposed mechanisms of MgO-incorporated membranes modulate inflammation and promote functional skin regeneration

involucrin, a marker of early terminal differentiation of keratinocytes
(Figure 12F), and downregulated the inflammatory gene of IL-la
(Figure 12G).

4 | DISCUSSION

Electrospun nanofiber membranes incorporated with inorganic com-
ponents show unique bioactivity in many tissue repair and regenera-
tion applications.?>?%2° For these bioactive membranes, it is crucial to
determine how the incorporated bioactive components release from
nanofibers to the local environment of lesions. Previous studies
mainly quantified the release of bioactive components from nanofiber
membranes by incubating in artificial saliva.’® or saline.2”° Although
this method has been widely used for precise quantification of bioac-
tivity release, it does not recapitulate the milieu of in vivo applications.
For instance, wound dressing membranes contact intimately with
wound beds, they are merely wetted by wound moisture but not in a
fully hydrated state in body fluid. In this study, we report an approach
to simulate microenvironments where dressings on wounds by incu-
bating electrospun membranes on gelled gelatin at 37°C. This method
allows accurate quantification of Mg?* release in a manner that is
more physiologically relevant to the scenario of wound dressing appli-
cations. It turns out that MgO-incorporated membranes showed sus-

tained release of Mg?" on the surface of gelatin gels (Figure 2B),
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which differs from the burse release when incubating in artificial
saliva’® or saline.217*° Sustained release of Mg?* at relatively lower
concentrations avoids potential toxicity and is beneficial to wound
management. This gelatin gel provides a feasible and simple quantita-
tive platform to determine the release of bioactive components from
dressings to wound.

Wounds are often accompanied by minor bacterial infection,
which significantly impedes wound healing and sometimes evolves
into chronic wounds with severe infections and threatens life.®
S. aureus represents one of the most common species of bacteria
involved in wound infection and exists everywhere.”** Wound beds
are readily colonized by bacteria and are known to nourish bacteria.
Bacteria colonize quickly and form biofilm on wounds if not being
treated promptly, therefore, it is critical to prevent wounds from
infection using antibacterial wound dressings. Our results demon-
strate that the MgO-0.5 membrane is powerful in fighting S. aureus on
full-thickness wounds of rats and prevents them from infection
(Figure 3). Fast bacterial clearance of MgO-incorporated membranes
allows a favorable environment of clean wound bed contributing to
robust wound healing.

Management of inflammation is crucial for wound healing.3%33
Macrophages transit from pro-inflammatory phenotype (M1) at early
stage to pro-healing phenotype (M2) at middle-to-late stage during
the normal wound healing process.”**3> However, healthy wounds
are vulnerable to bacterial invasion and colonization, which deterio-
rates them to infected wounds with chronic inflammation. Along with
bacterial infection, macrophages mainly manifest as M1 phenotype
and express high levels of inflammatory factors that delay wound
healing.>?¢ MgO-0.5 membrane-treated wounds expressed signifi-
cantly reduced levels of pro-inflammatory factors (IL-1f, IL-6, and
TNF-a) in comparison to the control and PCL/gelatin membrane-
treated wounds (Figure 3C,D). However, it is not confident to reach
the conclusion on the direct anti-inflammatory effect of Mg0O-0.5
membrane based on in vivo data, because the alleviated inflammation
might be attributed to its powerful capacity in bacterial clearance. To
validate whether the MgO-0.5 membrane plays a direct role in modu-
lating inflammation by targeting macrophages, we therefore per-
formed in vitro studies of MgO-incorporated membranes with RAW
264.7 macrophages. Our data show that MgO-incorporated mem-
branes downregulate gene expressions of pro-inflammatory factors
and upregulate the expression level of anti-inflammatory factor TGF-
B1 of macrophages against LPS challenge (Figure 9D). Taken together,
these data demonstrate that the MgO-0.5 membrane modulates
inflammation of S. aureus-inoculated wounds by the synergistic
effects of antibacterial properties and bioactivity: powerful antibacter-
ial activity ensures inhibition of bacterial infection and therefore alle-
viates inflammation; unique bioactivity directs macrophage phenotype
to downregulate inflammatory response and to enhance anti-
inflammatory activity.

The skin has two major compartments, namely the uppermost
epidermis and the underlying dermis. The MgO-0.5 membrane
facilitates functional regeneration of the dermal layer and recovery of

epithelial integrity, as confirmed by macroscopic examination

(Figure 3A) and histological/immunofluorescent analyses (Figures 4,
5, 6, and 7). We sought to uncover the mechanisms of MgO-0.5 mem-
brane promoting dermal and epidermal regeneration via animal stud-
ies, but the in vivo microenvironment is of great complexity that
makes it difficult to dissect the effects of MgO on each cell population
and its related signal pathways. Alternatively, in vitro studies provide
valuable information to determine how the MgO-0.5 membrane regu-
lates the cellular behaviors of key effector cells in skin regeneration.
Dermal fibroblasts are the main effector cells and drive dermal tissue
regeneration.>”*® MgO-incorporated membranes enhance prolifera-
tion, extracellular matrix production, and pro-healing growth factor
secretion of fibroblasts, which contribute to accelerated wound clo-
sure. Endothelial cells are the primary target cells for promoting angio-
genesis during wound healing®® Our data indicate that MgO-
incorporated membranes stimulate endothelial cells to proliferate
actively and produce more VEGF. These beneficial effects are likely
the major drive for accelerated wound healing of infected full-
thickness defects. Therefore, it is likely that MgO exerts multiple bio-
activities and might replace those bioactive macromolecules for treat-
ing infected wounds. Methodologically, incorporating MgO
nanoparticles into electrospun nanofibers is of great technical simplic-
ity and in vivo safety and allows for long-term storage.

In addition to epidermis and dermis, functional restoration of skin
tissue also includes organized hair follicle regeneration.*® Although
many treatments are shown to promote wound closure and healing,
the lack of hair follicle regeneration is the primary limitation.**%? Defi-
cient hair follicle regeneration is associated with inflammation.*>*4
Human epidermis represents a reservoir of IL-1a, an inflammatory
cytokine that plays a vital role in epidermal physiology and inflamma-
tion.*** In the epidermis, IL-1a is primarily produced by keratino-
cytes and contributes to cell proliferation and tissue repair. It
experiences high levels of expression to modulate inflammation and
to alleviate infection during injury or immunological challenge. While
overexpressed IL-1a is beneficial to disease control, it significantly
inhibits hair follicle neogenesis.***® Besides, disordered hair follicle
formation might be partially mediated by abnormal keratinocyte apo-
ptosis.*® Therefore, keratinocytes and their secreted IL-1a could be
potential targets for promoting hair follicle regeneration. Our data
show that MgO-incorporated membranes protect keratinocytes from
apoptosis (Figure 12A) and downregulate the expression level of IL-1a
(Figure 12G). This could be the key bioactivity of MgO that contrib-
utes to the functional regeneration of hair follicles for the MgO-0.5
membrane-treated wounds as shown in this study (Figures 5 and 7)
and our previous report.? Taken together, MgO serves as a source of
multiple bioactivities to promote functional wound healing. When
compared with the outcome of wound healing in previous studies
involving growth factors,*’~#° MgO appears to show equivalent effi-
cacy to a certain growth factor for specific applicability, though a
head-to-head comparison is needed.

This study has some limitations. Although we demonstrate many
mechanisms of MgO-incorporated membranes modulate inflammation
and promote functional restoration of skin (Figure 13), some other

critical pathways remain unclear. For instance, the mechanism that
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MgO-incorporated membranes boost the maturation of collagen is
not provided. Clinically, eradication of biofilm is more challenging
than clearance of planktonic bacteria for wound management.®-%->1

It is of great importance to assess the capacity of MgO-
incorporated membranes against biofilm rather than preventing
bacterial infection. However, we were not able to perform anti-
biofilm test using the rat model because S. aureus biofilm disap-
peared without any treatment (Figure 3). This is attributed to the
powerful immune system of rats.? Future studies should investigate
the capacity of MgO-incorporated membranes in fighting biofilm in
typical chronic wounds of large animals, e.g., defects of rabbit

ears°? and porcine skin.>®

5 | CONCLUSIONS

We reveal a fundamental role for MgO-incorporated membrane in
bacterial infection-associated inflammation and facilitating wound
healing and hair follicle regeneration of S. aureus-inoculated full-
thickness defects in a rat model. These membranes alleviate inflamma-
tory reactions by inhibiting bacterial infection and directly targeting
immune cells. Sustained released magnesium ions from MgO-
incorporated membranes exert unique bioactivity toward effector
cells to coordinate key events during the wound healing process.
Thus, targeting potential bacterial invasion and master cells through
sustained magnesium ion release from electrospun membranes could
be a promising future strategy to tackle bacterial infection and insuffi-

cient healing of chronic wounds.
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