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Bacterial infections and poor hemostasis delay infectious wound healing, which require alternative strategies for
functional skin repair. Zinc oxide nanoparticles (ZnO NPs) have been shown to exert the rapid hemostasis and a
potent antibacterial effect against Gram-positive and Gram-negative bacterial species. The objective of this
Zine oxide research was to explore beneficial effect of ZnO NPs-encapsulated poly(i-lactide-co-glycolide)/gelatin mem-
Hemostatic branes for infectious wound healing. Electrospun membranes containing ZnO NPs exhibited good cytocompat-
Skin ibility and hemostatic effect in vitro. The membranes containing ZnO NPs also exhibited good antibacterial effect
against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) bacterial species in vitro alongside
inducing rapid hemostasis in a rat tail-amputation model and an ear artery injury model in rabbits in vivo.
Moreover, membranes containing ZnO NPs also induced rapid wound regeneration of S. aureus-infected full-
thickness excisional defects in rats as manifested by the significant reduction in the wound area as well as the
formation of scar-like tissues than that of the untreated (control), biocellulose-based dressings (positive control),
and membranes devoid of ZnO NPs. Taken together, electrospun membranes containing ZnO may be beneficial
for infectious wound healing.
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Skin is the largest part of the body and the first line of the defense to
different types of toxins and pathogens [1]. However, skin tissues are
often damaged for up to varying degrees by a myriad of factors,
including bacterial infections, large-scale wounds, burns, and chronic
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non-healing ulcers [2]. Moreover, infectious wounds may become
tedious to be healed [3]. The normal wound healing is a dynamic and an
interactive process, which is divided into several sequential overlapping
phases, such as hemostasis, inflammation, re-epithelialization, and res-
olution/tissue remodeling. These wound healing stages require a coop-
erative effect of various types of bioactive cues, cell types (e.g.,
fibroblasts, endothelial cells (ECs), keratinocytes, epithelial cells, etc.)
and extracellular matrix (ECM) components [4]. Chronic non-healing
wounds, including infectious wounds and diabetic foot ulcers are often
plagued by the poor healing presumably due to an aberrant regulation of
one or more complex molecular and biological events [5]. Especially,
infectious non-healing skin wounds may also perturb above-mentioned
healing stages presumably due to an abnormal consumption of nutri-
ents, limited mobilization and recruitment of endogenous stem/proge-
nitor cells, and an excessive inflammatory response [6].

While the key aspects leading to the poor healing of infectious
wounds are yet to be unveiled, it is generally considered that vascular
dysfunctions and the sacracity of ECs may lead to an insufficient
oxygenation and fewer nutrients in wounds, which may further exac-
erbate the production of reactive oxygen species (ROS) [7]. Moreover,
biofilm-producing bacterial colonies may also accelerate and aggravate
the pathology of the different types of wounds [8]. Therefore, the rapid
hemostasis, sufficient neovascularization, and effective antimicrobial
properties of the wound microenvironment may be critical for the
treatment of the difficult-to-heal infectious wounds [9,10]. The ZnO has
been widely shown to induce antibacterial effects due to an electrostatic
interaction between positively-charged Zn ions (Zn?") and
negatively-charged bacterial cell wall alongside an excessive production
of ROS [11,12]. Moreover, ZnO can also induce the rapid homeostasis
through protein kinase C (PKC) pathway, which may enhance platelet
activity and aggregation [13]. Nevertheless, directly applied ZnO NPs
may be easily diffused away from the transplantation site, thereby
elevating the pH and inducing potential cytotoxicity. In addition, lack of
a stable application form and poor water solubility of ZnO may further
impede the application of ZnO NPs for skin repair. Therefore an
appropriate carrier material is required to harness ZnO-mediated ther-
apeutic benefits for skin tissue engineering (TE) [14,15].

Electrospinning is a promising micro/nanofabrication method,
which may enable the fabrication of ECM-mimetic scaffolds with suffi-
cient porosity and pore diameter. Electrospun scaffolds have already
been exploited for drug delivery and tissue engineering (TE) applica-
tions [16]. Meanwhile, fibrous membranes may isolate the wound site
from the external environment and ensure permeability for the diffusion
of oxygen and transport of nutrients [17]. Consequently, the encapsu-
lation of ZnO NPs into ECM-mimetic fibrous scaffolds may help extend
their applicability for wound healing applications [18]. We and other
researchers have previously fabricated poly(i-lactide-co-glycolide)/-
silk-based fibers containing ZnO NPs [14]. Moreover, we have exploited
ZnO NPs in conjunction with the other bioactive cues, including
glucagon-like peptide-1 (GLP-1) analogue ‘liraglutide’ [4]. While these
studies have unveiled the potential antimicrobial effects of ZnO NPs
against Gram-positive (G") and Gram-negative (G~) bacterial species, it
yet remains to be elucidated if ZnO NPs may also simultaneously pro-
mote hemostatic ability and neo-tissue regeneration. Similarly, while in
our previous studies we primarily focused on the antimicrobial prop-
erties of ZnO NPs containing dressings, we did not assessed their po-
tential in an infected wound model [19]. The overarching goal of this
research was therefore to elucidate multifunctional benefits for skin
tissue regeneration, including hemostatic, antibacterial, and angiogenic
effects in vitro and S. aureus-infected wounds in a rat model in vivo.

Briefly, we fabricated electrospun membranes containing ZnO NPs
and elucidated their potential to promote hemostasis and skin repair in a
full-thickness S. aureus-infected wound model in vivo [19,20]. We deci-
phered hemostatic, antibacterial and angiogenic effects of ZnO
NPs-encapsulated membranes. We further evaluated the membranes for
structural analysis, cytocompatibility, antibacterial effect, and
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hemostatic properties. We also discerned the hemostatic properties of
membranes in a rat tail-amputation model and an ear artery injury
model in rabbits. Membranes were next subcutaneously implanted for
the preliminary biocompatibility. Different types of dressings, such as
biocellulose-based dressings (positive control) and ZnO
NPs-encapsulated membranes were next transplanted into S. aureus
infected full-thickness excisional defects. The repaired skin was evalu-
ated for wound closure, neovascularization, and residual bacteria at day
7 after the implantation of membranes. In vitro and in vitro assays
showed that the ZnO NPs may induce infectious skin repair owing to
their multiple beneficial aspects, including rapid hemostatic ability,
anti-bacterial properties, and improved angiogenesis.

2. Experimental
2.1. Materials

Poly(i-lactide-co-glycolide) (PLGA, 1-lactide: Glycolide = 75:25, My,
= 70-110 kDa) was purchased from Jinan Daigang Bioengineering Co.,
Ltd. (Jinan, China). Gelatin (Gel, Type B, 48722-500G-F) was from the
porcine skin and acquired from MP Biomedicals, LLC (Shanghai, China).
The ZnO-NPs (size <40 nm) were obtained from Sigma Aldrich
(Shanghai, China). Tert-butanol was purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). The 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP) was purchased from Shanghai Darui Fine
Chemical Co., Ltd (Shanghai, China). Bacterial species, including E. coli
(ATCC 25922) and S. aureus (ATCC 25923) were received as a gift from
the Chinese Academy of Sciences (CAS, Shanghai, China). The NIH-3T3
fibroblasts and human umbilical vein endothelial cells (HUVECs) were
purchased from the Typical Culture Collection Committee Cell Bank,
CAS (Shanghai, China). Fetal bovine serum (FBS, BC-SE-FBS01) was
purchased from BioChannel Biotechnology (Nanjing, China) and the
Dulbecco’s Modified Eagle’s Medium (DMEM, high-sugar complete
medium, catalog # 11995) was obtained from Beijing Solarbio Science
& Technology Co., Ltd. (Beijing, China). Biocellulose-based wound
dressings (Nanoderm; National Arms Approval # 20172640268) were
purchased from Shandong Namet Biotechnology Co., Ltd (Jinan, China).
All other chemicals were of analytical grade and used without any
further purification.

2.2. Preparation of membranes

2.2.1. Preparation of spinning solution

To prepare spinning solution, PLGA and Gel (7:3, w/w) were dis-
solved in HFIP to afford 10 wt% PLGA/Gel solution (the identification
code was PG) [19]. Thereafter, different content of ZnO-NPs (e.g., 1.0,
2.0, 3.0 mg, etc.) were added into a total 10 mL of the PG solution. The
solutions containing 1.0, 2.0, and 3.0 mg of ZnO-NPs were indicated as
PG@Z1, PG@Z2, and PG@Z3, respectively (Fig. S1).

2.2.2. Preparation of membranes

Fibrous membranes were fabricated by electrospinning (Yongkang
Leye Technology Development Co., Ltd. SS-3556H, Beijing, China) with
the conditions as follows: Needle size, 21G; applied voltage, 10 kV; flow
rate, 1.5 mL/h; collector speed, 200 rotations per minute (rpm); and
distance between the spinneret-to-collector, 10 cm. The spinning time
for all of the membranes was approximately 3.5 h. Experiments were
performed at room temperature (rt, ~25 °C) and a relative humidity was
in the range of 45-50%. Membranes were cross-linked with glutaral-
dehyde (GA) vapors for up to 30 min and stored at 4 °C for the subse-
quent use.

2.3. Physicochemical characterization

2.3.1. Morphological analysis
Morphological analysis of membranes as well as elemental mapping
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(e.g., C, O, N, Zn, etc.) were carried out by scanning electron microscopy
(SEM, Hitachi, TM-1000, Tokyo, Japan) with an EDX spectrometer after
gold coating (10 mA, 45 s). The average distribution of fibers (n = 100)
based on the 5 area of a 1500X SEM picture was performed by Image J
software (National Institutes of Health, v1.8.0, USA). The PG@Z1
membranes were also analyzed by the TEM (JEM-2100, JEOL, Japan).
The XRD (X-Ray Diffraction) was performed in the range of 20 = 5°-50°
(D8 ADVANCE, Bruker, Germany).

2.3.2. The pore size distribution of scaffolds

The pore size distribution of the membranes was investigated by
using a CFP-1100-AI capillary flow porometer (PMI Porous Materials
Inc., Ithaca, NY, USA). The specimens (thickness = 0.30-0.35 mm and
diameter = 30 mm) were punched from PG@Z1 membranes.

2.3.3. The pH of scaffolds after immersion into the PBS in vitro

Membranes (n = 4) were weighed (ca. 400 mg) and immersed into a
centrifuge tube containing 30 mL of phosphate-buffered saline (PBS, pH
= 7.28 £ 0.01) and incubated at 37 °C and 120 rpm for up to 1 week.
The pH of the solution was measured by using a digital pH meter
(PHSS3E, Leici, Shanghai, China).

2.3.4. The porosity of scaffolds

The total porosity (P) of scaffolds was measured by using a liquid
displacement method [21]. Samples (n = 5) were prepared into rect-
angular shapes (20 mm x 20 mm x 0.3 mm) and weighed (Bo). After-
wards, scaffolds were transferred into absolute ethanol for up to 6 h and
then placed on the filter paper to remove the residual ethanol. The
weight of the scaffolds was recorded as B;. The porosity of scaffolds was
determined by Eq. (1):

(Bi —By)

P:W x 100% (€D)]

Where B, and B, represent the weight of the scaffolds before and after
immersion in the ethanol, respectively, p represents the density of the
ethanol at rt, and V indicates the volume of the wet scaffolds.

2.3.5. The water absorption capability of scaffolds

Membranes (n = 3) were weighed (Ag) and immersed in deionized
(DI) water for up to 10 min. Wet samples were placed on a paper towel to
drain off the excess water and samples were weighed again (Ax). The
water absorption capacity of the membranes was calculated by Eq. (2):

(Ax — AO)

0

Water absorption capacity = x 100% (2)

2.3.6. Mechanical testing

Mechanical properties of membranes (n = 4) were measured by
uniaxial tensile testing (Instron 5567, USA) by using 200 N load cell.
Samples (30 mm x 10 mm) were punched from membranes and eval-
uated at a strain rate of 10 mm/min. The representative stress-strain
curves were recorded and mechanical properties, including tensile
strength (TS), elongation at break (Eb), and Young’s modulus were
calculated.

2.4. Biocompatibility of membranes

2.4.1. Cytocompatibility of scaffolds

For cell culture, membranes were sterilized by using ultraviolet (UV)
light for up to 12 h and subsequently washed with PBS three times.
Before cell seeding, the UV-treated membranes were incubated along
with the DMEM (high glucose medium) for up to 2 h. The NIH-3T3 fi-
broblasts (1.4 x 10* cells) were seeded on scaffolds and medium (90%
DMEM high-sugar complete medium supplemented with 10% FBS) was
changed every other day. Cell-seeded membranes were incubated at
37 °C in an incubator at 5% CO» for up to 1, 3, and 5 days.
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For cell proliferation, cell-seeded membranes were washed with PBS
three times and incubated with the 200 pL of cell counting kit-8 (CCK-8)
testing solution (serum-free medium: CCK-8 solution = 1:10, v/v).
Samples were incubated at 37 °C for 1 h and 100 pL of the solution was
collected and transferred into a 96-well plate to measure the absorbance
at 450 nm by using a microplate reader (Thermo Fisher Multiskan FC,
Thermo Fisher Scientific, Waltham, MA, USA). At day 5, live/dead
staining was also performed and the cell-seeded membranes were
observed by a fluorescence microscope (Eclipse TS100, Nikon, Japan).

2.4.2. Hemocompatibility

Hemocompatibility of the membranes was assessed by the hemolysis
assay. About 5 mL of fresh blood was collected from New Zealand rab-
bits and centrifuged at 3000 rpm for 10 min to obtain red blood cells
(RBCs). The RBCs pellet was washed with normal saline three times and
diluted to afford 2% (v/v) cell suspension. Membranes (n = 3, 2 mm x 2
mm) were placed into a new tube and 1-mL of RBCs suspension was
added. Tubes were incubated at 37 °C for up to 2 h. Thereafter, the cell
suspension was collected from each tube and centrifuged at 3000 rpm
for up to 10 min. The supernatant was collected and the optical density
(OD) was measured at 540 nm. The DI water and normal saline served as
positive and negative controls, respectively. Hemolysis ratio was
calculated by Eq. (3):

Cr—-C
Hemolysis ratio (%) = T N % 100% 3)
Cp - CN

The Cr indicates the OD of the sample, while Cp and Cy represent the
OD values of positive and negative control groups, respectively.

2.4.3. Blood clotting in vitro

Hemostatic ability of scaffolds was also measured by whole-blood
clotting assay in vitro [22]. Circular-shaped scaffolds (diameter = 8
mm) were pre-warmed at 37 °C for 30 min. 10% sodium citrate sup-
plemented whole blood (ca. 100 pL) was added onto scaffolds and
incubated at 37 °C and 50 rpm. Samples were washed with DI water (ca.
10 mL) to remove unbound cells and incubated in a shaker at 37 °C and
50 rpm for 5 min to collect free erythrocytes (n = 4). Recalcified
whole-blood diluted with 10 mL of DI water served as a positive control,
while normal saline was used as a negative control. The OD values of
solutions as well as both types of controls were measured at 540 nm. The
blood clotting index (BCI) was calculated by Eq. (4):

(Dr —Dp)

L 2 % 100% 4
(Dp —Dp) X ()]

BCI (%) =

where Dr, Dp, and Dp indicate the OD values of the sample, positive
control, and negative control, respectively.

The morphological analysis of blood-seeded scaffolds was performed
by SEM (Hitachi TM-1000, Japan).

2.4.4. Adhesion of erythrocytes and platelets with fibrous membranes in
vitro

Adhesion of erythrocytes and platelets with the membranes was also
ascertained. Scaffolds (diameter = 8 mm) were immersed in PBS for 1 h
at 37 °C. A drop of anti-coagulated erythrocytes (supplemented with
10% sodium citrate) was added to the samples and incubated at 37 °C for
5 min. Erythrocytes-seeded scaffolds were immersed into DI water to get
the solution. The number of adsorbed red blood cells was quantified by
measuring the absorbance of the solution at 540 nm.

Platelet-rich plasma (PRP) was obtained by centrifuging the whole
blood at 100 x g for 10 min. Then, 1 mL of PRP was dropped onto the
surface of samples and they were incubated at 37 °C for 1 h. Each sample
was washed with PBS to remove non-adhered erythrocytes or platelets.
Then, the platelets-seeded scaffolds were rinsed with PBS, fixed with 4%
paraformaldehyde (PFA) and stored at 4 °C for 4 h. Scaffolds were
dehydrated with the graded ethanol series and sputter-coated with gold
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for 45 s at 15 kV. The dried samples were observed by SEM (TM-1000,
Hitachi, Tokyo, Japan).

2.4.5. Transwell migration assay in vitro

The migration of HUVECs was studied in vitro by using a Transwell
migration assay as reported previously with slight modification [23].
Sterilized scaffolds were placed into the bottom of plate and immersed
into 500 pL of serum-free medium for 2 h. Cell suspension (ca. 300 pL; 2
x 10% cell per insert) was added into the inserts; the latter were placed
into the cell culture plate along with medium and incubated at 37 °C
with 5 % COs for 12 h. Inserts were washed with PBS and cells were fixed
by using 4% PFA (ca. 500 pL) for 20 min and permeabilized with the
cold methanol (100%) for 20 min. Then, 500 pL of crystal violet solution
was added into the inserts and wells and the plate was incubated for 15
min. Crystal violet was removed from the wells, and the upper part of the
inserts was carefully wiped with a cotton-tipped swab. Cells were
observed by using an optical microscope (Eclipse TS100, Nikon, Japan).

2.4.6. Scratch wound healing assay

A scratch wound healing assay was performed to evaluate the effect
of ZnO on cell migration in vitro [24]. The conditioned medium was
collected by soaking membranes (10 mm x 10 mm; thickness =
0.30-0.35 mm) in 5 mL of 1% FBS-supplemented low-serum medium for
up to 24 h. HUVEGs (4 x 10* cells) were seeded into 24-well plates and
cultured for up to 24 h to afford a confluent cell monolayer. A scratch of
approximately 160 pm width was created on the confluent cell mono-
layer by using a 200 pL pipette tip and the scratched cells were gently
washed away with the PBS two times. About 2 mL of low-serum
conditioned medium was added into each well. Cells were cultured for
up to 24 h and imaged by using an optical microscope (TS100, Nikon,
Japan). Images of the migrated cells were collected att =0 and t =24 h
by using an optical microscope (Eclipse TS100, Nikon, Japan). Quanti-
tative analysis was performed to measure initial scratch (Eg) and healed
scratch (E;) areas by using Image J (NIH, v1.8.0, USA). The migration
ratio was determined by Eq. (5):

L . E;

Migration ratio = (1 —E—) x 100% 5)

0

Where Ej and E; represented the wound area at t = 0 and t = 24.

2.4.7. Antibacterial activity

Antibacterial properties of membranes were evaluated by using
Gram™ S. aureus and Gram™ E. coli bacterial species. Membranes (n = 3,
15 mm x 15 mm) were sterilized by UV irradiation for up to 12 h. Both
types of bacterial species were transferred to bacterial cell culture me-
dium (LB Broth, LB Broth Agar, Sangon Biotech, Shanghai, China) for up
to 12 h and incubated at 37 °C to afford a bacterial concentration of 10°
CFU/mL. About 1 mL of the bacterial culture solution was evenly spread
on membranes and incubated at 37 °C for 24 h. All of the bacterial
culture solution was transferred to 10 mL of PBS. After dilution, bacte-
rial culture solution (1 0® colony forming units per mL (CFU/mL)) was
obtained and evenly spread on an agar plate and incubated at 37 °C for
24 h. The bacteria-seeded membranes were photographed. Pure bacte-
rial suspension without membranes was used as a control group, and the
log reduction was calculated by Eq. (6):

F
Log reduction =log,, (F—l) 6)
0

where F; and Fj indicate the number of viable microorganisms in the

control group and in the PG, PG@Z1, PG@Z2, and PG@Z3 groups,
respectively.

2.5. Animal experiments

Animal experiments were approved by the Institutional Animal Care
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and Use Committee (IACUC) of the Army Military Medical University,
Chongqing, China (AMUWEC20235046).

2.5.1. Subcutaneous implantation of membranes

For preliminary biocompatibility, fibrous membranes were subcu-
taneously implanted in Sprague-Dawley (SD) rats. Animals were anes-
thetized by an intraperitoneal injection of 10 wt% chloral hydrate (300
mg kg™1). Dorsal areas of the rats were shaved and disinfected with 70%
ethanol. The four pockets were created by the incision of the midline in
each rat and the membranes (including PG, PG@Z1, PG@Z2, and
PG@Z3; 5 mm x 5 mm; thickness = 0.15 mm) were inserted into the
subcutaneous space, and the skin was closed with four stitches (5-0 silk
suture). At day 14 and 21, animals were sacrificed with an overdose of
chloral hydrate and membranes along with their adjacent tissues were
explanted. Main organs, including heart, liver, spleen, lung, and kidney
were also obtained at day 21. Explants were fixed with 4% PFA, paraffin-
embedded, and sectioned into 5 pm slices. Main organs were stained by
hematoxylin and eosin (H&E) while explanted membranes were sub-
jected to H&E staining, Masson’s trichrome (MT) staining, and CD31
immunostaining.

2.5.2. Hemostasis studies in vivo

Hemostatic performance of the membranes was evaluated by using a
rat tail-amputation model and a rabbit ear artery injury model. For rat
tail-amputation model, SD rats (n = 18, n = 3 per group, weight,
130-200 g) were amputated from tail and randomly divided into 6
groups to either receive gauze (control group, 2 layers, 3 cm x 3 cm) or
membranes (3 cm x 3 cm; thickness = ca. 0.35 mm). Membrane groups
included PG, PG@Z1, PG@Z2, and PG@Z3. Animals were anesthetized
by 10 wt% chloral hydrate solution (300 mg kg™!). A surgical cutting
tool was used to cut 50% length of tail, followed by leaving the tail in the
air for up to 5 s to ascertain normal blood loss. Next, samples were used
to evaluate hemostasis time and blood loss for all groups.

For ear artery trauma model, New Zealand white rabbits (weight = 2
kg and age = 4 weeks) were randomly divided into 6 groups (n = 3 for
each group). Rabbits were anesthetized by injecting 10 wt% chloral
hydrate solution (300 mg kg™!) and were later fixed on an operating
table. For an ear artery injury model, the ear skin was shaved and
sterilized to expose the artery. Then, 50% of the circumference of the
artery on the outer side of the ear was transected carefully to initiate the
bleeding, and samples were immediately applied onto the bleeding site
with slight pressure.

2.5.3. Infectious wound healing in vivo

Antibacterial properties of electrospun membranes were assessed in
an infection model of rat skin by following a previous report [25].
Thirty-six male SD rats (weight = 190-210 g; age = 6 weeks) were
randomly divided into six groups: (1) untreated, control group, (2) PG,
(3) PG@Z1, (4) PG@Z2, (5) PG@Z3, and (6) biocellulose-based dress-
ings (positive control). All rats were anesthetized by an intraperitoneal
injection of 10 wt% chloral hydrate (300 mg kg™1). The skin was shaved
and full-thickness excisional defects (diameter = 10 mm) were created
on the dorsal side of the animals. About 20 pL of S. aureus suspension
(107 CFU in sterile PBS) was applied to each wound. Membranes were
transplanted and replaced every three days to prevent tissue adhesion.
Digital images of wounds were captured at day 0, 3, 7, 10, and 14 for all
groups. The wound length and wound areas were analyzed by tracing
the wound margins and calculated by using Image J (National Institutes
of Health, v1.8.0, USA). The wound closure rate was expressed as a
percentage area of the original wound area and calculated by Eq. (7) (n
=5):

0

G,
Wound closure rate (%) = <1 —G—l> x 100% 7)

where Gg and G; represent the wound areasat day O and at designated
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time intervals, respectively.

The bacterial activity was assayed for each group at day 7 post-
implantation. Dressings were removed from the wounds and the 300
L of sterile PBS was added on the wound site. The PBS at the wound site
was absorbed by using the cotton guaze. The cotton gauze were
immersed into 10 mL of LB liquid medium. A total 100 pL of the solution
was seeded on Mueller-Hinton broth at 37 °C overnight to observe the
colony growth.

2.5.4. Recovery of biological function

The recovery of the biological function of the skin is an important
consideration for wound healing applications. Biomechanical perfor-
mance of the membranes is one of the important indicators for assessing
the biological functional recovery of the repaired skin. The skin was
shaved and full-thickness excisional defects (10 mm x 30 mm) were
created on the dorsal side of the animals. About 20 pL of S. aureus sus-
pension (107 CFU in sterile PBS) was introduced. Membranes, including
PG, PG@Z1, PG@Z2, and PG@Z3 alongside the P-control were
transplanted.

At day 14, repaired skin tissues as well as surrounding tissues were
collected and animals were sacrificed with an overdose of the anes-
thesia. The repaired skin (20 mm x 30 mm) was collected for biome-
chanical assessment. The explanted skin samples (n = 6) were trimmed
to 10 mm width and the thickness was measured by using a Vernier
caliper. Mechanical properties were measured by a universal mechani-
cal instrument (Instron 5966, USA) at a strain rate of 5 mm/min for up to
the rupture of the skin. The failure force (N) and tensile strain (%) were
calculated by the software (Bluehill Universal, Norwood, MA, US). The
tensile strength (MPa) was calculated from the strain-stress curve. The
native skin without an injury was used as a normal group.

2.5.5. Histological analysis

At pre-determined time points, the wounds along with their sur-
rounding tissues were harvested, rinsed in PBS, and fixed in 4% PFA
immediately for 24 h at rt. Then tissues were embedded in paraffin and

(a) PG PG@Z1

a'i \1"“'-7'

ﬁ’ B !\., o o 50 Y (¥ ‘ ;'ﬁ--"‘ i‘gﬂ‘ N a;"‘_
f*"f.*‘*f- -‘-_-vsr I\ ;\ *Ib‘\'ﬂr\q Pt
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sectioned into 5 pm thick slices. Sections were counter-stained with
hematoxylin and eosin (H&E) and Masson’s trichrome (MT) staining.
The granulation formation was assessed as an average thickness of the
dermis. Image J software was used to quantify the numbers of positive
cells or positive areas in each field of view.

2.6. Statistical analysis

All data were collected from three independent samples and quan-
titative data was expressed as mean + standard deviation (SD). The
statistical analysis was performed by using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test and the criteria
for statistical significance were *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results
3.1. Preparation and characterizations of electrospun scaffolds

The ZnO NPs were encapsulated into PLGA/Gel (PG) fibers by using
electrospinning, and the morphology of membranes was discerned by
the SEM (Fig. 1a). The fibers exhibited smooth surface morphology. A
few fibers encapsulating ZnO NPs showed the formation of beads and
agglomerates, thereby displaying a rough surface morphology and a
protruded-like structure (Fig. 1a). The EDS mapping displayed a uniform
dispersion of carbon (C), oxygen (O), nitrogen (N), and zinc (Zn), which
further illustrated that the ZnO NPs can be successfully loaded into
electrospun membranes (Fig. 1b). The average diameter of the fibers was
0.49 + 0.09 pm, 0.61 £ 0.15 pm, 0.61 & 0.08 pm, and 0.67 & 0.14 pm
for PG, PG@Z1, PG@Z2, and PG@Z3 membranes, respectively (Fig. 1c).
The TEM micrograph also showed an encapsulation of ZnO NPs into the
fibers (Fig. 2a). The structural analysis of ZnO NPs was further per-
formed by XRD. The ZnO NPs exhibited sharp diffraction peaks at 26 =
31.77°, 34.43°, and 36.25° (Fig. 2b). On the other hand, PG membranes
did not exhibit aforementioned diffraction peaks. The PG@Z1 exhibited
a weak diffraction peak, thereby indicating the successful incorporation
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Fig. 1. Morphological analysis of electrospun fibers. (a) SEM micrographs of different types of membranes. Scale bar, 10 pm. (b) EDS analysis of PG@Z1 membrane.

Scale bar, 20 pm. (c) Average distribution of fiber diameter.
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of ZnO NPs into fibers (Fig. 2b). The porosity and pore size play a pivotal
role for the diffusion of oxygen and the transport of nutrients. The pore
size distribution of the scaffolds was in the range of 3.2-4.6 pm (Fig. 2c).
All of the fibers exhibited sufficient porosity (Fig. 2e, e.g., PG = 68.0 +
2.9%; PG@Z1 = 71.8 + 1.7%; PG@Z2 = 75.5 + 4.6%; and PG@Z3 =
75.2 + 3.4%).

Membranes were immersed into PBS and the pH values of the solu-
tion were measured for up to different time points. The pH values of PG,
PG@Z1, PG@Z2, and PG@Z3 groups were evaluated to be 7.2 + 0.2, 6.7
+ 0.0, 6.9 + 0.0, 6.9 + 0.1, and 7.0 + 0.0, respectively at 150 h
(Fig. 2d). As can be noticed from these values, there was an insignificant
difference among groups in terms of the pH. Since electrospun mem-
branes should exhibit sufficient water uptake, which may play an
important role to absorb the wound exudate, we further examined the
water uptake by the membranes. All membranes showed rapid water
absorption (PG = 631.9 + 108.7%; PG@Z1 = 717.1 + 207.2%; PG@Z2
= 968.2 + 106.7%; and PG@Z3 = 943.3 + 146.8%) at 6 min (Fig. 2f).
The good moisture uptake of the membranes may also have implications
for the rapid blood uptake for coagulation function during the earlier
stages of wound repair.

Wound dressings with appropriate mechanical properties may be
beneficial for maintaining the integrity of the scaffolds as well as sup-
porting the cell adhesion [1]. We assessed the tensile mechanical
properties of scaffolds. Representative stress-strain curves showed that
the membranes obeyed the Hooke’s law in the initial stage followed by

the plastic deformation beyond the yield point (Fig. 2g). The membranes
showed a decreasing trend in the tensile stress and tensile strain with an
increase in the content of ZnO NPs. The values of the tensile stress were
843.0 + 88.2 kPa, 667.5 + 41.8 kPa, 597.5 + 55.5 kPa, and 511.3 +
57.8 kPa, while for the tensile strain were 413.3 4+ 24.8%, 373.8 +
11.9%, 341.3 + 35.1%, and 276.5 + 11.9% for PG, PG@Z1, PG@Z2,
and PG@Z3 membranes, respectively (Fig. 2h-i). Nonetheless, the
membranes containing ZnO NPs display reasonable mechanical prop-
erties to serve as bandages for skin regeneration as it has been reported
previously [21].

3.2. Cytocompatibility and blood compatibility of membranes

The cytocompatibility of membranes was discerned by seeding NIH-
3T3 fibroblasts on membranes followed by the live/dead staining and
CCK-8 assay. Cells survived well on the scaffolds and virtually no dead
cells could be observed in all groups at day 5 (Fig. 3a). The CCK-8 assay
showed a concomitant increase in the cell proliferation over time
(Fig. 3e).

Since wound dressings directly interact with the wound bed and
blood, hemostatic ability of scaffolds was examined [20]. All of the
membranes displayed negligible hemolysis and exhibited hemolysis
ratio values lower than that of the 2% (PG = 0.63 + 0.28%; PG@Z1 =
0.72 + 0.30%; PG@Z2 = 0.92 + 0.30%; and PG@Z3 = 1.33 + 0.28%)
(Fig. 3f). The supernatants obtained from the different types of
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Fig. 3. Cytocompatibility and hemocompatibility of electrospun fibers containing ZnO NPs. Live/dead staining of cell-seeded membranes at day 5 (a). Blood clotting
assay (b). Coagulation assay by using erythrocytes (c). SEM micrographs of membranes after coagulation with the PRP (d). CCK-8 assay (e), hemolysis ratio (f), BCI
(g), and OD values of erythrocytes-seeded scaffolds (h) at 540 nm *p < 0.05, **p < 0.01, and ***p < 0.001.

membranes displayed slightly yellowish colour after hemolysis assay,
which replicated the negative control while differed from the positive
control (bright red colour) (See Fig. S2 of Supporting Information).
These data indicated good hemostatic ability of membranes, which was
also well-below the international standard of 5%) [26].

3.3. Biological functions of membranes in vitro

The hemostatic properties of membranes were further examined by
measuring BCI, erythrocytes, and platelets adhesion in vitro. As shown in
Fig. 3b, membranes containing ZnO NPs exhibited excessive residual
blood clots as compared to the other groups. The control and PG groups
showed an obvious increase in the color of the water due to hemolysis.
Morphological analysis by SEM showed an adhesion of sufficiently more
number of erythrocytes in the membrane containing ZnO NPs, which
indicated that the incorporation of ZnO NPs may be conducive to pro-
mote hemostasis for blood clotting (Fig. 3b). The BCI values were found
to be 82.8 + 2.0, 84.3 + 5.8, 27.5 + 0.6, 27.4 + 1.0, and 28.5 + 0.6 for
control, PG, PG@Z1, PG@Z2, and PG@Z3 groups, respectively (Fig. 3g).
The blood coagulation was also examined by seeding erythrocytes on the
different types of membranes and OD values were measured (Fig. 3c).
The membranes containing ZnO NPs led to the significant adhesion of
erythrocytes than that of the control and PG membranes (Fig. 3h; con-
trol = 0.13 + 0.01; PG = 0.14 + 0.01; PG@Z1 = 0.29 + 0.01; PG@Z2 =
0.31 + 0.01; and PG@Z3 = 0.36 + 0.01). Moreover, fibers containing
ZnO NPs induced markedly higher platelet adhesion than that of the
control and PG groups (Fig. 3d).

The migration of HUVECs towards different types of membranes was
assessed by a Transwell migration assay, which also revealed a distinct
chemotactic effect of ZnO NPs on cell recruitment. The number of
migrated HUVECs were significantly higher in the membranes

containing ZnO NPs than that of the control and PG groups (Fig. 4a & 4d;
control = 8.7 + 1.0; PG = 29.5 + 1.2; PG@Z1 = 68.7 £ 0.6; PG@Z2 =
82.0 + 2.9, and PG@Z3 = 75.3 + 2.5 per HPF (high power field)). In
addition, a scratch wound healing assay was performed to discern the
effect of the ZnO NPs on cell migration in vitro. While exhibiting a similar
initial wound depth, the conditioned medium obtained from the mem-
branes containing ZnO NPs showed distinctly higher migration of
HUVECs at 24 h (Fig. 4b). The cell migration ratio was found to be 34.1
+ 3.6%, 36.0 + 4.7%, 78.5 £ 6.0%, 76.5 + 2.3%, and 69.1 + 7.9% for
control, PG, PG@Z1, PG@Z2, and PG@Z3 membranes, respectively
(Fig. 4e).

Antibacterial properties of membranes were assessed by using E. coli
and S. aureus. Membranes containing ZnO NPs significantly suppressed
the survival of both types of bacterial species (Fig. 4c). For E. coli, the
values for the log reduction were 0.05 + 0.02, 0.94 + 0.02, 1.16 + 0.03,
1.19 + 0.01 for PG, PG@Z1, PG@Z2, and PG@Z3, respectively (Fig. 4f).
On the other hands, for S. aureus, these values were 0.06 + 0.03, 1.10 +
0.03, 1.12 + 0.05, 1.27 + 0.07 for PG, PG@Z1, PG@Z2, and PG@Z3,
respectively (Fig. 4g). Anti-bacterial activity of membranes did not
obviously vary with an increase in the content of ZnO NPs. Nevertheless,
membranes containing ZnO NPs showed significantly higher antibac-
terial effect against S. aureus and E. coli in vitro.

3.4. Subcutaneous implantation of membranes

The preliminary biocompatibility of fibrous membranes was evalu-
ated by subcutaneous implantation in rats for up to 14 and 21 days. The
H&E staining displayed an intensive cell infiltration into the membrane
at day 14 and 21 both from the muscle and skin sides, while the
implanted scaffolds were accompanied by a color change from the heavy
pink of the less cellular inner part to the light pink of the heavily
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Fig. 4. Transwell migration assay and antibacterial properties of membranes. Transwell migration assay at 12 h (a) and migration of HUVECs in a scratch wound
healing assay at 0 and 24 h (b). Scale bar = 600 pm and applies to all of the images. (c) Survival of E. coli (upper panel) and S. aureus (lower panel) on broth agar
plates after treatment with different types of scaffolds. Quantitative analysis of the migration ratio of HUVECs in a Transwell migration assay (d) and a scratch wound

healing assay (e). The log decrease of E. coli (f) and S. aureus (g) treated with the different types of scaffolds. *p

infiltrated cellular areas over time (Fig. 5a). Masson’s trichrome staining
revealed an accumulation of collagenous tissues (Fig. 5b). Membranes
loaded with ZnO NPs exhibited residual scaffolds (please see red pen-
tagrams in the images) than that of the PG group by day 21, which may
be ascribed to an incomplete degradation of ZnO NPs (Fig. 5b). The
CD31 staining of explanted scaffolds showed the presence of CD31"
endothelial cells (ECs) in all groups at day 14, which were mainly
localized in the groups loaded with the ZnO NPs (Fig. 5c). On the other
hand, the PG group showed only a few numbers of CD31" ECs by day 21.
These data showed that the ZnO NPs may induce neo-vessel formation in
vivo (Fig. 5c¢).

Altogether, these results revealed that the membranes had good
biocompatibility; infiltrated cells as well as ECM may promote tissue

< 0.05, **p < 0.01, and ***p < 0.001.

repair. Histomorphometric analysis of main organs, such as heart, liver,
spleen, lung, and kidney did not reveal an obvious cytotoxicity, which
further corroborated cytocompatibility results (Fig. 5d).

3.5. Hemostatic properties of membranes in vivo

Based on the good biocompatibility and blood coagulation of mem-
branes in vitro, hemostatic properties of scaffolds were further assessed
in a rat tail-amputation model and a rabbit ear artery injury model
(Fig. 6b) [22]. Blood loss and hemostatic time were used as parameters
to access the hemostatic properties. In a rat tail-amputation model, the
fibrous scaffolds loaded with ZnO NPs showed good hemostatic ability
in term of blood loss and hemostatic time as compared to the PG and
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control groups (Fig. 6a, 6¢—d; blood loss: control = 102.6 + 8.4 mg; PG
=41.7 + 4.4 mg; PG@Z1 = 10.7 + 0.7 mg; PG@Z2 = 9.8 + 1.7 mg; and
PG@Z3 = 8.1 &+ 0.6 mg and hemostatic time: control = 54.3 + 4.1 s, PG
= 49.0 + 1.8s; PG@Z1 = 22.0 + 2.6 s; PG@Z2 = 19.5 + 2.4 s; and
PG@Z3 = 14.8 £+ 2.5 s). The fibrous membranes containing ZnO NPs
also displayed higher hemostatic ability (e.g., short hemostatic time,
<20 s), a high hemostatic efficiency, less blood loss, and a smaller blood
stain size than that of the control and PG groups in an ear artery injury
model of rabbits (Fig. S3, Supporting Information).

3.6. Wound healing in vivo

Membranes were next evaluated in a S. aureus-infected full-thickness
excisional defect model in rats (Fig. 7a) [23]. Wounds in all groups were
photographed and the wound closure rate was measured by using image
J. Wounds in all groups had gradually healed and only a small wound
area was left 14 days post-operatively (Fig. 7c¢). Wounds treated with
PG@Z1, PG@Z2, and PG@Z3 membranes exhibited rapid healing and
fast recovery than that of the other groups at day 10 and 14 (Fig. 7e). The
wounds in the control group were also rapidly healed, which may be
ascribed to the self-healing ability of the rats. Nevertheless, wound
healing in the control group was very slow as compared to the other
groups. The wound closure rate was found to be 83.6 + 1.0%, 91.3 +
0.9%, 95.5 + 2.4%, 97.2 £ 0.7%, 96.9 + 0.4%, and 95.2 + 1.3% for
control, PG, PG@Z1, PG@Z2, PG@Z3 membranes, and P-Control group,
respectively by day 14 (Fig. 7f). The fast wound healing in the PG@Z2
and PG@Z3 groups may be ascribed to ZnO NPs. It is worthy to note that
the P-Control group also did not show an appreciable advantage in term

of tissue repair than that of the membranes containing ZnO NPs
(Fig. 7¢).

To further evaluate the amount of the residual bacteria in the wound
environment, we used a spread plate method [27]. The wound exudate
collected at day 7 post-operatively was grown on Mueller-Hinton broth
(Fig. 7b). The control and PG groups lacked antibacterial activity and
yielded bacterial colonies similar to the S. aureus-infected wounds. In
contrast, PG@Z2 and PG@Z3 groups induced the significant reduction
of the bacterial colonies. The percentage values of the survived bacteria
were 100.0 + 3.5%, 106.9 =+ 7.3%, 61.2 + 6.3%, 21.2 + 3.7%, and 10.1
+ 3.1% for control, PG, PG@Z1, PG@Z2, and PG@Z3 membranes,
respectively. These results showed good antibacterial effect of PG@Z2
and PG@Z3 membranes (Fig. 7g).

H&E staining of the explanted wounds showed non-healed full-
thickness skin defects accompanied by a large number of inflammatory
cells in the wound center and margin by the day 7 (Fig. 8a). The
epithelial layer was not completely regenerated in control, PG group,
and P-Control groups. In contrast, re-epithelialization was sufficiently
increased in the wounds treated with the membranes containing ZnO
NPs. Epithelium thickness was evaluated to be 37.9 + 15.2 pm, 59.2 +
9.7 pm, and 55.2 + 8.5 pm for PG@Z1, PG@Z2, and PG@Z3 mem-
branes, respectively by day 14 (Fig. 8d). By day 14, membranes con-
taining ZnO NPs also showed less scar tissue formation than that of the
control, PG groups, and P-control group (Fig. 8e; scar length, control =
2.19 £ 0.12 mm; PG = 2.34 £ 0.19 mm; PG@Z1 = 1.83 = 0.19 mm;
PG@Z2 = 53 + 0.16 mm; PG@Z3 = 1.77 + 0.20 mm; P-Control = 1.91
=+ 0.11 mm). Therefore, both the PG@Z2 and PG@Z3 groups exhibited
rapid wound closure accompanied by the less wound length, which may
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be attributable to the ZnO NPs. The MT staining also showed the
deposition and maturation of collagen within the healed wounds. By day
14, PG@Z2 and PG@Z3 treated wounds also displayed the deposition of
ECM along with well-organized fibroblasts (Fig. 8b). It is worthy to note
that by the day 14, wounds treated with the PG@Z1 and PG@Z2 showed
morphology similar to that of the normal skin and did not show an
accumulation of inflammatory cells (Fig. S4, Supporting Information).
Interestingly, the control, PG, and P-Control groups did not contain
antibacterial substances, resulting in slow tissue regeneration and
repair, incomplete regeneration of the epithelial layer, and a large
number of inflammatory cells remaining in the center of the wound
(Fig. 8a-b).

To evaluate the functional recovery of the regenerated skin, me-
chanical properties were measured at day 14 post-operatively (Fig. 8c);
native skin served as the normal group [28]. The representative
stress-strain curves exhibited an initial stiffening behavior followed by
the yield and fracture in all groups (Fig. 8f). The values for failure force
were 6.66 + 2.17 N, 7.83 £ 0.83 N, 9.29 £ 1.68 N, 9.96 £ 1.25 N, 10.1
+ 1.6 N, 6.97 + 1.10 N, and 13.1 + 1.50 N for control, PG, PG@Z1,
PG@Z2, and PG@Z3, P-Control, and normal groups, respectively
(Fig. 8g). Ultimate tensile strength (UTS) was found to be 0.74 + 0.11
MPa, 0.58 + 0.06 MPa, 0.81 + 0.18 MPa, 0.82 + 0.13 MPa, 0.86 + 0.18
MPa, 1.02 + 0.14 MPa, and 1.15 + 0.15 MPa for control, PG, PG@Z1,
PG@Z2, and PG@Z3, P-Control, and normal groups, respectively
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(Fig. S5a, Supporting Information). On the other hand, Eb (%) was found
to be 70.8 + 15.9%, 61.8 & 9.9%, 110.8 & 14.0%, 111.4 + 6.7%, 118.0
+ 4.7%, 125.40 + 13.16%, and 130.6 + 9.6% for control, PG, PG@Z1,
PG@Z2, and PG@Z3, P-Control, and normal groups, respectively
(Fig. S5b, Supporting Information). As can be observed from these data,
the PG@Z2 and PG@Z3 groups showed significantly higher UTS as
compared to the other groups. The improved tensile properties of the
regenerated skin can be ascribed to the beneficial effects of ZnO NPs,
which can suppress bacterial growth, promote vascular regeneration
and collagen deposition, thereby accelerating the restoration of normal
skin functions. It is worthy to note that the mechanical parameters of the
PG@Z2 and PG@Z3 groups did not reach for up to the level of the
normal group; the ECM components and cellular tissues are
well-organized in the latter which may have only partially regenerated
with the application of wound dressings. By day 14, the regenerated
wounds manifested epithelial regeneration and collagen remodeling.
The regeneration of the other components may require further implan-
tation period [6].

4. Discussion
The chronic skin injuries display poor healing due to dysregulated

homeostasis, persistent pathogen infection, an excessive production of
peroxides, prolonged inflammation, and poor angiogenesis. This leads to
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an impaired healing response as well as an exacerbated inflammatory
response, which necessitate alternative curative approaches [29]. Since
wound healing is a considerably dynamic process, the performance re-
quirements of the wound dressings should be modified with the healing
progress [30]. Thus, an ideal wound dressing should not only leverage a
moist and a breathable environment, but should also display homeo-
stasis, anti-bacterial, anti-oxidative, and anti-inflammatory properties as
well as promote tissue regeneration [31,32]. Therefore, innovative
scaffolds which can facilitate the multiple aspects of wound healing may
hold great promise for skin regeneration.

Different types of inorganic NPs, including silver (Ag) and copper
oxide (CuO) possess good antibacterial properties and have garnered
considerable attention of the research community for the management
of infected tissue injuries [33]. Nevertheless, certain risks, including the
potential toxicity of NPs hamper their clinical translatability [34]. We
and other researchers have alternatively exploited ZnO NPs as anti-
bacterial agents, which have shown significant promise for soft and hard
tissue repair [35]. The distinct advantages of ZnO NPs involve good
bactericidal properties, angiogenic hemostatic ability, and
anti-oxidative potential [36]. In addition to its antibacterial properties,
ZnO may also play a pivotal role for wound healing (Fig. 9).

Gauze and cotton wool are generally used as wound dressings.
However, the pain caused by their removal alongside a sluggish
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regenerative response may hamper their applicability. Alternative
wound dressings, including hydrogels and electrospun fibers have been
harnessed owing to their tunable porosity, morphology, and anti-
oxidative capabilities [37]. In addition, hydrogels and electrospun fibers
are advantageous owing to their abilities to confer a moist wound
environment, good adaptability for wound bed while minimal adhesion
with the host tissues and pain relief due to a cooling effect. Nevertheless,
these hydrogels and fibers still need additional components to confer
them with the multifunctional characteristics, such as antibacterial ac-
tivity, angiogenic ability, and scarless tissue repair. We exploited elec-
trospun fibers, thanks to their good porosity and adaptability for
patching the soft tissue [38]. Structural and morphological analysis by
using a battery of assays revealed successful incorporation of ZnO NPs
into fibers as well as their homogenous distribution in dressings as
revealed by EDS analysis (Fig. 1b). PLGA and Gel were employed as
components for dressings due to their fast degradation and good hy-
drophilicity, respectively [39]. Moreover, ZnO NPs encapsulated
dressings showed a porous structure and a rapid water uptake, which
may have implications for the uptake of wound exudate and the regu-
lation of the humidity at injury site (Fig. 2f) [40]. The dressings also
supported good cell viability and growth while exhibited lower hemo-
lysis ratio, which reflect their good biocompatibility (Fig. 3f). Since
bacterial infections at the injury site could perturb and delay the wound
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Fig. 8. Histological analysis of repaired skin. H&E staining (a) and Masson’s trichrome staining of wound center and margins at day 7 and 14. (c) Schematic diagram
showing analysis of regeneration skin tissues for mechanical properties. Epithelium thickness (d) and scar length (e). Representative tensile stress-strain curves (f)
and failure force (g) of the repaired skin in various groups at day 14. *p < 0.05, **p < 0.01, and ***p < 0.001.

healing process, we exploited S. aureus and E. coli to discern antibac-
terial properties of membranes [31,41]. Electrospun membranes
encapsulating ZnO NPs efficiently inhibited the activity of the S. aureus
and E. coli. The improved antibacterial activity of ZnO NPs loaded
dressings may be ascribed to the release of zinc ions (Zn?"), which may
directly interact with the negatively-charged bacterial membranes as
well as increase the permeability of bacterial cell membranes, thereby
triggering bacterial cell death [11,30]. Moreover, ZnO NPs may physi-
cally adhere to bacterial cell wall to induce cell apoptosis and phos-
pholipid peroxidation; ROS and hydroxyl free radicals (OH-) may further
exacerbate bactericidal effects [42,43]. It is worthy to note that further
in-depth studies are still required to clearly elucidate the ZnO NPs
mediated antibacterial effects.

Good hemostatic properties of dressings may help manage fast
wound healing after injury. A series of assays, including BCI, adhesion of
erythrocytes and platelets assays in vitro as well as a rat tail-amputation
model and an ear artery injury model in rabbit altogether manifested
good hemostatic capabilities of ZnO NPs loaded dressings (Fig. 6a). The
good hemostatic ability of membranes may be described as follows: the
implantation of ZnO NPs-loaded scaffolds may block the wound sites
through wet adhesion due to high water absorption and physical bar-
riers, which may prevent bleeding [22]. Second, the membranes loaded
with ZnO NPs may release Zn2"; the latter have been shown to mediate
the coagulation pathway and affect hemostasis, plausibly by increasing
the phosphorylation of the protein kinase C in platelets, activating
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intrinsic and extrinsic coagulation pathways, and augmenting platelet
activation and aggregation [44]. Third, fibrous membranes may absorb
RBCs and platelets and accelerate blood coagulation [3]. When a
biomaterial comes in contact with the blood, fibrinogen and other pro-
teins of blood are preferentially adsorbed on the surface of the bioma-
terial and stimulate platelet adhesion and aggregation, which further
result in the activation of clotting events [32]. Thus, cessation of
bleeding by ZnO NPs-encapsulated scaffolds may be ascribed to the
activation of the intrinsic and extrinsic coagulation pathways as well as
rapid clot formation.

The regeneration of skin, as a complex structural and functional
organ, also requires further evaluation of mechanical properties, nerve
innervation, and scar inhibition [45,46]. Wounds treated with PG@Z2
and PG@Z3 membranes showed good re-epithelialization, neo-
vascularization, granulation tissue formation, and mechanical proper-
ties (Fig. 8a-b). Enhanced wound recovery may be ascribed to the ZnO
NPs, which may increase cell growth, neovascularization, and collagen
production [47,48]. The PG@Z2 and PG@Z3 membranes also showed
more numbers of neo-vessels and good mechanical properties of
repaired skin. Altogether, ZnO NPs may promote infectious wound
healing owing to its multiple effects, including anti-inflammatory and
anti-bacterial properties (Fig. 9).

This study has also several limitations. While we have observed
significant reduction in the bacterial colonies in the wounds treated with
ZnO NPs containing membranes than that of the untreated (control) and
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iV. Remodeling

Fig. 9. The illustration of the dynamic and interactive process mechanism of PG@ZnO dressing during wound healing process.

PG (ZnO NPs-free) membranes, we did not clarify the nature of the
survived bacteria. Therefore, clear elucidation of the complete profile of
the residual bacteria at the wound bed may hold great promise. The use
of advanced techniques, such as polymerase chain reaction (PCR) may
help further clarify this aspect. Nevertheless, it is worthy to note that the
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spread plate method has also been previously used by the other re-
searchers to gain an insight into the antimicrobial properties of mem-
branes in vivo. Shi et al. studied the survival of S. aureus and P. aeurginosa
in vivo and reported cobalt (Co) concentration-mediated antibacterial
effect of dressings [51]. Besides, live/dead staining manifested a
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reduction in the live bacteria while an increase in the dead bacteria.
Similarly, we have used S. aureus-infected wound model, which however
may not accurately reflect the clinical situations of the infected wounds.
Therefore, the use of clinically-relevant bacterial species, such as Pseu-
domonas aeurginosa (P. aeurginosa) may further help clearly elucidate
the potential antimicrobial and reparative benefits of membranes.
Nevertheless, we have observed multifunctional benefits of ZnO NPs in
conjunction with electrospun membranes, such as good hemostatic
ability, antimicrobial activity, neo-vessel regeneration, and wound
healing (please see Table S1-S7 for statistical analysis of different types
of groups for in vitro and in vivo assays, Supporting Information).

5. Conclusions

In summary, we have successfully prepared electrospun membranes
loaded with the ZnO NPs, which have shown rapid hemostatic ability
alongside good anti-bacterial effects and anti-oxidative properties. We
deciphered structural and morphological properties of dressings as well
as carried out a series of in vitro experiments, which revealed substantial
effect of ZnO-mediated therapeutic ions and bioactive components in
leveraging multiple functionalities, such as rapid hemostasis, substantial
angiogenesis, diminished bacterial colonization, and anti-oxidant in
vitro. The assessment of the preliminary biocompatibility of dressings in
a subcutaneous implantation model revealed orchestration of mem-
branes with the endogenous cellular components as well as the forma-
tion of neo-tissues, thereby revealing the remodeling of membranes in
vivo. Once transplanted in a full-thickness excisional infectious wound
model in vivo, composite membranes containing ZnO substantially
improved wound re-epithelialization and neo-vessel formation, induced
macrophages polarization, suppressed inflammation, and promoted
scarless wound healing. Conclusively, our approach of simultaneously
harnessing economical ZnO NPs to impart multifunctionality to the
fibrous dressings may provide an alternative avenue for scarless wound
healing, which may also have implications for the other bio-related
disciplines.
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