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ABSTRACT

Electrospun fibers provide a promising platform for wound healing; however, they lack requisite characteristics
for wound repair, including antibacterial and anti-inflammatory properties and angiogenic ability. Sodium
alginate (SA) is being used for different types of applications. However, the poor spinnability of SA restricts its
applications. The objectives of this study were three-fold: a) to synthesize oxidized sodium alginate (OSA) to
improve its spinnability, b) to fabricate composite fibrous membranes by blending OSA along with zinc oxide
nanoparticles (ZnO-NPs), and c) to decipher antibacterial and anti-inflammatory properties as well as biocom-
patibility of membranes in vitro and in vivo. OSA displaying different oxidation degrees (Dox (%)) was synthesized
by varying the molar ratio of sodium periodate to SA. OSA (Dox, ~48 %) afforded smooth and uniform fibers;
0.5 wt% of adipic dihydrazide (ADH) evolved into structurally stable and water-insoluble membranes. Composite
fibrous membranes containing 2 wt% of ZnO-NPs displayed good biocompatibility and bactericidal effect against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) in vitro. In addition, composite membranes showed
remarkable epithelialization, neovascularization, and anti-inflammatory response than that of the membranes
devoid of ZnO-NPs. Conclusively, these composite fibrous membranes may have broad implications for wound
healing applications.

1. Introduction

therapy (PDT) [3,4]. Inorganic nanomaterials (NMs), such as zinc oxide
nanoparticles (ZnO-NPs) have been shown to be promising antibacterial

The skin being the largest organ of the human body plays a pivotal
role in homeostasis. Upon tissue insult or an injury, skin tissues undergo
different stages of wound healing, including hemostasis, inflammation,
proliferation, and remodeling [1]. The disruption in any of these stages
may prolong the healing process. Of different reasons which may drive
an acute wound into a chronic non-healing wound, infection is the most
deleterious, which becomes further severe in diabetic patients [2]. A
series of strategies has been applied to overcome infection, including the
application of therapeutics, antibacterial agents, and photodynamic

agents against different types of bacterial species. Antibacterial activity
of ZnO-NPs may be ascribed to their interaction with the bacterial cell
wall as well as their capability to aggravate oxidative stress through the
production of reactive oxygen species (ROS). Besides, wound dressings
should display certain characteristics, such as extracellular matrix
(ECM)-mimetic morphological features, moistness, and appropriate
porosity for the diffusion of oxygen and the transport of nutrients [5,6].

Until now, different types of materials have been used for the
fabrication of wound dressings, such as natural polymers, synthetic
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polymers, bioactive glasses (BGs), and organic/inorganic hybrids. While
synthetic biodegradable polymers are easy to be synthesized and
manipulated in terms of their mechanical properties and degradation
profiles, they lack cell recognition moieties and necessitate functional-
ization with ECM proteins or ECM-derived peptides [7]. On the other
hand, while natural polymers better mimic tissue microenvironment and
display biocompatibility, they show rapid degradation and weak me-
chanical properties, which may hamper their applicability. Similarly,
while different types of methods can be used for the fabrication of
wound dressings, such as freeze drying, salt leaching, and electro-
spinning, it is only the latter which may afford ECM-mimetic microen-
vironment [8,9]. Physical properties, including fiber diameter, fibers’
alignment, pore size, and porosity of electrospun scaffolds can be
tailored to afford a range of scaffolds with distinct morphological fea-
tures and properties. Moreover, different types of electrospinning tech-
niques can be employed to further tailor the abovementioned physical
properties as well as incorporate different types of bioactive cues for a
better therapeutic effect [10,11]. Bioactive cues or NMs can be either
directly encapsulated into fibers or immobilized onto scaffolds to further
widen their applicability for wound repair [12-15].

Sodium alginate (SA) is a natural polysaccharide derived from brown
algae and has been shown to possess good cytocompatibility and non-
immunogenicity [16,17]. Owing to the remarkable characteristics of
SA, including good water solubility and calcium ions (Ca®?)-triggered
gelation, it has been widely explored for an array of applications,
including food preservation, bioremediation, and drug delivery systems
(DDS). Moreover, SA can be fabricated into different shapes and struc-
tures, such as nanoparticles (NPs), hydrogels, microspheres, films, and
fibers [18,19]. SA and glycosaminoglycans (GAGs) possess similar
characteristics. Electrospun SA fibers recapitulate ECM-like morpho-
logical features, which may provide a conducive environment for cell
adhesion, growth, and differentiation for better tissue regeneration
[17,20]. Despite abovementioned merits, poor spinnability of the
aqueous solution of SA presumably due to its multi-electrolyte nature,
lack of chain entanglement due to the rigidity of polysaccharide mo-
lecular chains, and strong cohesive forces among polyanions hampers its
applicability [21].

The poor spinnability of SA has been partly improved by blending it
along with other polymers, such as polyethylene oxide (PEO) and poly
(vinyl alcohol) (PVA). However these approaches require additional
steps for the complete removal of the additional components after
electrospinning. Alternatively, certain molecules, such as glycerol,
which exhibit hydroxyl (—OH) groups, can be mixed with alginate to
weaken hydrogen bonding among polymer chains. The weakening of the
hydrogen-bonding among alginate chains may improve chain entan-
glement, thereby improving the spinnability. Another approach to
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weaken inter/intra-molecular hydrogen bonding of the SA involves the
opening of the uronate rings. The ring-opening of molecular chains can
improve their flexibility, weaken strong intramolecular hydrogen
bonding, and improve spinnability [22]. Oxidized sodium alginate
(OSA) is generally prepared by using periodic acid, which disrupts the
linkage between the C-2 and C-3 bonds of uronic acid units, thereby
evolving into a dialdehyde group (Fig. 1). Consequently, OSA shows
lower viscosity and good water solubility than that of the SA. Due to the
high activity of dialdehyde groups and good biocompatibility, OSA has
been widely exploited to fabricate films, hydrogels, and beads for tissue
engineering (TE) applications [23,24]. However, electrospinning of
OSA, especially for biomedical applications has rarely been reported
[24].

Recently, a series of organic-inorganic hybrids has been leveraged
for soft and hard tissue repair applications [25]. Different types of NPs
manifesting promising therapeutic effects have been incorporated into
electrospun fibers. ZnO-NPs have been shown to exhibit antibacterial
and anti-inflammatory properties [26]. Besides, zinc (Zn) has been
shown to promote wound healing by resolving inflammatory response as
well as improving epithelialization, neovascularization, and tissue
regeneration [27]. ZnO-NPs may exert antibacterial effects through
multiple mechanisms, such as by directly interacting with the bacterial
cell wall or by releasing zinc ions (Zn*) for ROS production [28-31]. In
addition, ZnO-NPs have also been incorporated into fibers to afford
antibacterial wound dressings. Castellano et al. [32] fabricated alginate-
based fibers containing ZnO-NPs, which enabled sufficient cell adhesion
and growth, low protein adsorption, negligible bacterial cell adhesion,
and good water vapor permeability. Nonetheless, the minimum stability
of ionically-crosslinked fibers, especially, those crosslinked with the
Ca?* as well as lack of in vivo results of abovementioned membranes
justify further investigations. The minimum stability of Ca?*-crosslinked
fibers may be ascribed to the exchange of Na™ in the solution with Ca%*
bound to carboxylates in the alginate chains [32].

As mentioned above, while ZnO-NPs can be blended along with the
SA by using carrier polymers, such as PEO and PVA, additional steps
may be required for the complete removal of the sacrificial polymers for
biomedical applications. Moreover, to further widen the electrospinning
of SA and afford a robust method for the chemical crosslinking and
stabilization of scaffold materials, oxidized derivatives of SA may hold
great technological prospects. Oxidized derivatives of SA may not only
help improve the spinnability of SA owing to decreased intra/intra-
molecular hydrogen bonding, low viscosity, and better chain entangle-
ments, but may also help tailor the biodegradability of scaffolds and
crosslinking/blending with other polymers due to a variety of functional
groups on oxidized alginate chains.

Therefore, objectives of this study were three-fold: (1) to optimize

Fig. 1. Schematic illustration showing the preparation of oxidized sodium alginate (OSA), OSA/ZnO-NPs based composite nanofibrous membranes and their in vitro

and in vivo evaluation for wound healing applications.
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synthesis conditions of OSA to improve the spinnability of SA, (2) to
fabricate OSA/ZnO-NPs-based composite fibrous dressings, and (3) to
assess the potential of these dressings for skin repair in vitro and in vivo
(Fig. 1). The OSA with different oxidation degrees (Dox (%)) was pre-
pared, electrospun, and chemically-crosslinked with adipic acid dihy-
drazide (ADH) to afford water-insoluble fibrous membranes. OSA with a
Dox (%) value of 48 % afforded smooth and uniform fibers, which was
further leveraged to design bio-hybrids with ZnO-NPs. A series of eval-
uations, such as physicochemical properties, cytocompatibility, anti-
bacterial properties, and in vivo wound healing was carried out.

2. Materials and methods
2.1. Materials

Sodium alginate (M, 250 kDa and M/G fragment ratio, 0.54) was
purchased from Qingdao Mingyue group, Qingdao, China. Dialysis tubes
(cut off My, = 7000-14,000 Da) were obtained from Solarbio Chemical
Reagent Company (Beijing, China). Triton X-100, PEO (M,y = 5000
kDa), and ADH (M,, = 174.2 g/mol) were purchased from Macklin
Biochemical Co., Ltd. (Shanghai, China). ZnO-NPs (product #, 2112849
and diameter, 50 &+ 10 nm) were purchased from Shanghai Aladdin Bio-
Chem Technology Co., Ltd. (Shanghai, China). Other chemicals and
reagents, such as sodium periodate (NalOy4), ethylene glycol, ethanol,
hydrochloric acid (HC), and sodium hydroxide (NaOH) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All
materials were used directly without any further purification. Distilled
water was used throughout the experiments.

2.2. Preparation of oxidized sodium alginate

The OSA was prepared by following a previous report with slight
modification [24]. Briefly, SA (5 g) was dispersed in 100 mL of ethanol.
Varying content of NalO4 were dropwise added into 100 mL of water
and the mixture was stirred at room temperature while being protected
from the light to obtain OSA with different Dox (%). The amount of
NalO4 depends upon the required molar ratio of NalO4 to the number of
repetitive units of the SA (n(NalO4): n(SA) = x), where x denotes 0.6,
0.7, 0.8, 1.0, 1.2, and 1.5. After 4 h of reaction, an equal amount of
ethylene glycol was added to the solution to terminate the reaction. The
precipitates were collected by centrifugation and resuspended in
distilled water. The mixture was transferred to a dialysis bag and puri-
fied for up to three days against an excess amount of deionized water
and freeze-dried to obtain the final product.

2.3. Characterization of oxidation products

2.3.1. Determination of oxidation degree

The degree of oxidation (Dox (%)) of OSA was defined as the molar
ratio of the oxidized ring-opened glycoaldehyde residues to total resi-
dues (M + G) of SA and determined by hydroxylamine hydrochloride/
NaOH potentiometric titration method [33,34]. Briefly, hydroxylamine
hydrochloride (15 g) was dissolved in 30-mL of deionized water.
Thereafter, 40-mL of ethanol (anhydrous), 100-mL of NaOH solution
(4.2 %, w/v), and 5-mL of bromophenol blue solution (0.45 %, w/v)
were added into hydroxylamine solution and the mixture was stirred at
ambient temperature overnight. The supernatant was separated for
subsequent use. Then the HCI solution was configured and its exact
concentration was calibrated as “N” (mol/L). Finally, 5-mL of hydrox-
ylamine hydrochloride solution and 5-mL of anhydrous ethanol solution
were slowly heated, refluxed for up to 40 min, and cooled for up to room
temperature. This solution was titrated against calibrated HCI solution
until the purple colour of hydroxylamine hydrochloride solution was
turned into yellowish green colour; the used volume of the HCl was
recorded for blank experimental correction. Appropriate amount of SA
was weighed and dissolved into a mixture solution composed of 5-mL of
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hydroxylamine hydrochloride and 5 mL of anhydrous ethanol. The
above titration steps were repeated and the consumed volume of HCl
was recorded to calculate the Dox (%) by Eq. (1):

Dox (%) = (M XN (Veonrol — Viample) /2 m ) x 100 )

where M, N, and m represent the My, of SA repeating unit (g/mol), exact
concentration of the HCl solution (mol/L), and the mass of SA, respec-
tively. The Veontrol and Viample indicate the consumed volume of the HCI
by the blank and samples, respectively. The reported values for the OD
(%) were an average of four samples.

2.3.2. Structural analysis

Structural analysis of SA and OSA with three Dox (%) was performed
by Fourier-transform infrared spectroscopy (FTIR, Nicolet-760, Thermo-
Fisher Scientific, Madison, WI) and nuclear magnetic resonance spec-
troscopy (NMR, Bruker 400 MHz NMR spectrometer, Bruker,
Switzerland). FITR spectrophotometer was used in the range of
4000-500 cm ™. For NMR, SA and 1.0-OSA were dissolved in deuterated
water at a concentration of 15 mg/mL. The 'H NMR spectra of samples
were collected by using NMR at 80 °C with 24 and 50,000 scan numbers.

2.4. Preparation of oxidized sodium alginate fibers

2.4.1. Preparation of sodium alginate solution

The OSA synthesized by using varying molar ratios of NalO4 to the
number of repetitive units of SA (0.6, 0.8 and 1.0 labeled as 0.6-OSA,
0.8-0OSA, and 1.0-OSA, respectively), was dissolved in deionized water
at room temperature to afford 15 % (w/v) solution. Thereafter, PEO (0.5
%, w/v), Triton X-100 (0.8 %, w/v), and ethanol (10 %, w/v) were
added into the OSA solution.

2.4.2. Preparation of oxidized sodium alginate/ZnO-NPs solution

The OSA with an appropriate Dox (~48 %) was next blended along
with ZnO-NPs. The OSA solution was prepared as detailed in the Section
2.4.1. Thereafter, ZnO-NPs (1%, 2%, and 3% (w/w) with respect to the
OSA) were dispersed in the OSA solution. OSA membranes devoid of
ZnO-NPs acted as a control group. It is noteworthy to mention here that
these particular concentrations of ZnO-NPs were chosen based on our
preliminary antibacterial and cytotoxicity studies [26,27].

2.4.3. Electrospinning of oxidized sodium alginate-based nanofibers

Once ultrasonicated for 15 min, about 10-mL of solution was loaded
into a plastic syringe equipped with a 22-gauge needle. Following
electrospinning parameters were used for the fabrication of OSA and
OSA/ZnO-NPs based fibers: flow rate, 0.8 mL/h; voltage, 18 kV; col-
lector speed, 120 rotations per minute (rpm); and distance from the
spinneret to the collector, 15-cm. The temperature and humidity were
approximately 25 °C and 50%, respectively. Fibers prepared from OSA
displaying three Dox (%) were named as OSA-0.6, OSA-0.8 and OSA-1.0.
On the other hand, fibers containing ZnO-NPs were named as OZ-1, OZ-2
and OZ-3 indicating 1, 2, and 3 wt% of ZnO-NPs, respectively. Mem-
branes prepared with OSA solution without ZnO-NPs were named as OF
and were used as a control group. After electrospinning, membranes
were dried in a fume hood and crosslinked with ADH solution; the latter
was prepared in ethanol/water mixture (5:2, v/v). Membranes prepared
by using OSA with different Dox (%) including 0.6-OSA, 0.8-OSA, and
1.0-OSA were crosslinked by ADH (0.0, 0.05, 0.1, 0.5, and 1.0 wt%) for
up to 4 h. On the other hand, composite fibers, including 0Z-1, OZ-2,
and OZ-3 were crosslinked by using ADH solution (0.5 %, w/v in
ethanol/water mixture, 5:2, v/v) for up to 4 h at room temperature to
afford insoluble membranes.

2.5. Characterization of fibers

It is worthy to note that generally cations like calcium (Ca?*), barium
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(Ba2+), and strontium (Sr*") are used to ionically-crosslink alginate-
based scaffolds via electrostatic interactions [35]. However, the minimal
stability of ionically-crosslinked alginate fibers, especially, those cross-
linked with the Ca>" may hamper this approach. The sodium ions (Na™)
in the solution may be exchanged with the Ca?* bound to carboxylates in
the alginate chains, thereby weakening the structural stability [32,35].
Alternatively, covalent crosslinking by ADH has been previously
employed to crosslink alginate through well-established carbodiimide
chemistry by using water soluble carbodiimide (EDC) as an activator
and ADH as a crosslinker [36]. As aldehyde groups of the OSA can react
with the amino (—NHz) groups of the ADH to form relatively stable
hydrazone bonds, we employed different content of ADH to crosslink
OSA and OSA/ZnO-NPs membranes.

The surface morphology and elemental analysis of electrospun
membranes were examined by using a scanning electron microscope
(SEM, Phenom XL, Phenom Scientific Instruments Co. Ltd., Shanghai,
China) with an Environmental Scanning Electron Microscope (EDS,
Quanta250, Czech Republic) at an accelerating voltage of 15-kV. Prior to
the SEM, well-dried membranes were sputter-coated with gold for up to
45 s. The diameter of fibers was calculated by using ImageJ software
(National Institute of Health, USA); about 100 fibers were measured to
ascertain the average diameter.

X-ray diffraction (XRD) patterns were collected to examine the
incorporation of ZnO-NPs into membranes as well as assess the crys-
tallinity of composite membranes. Bruker AXS D8 Discover X-ray
diffractometer was used to scan the samples from 20 = 5°-60°.

The OSA membranes prepared with different Dox (%) and cross-
linked with the different concentrations of ADH were subjected to in
vitro degradation for up to 14 days. About 10-mg of membrane samples
(n = 3 for each time point and for each group) were placed into a
centrifuge tube (CP2225D, Precision electronic balance, Germany),
sterilized with ultraviolet (UV) light for up to 12 h, and filled with 5-mL
of phosphate-buffered saline (PBS) under aseptic conditions. At certain
time intervals, membranes were washed with water and dried in a
vacuum oven for up to a constant weight. Once weighted after drying,
samples were further examined with SEM for morphological analysis.
The mass loss of samples was determined by Eq. (2):

Remained mass (%) = W/W, x 100% 2)

where Wy and W; indicate the mass of the sample before and after
degradation, respectively.

For tensile mechanical properties, rectangular strips (n = 5, 10 mm
x 40 mm) were punched from membranes and assessed for dimensions
for the subsequent calculation of the cross-sectional area. The specimen
was affixed onto a uniaxial tensile tester (HY-940FS, Hyclone, Logan,
UT, USA) equipped with a 5 kg load sensor (BAB-20MT, Transcell
Technology, Inc., Buffalo Grove, IL, USA) and evaluated at a strain rate
of 8 mm/min until failure. Mechanical properties, such as ultimate
tensile strength (UTS), elongation at break (Eb), and Young’s modulus
(E) were measured from stress-strain curves. The E was calculated from
the initial 5 % linear slope of the stress-strain curves.

Thermogravimetric analysis (TGA) of 1.0-OSA, OSA-1.0 fibers, and
OSA-ZnO composite fibers was performed by using a thermogravimetric
analyzer (SQ8-STA8000, PerkinElmer, Waltham, MA, USA). Samples
were scanned from 50 °C for up to 800 °C in an inert atmosphere at a
scan rate of 10 °C per minute.

2.6. Antibacterial activity

Antibacterial activities of fibers were discerned against two repre-
sentative bacterial species, including Staphylococcus aureus (S. aureus,
ATCC 25923) and Escherichia coli (E. coli, ATCC 25922), which were
purchased from Chinese Academy of Sciences, Shanghai, China. Both
types of bacteria species were cultured overnight in conical jars with
Luria-Bertani (LB) broth culture medium (LB Broth Agar, Sangon
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Biotech, Shanghai, China) in a shaker (HZQ-X300C, Shanghai bluepard
instruments Co., Ltd. Shanghai, China) at 37 °C. Before inoculation of
bacteria on the surface of membranes, scaffolds were cut into circular
shapes (diameter, 14-mm) and sterilized by using UV irradiation on both
sides for up to 12 h. The antibacterial activity of samples was assessed by
using an AGAR plate (8211GR500, BioFroxx, Saiguo Biotech Co., Ltd.,
Guangzhou, China), while the bacterial morphology was examined by
using SEM. About 100-pL of germy inoculum (10° CFU/mL) was added
into each well in a 24-well plate and incubated overnight at room
temperature. At day 2, the same volume of bacterial solution was
transferred to PBS, vortexed for 1 min, and diluted to an appropriate
concentration. About 100-pL of bacterial suspension was prepared in
PBS and evenly spread on the AGAR plate containing LB medium and
cultured for up to 24 h at 37 °C for subsequent imaging and colony
counting. Once fixed with 4% paraformaldehyde (PFA), membranes
were treated with gradient ethanol series, dried, and evaluated by SEM
for morphological analysis. Tissue culture plates (TCPs) were employed
as a control group (n = 3 for each group). The survival rate of bacteria
was calculated by Eq. (3):

Normalized survival rate (%) = (Arcps — Aest)/Arcp X 100% 3
where Arcps and Ageg indicate the number of colonies on the cell culture
plate and the experimental group, respectively.

2.7. Cytocompatibility

We next assessed the cytocompatibility of membranes in vitro by
using NIH-3T3 fibroblasts and human umbilical vein endothelial cells
(HUVECs) (Typical Culture Collection Committee Cell Bank, Chinese
Academy of Science, Shanghai, China). Cells were cultured in 89 %
Dulbecco’s modified Eagle’s medium high-glucose supplemented with 1
% of 100 U/mL penicillin, 0.1 mg/mL of streptomycin, and 10% fetal
bovine serum (Gibco Life Technologies, Co., Waltham, MA, USA). Cells
were cultured in an incubator at 37 °C and 5% CO,. Membranes were cut
into circular shapes (diameter, 14-mm) and sterilized by using UV for up
to 12 h on each side. Thereafter, membranes were transferred to the
wells of 24-well culture plates and affixed with sterilized stainless steel
rings. An automatic cell counter (Countstar, IC1000, China) was used for
cell counting before seeding on the membranes. The NIH-3 T3 fibro-
blasts and HUVECs (1 x 10* cells/well) were seeded on membranes (n =
4 for every group) and incubated at 37 °C and 5 % COs. The culture
medium was changed at an interval of one day.

Cell viability and proliferation was assessed by using live/dead cell
assay and cell counting kit (CCK-8) assay; the respective kits were ac-
quired from Yeasen Biotech Co., Ltd., Shanghai, China. For cell prolif-
eration, at day 1, 4, and 7, the culture medium was removed and
membranes were washed with PBS for three times. Thereafter, a total
400-pL of CCK-8/DMEM mixture solution (1:10, v/v) was added into
each well and samples were incubated 37 °C and 5 % CO;, for 2 h. About
200-pL of the test solution was then transferred to a 96-well plate and
the absorbance was measured at 450 nm by using a microplate reader
(Thermo Fisher Multiskan FC, Thermo Fisher Scientific, Waltham, MA,
USA). For live/dead assay, at day 4, the culture medium was removed
and membranes were washed with PBS for three times. Thereafter,
about 200-pL of a calcein AM/propidium iodide (PI) solution in PBS
(calcein AM, PI, and PBS were 10-pL, 1-pL, and 1000-uL, respectively)
was added to each well. Cells were incubated at 37 °C for 30 min, and
then imaged by fluorescence microscope (DMi 8, Leica, Germany) (n =3
for each group).

To gain further insight into the morphology of cells seeded on
membranes, at day 4, culture medium was removed and membranes
were washed with PBS for three times. Once fixed with 4% PFA at 4 °C
for 2 h, membranes were dehydrated by gradient ethanol series, dried at
room temperature and sputter-coated with gold. Membranes were
observed by SEM (Hitachi, TM-1000, Japan).
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2.8. In vivo wound healing

Male Sprague Dawley (SD) rats (weight, 180-200 g, age, 7-8 weeks)
were purchased from JSJ Animal Experimental Center, Shanghai, China.
Rats were acclimated at 25 °C and 40-70% humidity in an animal house.
Surgical operations were performed by following the Guidelines for the
care and use of laboratory animals (National Institutes of Health, 8th
edition, 2011). The animal experiments were carried out by following
the guidelines of the Ethics Committee of Donghua University,
Shanghai, China.

2.8.1. Implantation of membranes in vivo

The SD rats were anesthetized by an intramuscular injection of
Zolide (40 mg/kg) and 2 % Xilazina (3 mg/kg), shaved and treated with
70% ethanol. A circular wound (diameter, 10-mm) was created on the
back of SD rats. Membranes were cut into circular shapes (diameter, 14-
mm) and sterilized by UV for 12 h on both sides for implantation. The
experiment was divided into three groups (n = 3 for each group and for
each time point). The first group was treated with sterile adhesive
dressing (3 M Tegaderm™, MN, USA) as the control group. The second
and third groups received OF and OZ-2 membranes, respectively, which
were further covered with sterilized adhesive dressing. Wounds were
photographed at day 0, 3, 7 and 14, and the area of the wounds was
measured with ImageJ software and the percentage of wound area was
calculated by Eq. (4):

Wound area (%) = A,/Ao x 100 4)

where A and A; represent the average wound area of rats at day 0 and at
different time points, respectively.

2.8.2. Analysis of explanted samples

Rats were sacrificed at day 3, 7 and 14 and tissues were collected
from the wound surface and surrounding healthy skin for histological
and immunohistochemical analysis. Tissues were fixed by using 4% PFA
and embedded in paraffin [37]. Tissue sections (thickness, 5 mm) were
cut and subjected to hematoxylin—eosin (H&E) and Masson’s trichrome
(MT) staining. Images were collected by using a digital slide scanner
(PRECICE 500x) [38].

Immunohistochemical analysis of retrieved tissue sections was per-
formed by using our previous report with slight modification [39].
Briefly, paraffin-embedded sections were deparaffinized by xylene,
dehydrated with gradient ethanol series, and rehydrated for antigen
retrieval. After quenching with 3 % hydrogen peroxide and blocking
with 5 % bovine serum albumin (BSA), sections were incubated with
primary antibodies, such as anti-CD31 (1:200; Abcam), anti-CD68
(1:500; Abcam), anti-CD86 (1:300, Proteintech), and anti-CD206
(1:1000, Proteintech) at 4 °C overnight. After incubation with bio-
tinylated secondary antibodies, sections were visualized by using Nikon
DS-U3 system (Nikon Corporation, Tokyo, Japan). The wound area and
average fluorescence intensity of the stained sections were statistically
analyzed by using ImageJ software.

2.9. Statistical analysis

Quantitative data were expressed as a mean =+ standard deviation
(SD). All data were analyzed by one-way analysis of variance (ANOVA)
with Tukey’s multiple comparison tests and a value of p < 0.05 was
considered to be statistically significant.
3. Results

3.1. Structural analysis

FTIR spectra were collected for the structural analysis of modified
sodium alginate (Fig. 2(A)). Absorption band at 3340 cm ! is ascribed to
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Fig. 2. Structural analysis of sodium alginate and oxidized sodium alginate.
FTIR spectra of SA and 1.0-OSA (A), TGA thermograms of SA and 1.0-OSA (B),
H NMR spectra of SA and 1.0-OSA (C), and Dox (%) of OSA prepared as a
function of the molar ratio of NalO4/sodium alginate (D).

the hydroxyl (—OH) groups of SA. Due to oxidation, the degree of hy-
droxyl groups of SA was decreased; the peak attributed to the hydroxyl
(—OH) groups was shifted toward higher wave number (3465 cm ).
Additionally, a new characteristic peak was appeared at 1732 cm™},
which was attributed to the carbonyl (C=0) groups of the aldehyde or
ketone. From TG thermograms of SA and OSA, it can be observed that
the latter exhibited lower thermal stability than that of the SA plausibly
due to the mixture of ring-opened, degraded, and unmodified alginate
chains. Ring-opened chains display less thermal stability due to weak
hydrogen bonding among alginate chains [22]. Both SA and OSA dis-
played three distinct thermal decomposition stages (Fig. 2B). The first
step occurred in the range of 50-210 °C, with a total mass loss of 7.3%.
The second degradation step occurred from 220 to 270 °C and accounted
for a total mass loss of 38.84%. The last stage of decomposition occurred
beyond 270 °C. The OSA also displayed a TG thermogram identical to
the SA, while showing lower thermal stability than that of the SA. The
differential thermograms (DTG) curve further showed a steeper and a
stronger decomposition peak of SA as compared to 1.0-OSA (Fig. S1,
Supporting Information). As compared to the SA, the OSA began to
decompose at low temperature and had a wide range of decomposition,
presumably due to a mixture of ring-opened, oxidized, and unmodified
alginate chains. Our results are in agreement with Ku et al. [22] who also
reported less thermal stability of OSA than that of SA [22]. The 1H NMR
spectra further showed the formation of oxidative products (Fig. 2(C)). A
new signal was observed at 1.18 ppm which was attributable to the
formation of the alkyl groups due to the ring opening. Meanwhile, the
splitting of the linked H-5 signal representing the guluronate-guluronate
of the SA at 3.65-4.15 ppm further confirmed the opening of the ring.

The Dox (%) of OSA varied with the amount of the oxidant (Fig. 2
(D)). With an increase in the content of the oxidant, the Dox (%) of the
OSA was increased from 29.26% to 58.39%. The Dox (%) was found to
be the highest at NalO4/SA molar ratio of 1.0 and was decreased
thereafter.

3.2. Properties of fibers

3.2.1. Characterization of oxidized sodium alginate based nanofibers
Electrospun membranes were prepared by using OSA with varying
Dox (%) (e.g., 0.6-OSA, 0.8-OSA, 1.0-OSA, etc.) and cross-linked with the
different concentrations of ADH (0.0, 0.05, 0.1, 0.5, 1.0 wt%). The
representative SEM micrographs are displayed in Fig. S2 (Supporting
Information). The diameter of fibers was increased with an increase in
the concentration of ADH at similar Dox (%) of OSA (Fig. 3(A)).
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Fig. 3. Characterization of OSA fibers. (A) Average diameter of fibers prepared by using OSA with varying Dox (%) and crosslinked with the different concentrations
of ADH. (B) Mass loss curves of OSA-0.8 fibers immersed in PBS for up to 14 days for in vitro degradation. (C-F) Mechanical properties of OSA fibers with a Dox (%)
value of 48 % and crosslinked with various weight percentages of ADH. Representative stress-strain curves (C), E (D), UTS (E), and Eb (F). Fibers crosslinked with the
low concentrations of ADH (0.05 and 0.1 wt%) did not significantly differ in terms of UTS, E, and Eb. In contrast, fibers crosslinked with 0.5 and 1 wt% of ADH
displayed significantly higher E and UTS as compared to fibers crosslinked with the lower content of ADH, while there was an insignificant difference among groups
in terms of Eb. n = 3 (B) and n = 5 (C-F). One-way analysis of variance (ANOVA) with Tukey’s multiple comparison tests was used for statistical analysis. p < 0.05

was considered to be statistically significant.

Noticeably, at similar concentrations of the crosslinking agent, the di-
ameters of fibers prepared by using OSA of varying Dox (%) were
different (Fig. 3(A)). Membranes prepared by using 0.8-OSA (Dox,
~48%) and crosslinked with 0.5 wt% of ADH afforded smooth and
uniform fibers. Consequently, 0.8-OSA (Dox, ~48%) and ADH (0.5 wt%)
were employed for the subsequent experiments.

In vitro degradation of membranes further revealed that the fibers
became morphologically stable with an increase in the concentration of
the cross-linking agent. The weight of fibers crosslinked with 1 wt%
ADH hardly changed over time after in PBS (Fig. 3(B)). On the other
hand, when the concentration of the ADH was reduced for up to 0.05%,
the fibers were almost completely dissolved by day 14 (Fig. S3, Sup-
porting Information). In addition, by day 14, large voids were formed on
the surface of the membranes due to the dissolution of fibers (Fig. S3(d),
Supporting Information). These data revealed that the biodegradability
of membranes can be tailored by using different concentrations of
crosslinking agent. It is noteworthy to mention here that the biode-
gradability of membranes may also be tailored with the different Dox
(%) of OSA, which however yet remains to be elucidated.

The stress-strain curves of fibers were found to be linear and obey
Hooke’s law (Fig. 3(C)). The E was increased from 4.37 MPa to 48.52
MPa (Fig. 3(D)), while the UTS was increased from 0.97 MPa to 5.67
MPa by increasing the concentrations of the crosslinking agent from
0.05 to 1 wt% (Fig. 3(E)). On the other hand, different membranes did
not significantly differ in terms of strain at failure (Fig. 2(F)). By
considering that the scaffolds require certain biodegradation rate as well
as optimum mechanical properties, 0.5 wt% was chosen as an optimum
concentration of the crosslinking agent.

3.2.2. Characterization of OSA/ZnO-NPs composite fibrous membranes
Scanning electron micrographs showed that the fibers composed of
OSA/ZnO-NPs (OSA-ZnO) had a dense fibrous structure; the fibers had a
smooth surface morphology without bead formation (Fig. 4(A)). The
addition of ZnO-NPs did not affect the surface morphology of the fibers.
The EDS images showed a homogeneous distribution of sodium and zinc
elements on the fibers (Fig. 4(B-C)). The control group devoid of ZnO-

NPs did not display light spots representing the zinc element. On the
other hand, other groups revealed a uniform distribution of Zn on the
surface of the membranes. Moreover, the densities of light spots repre-
senting the zinc element were gradually increased with an increase in
the content of ZnO-NPs.

The XRD patterns of fibers containing ZnO-NPs displayed diffraction
peaks at 20 = 34.29°, 36.22° and 37.82°, which well-correlated with the
XRD pattern of standard ZnO-NPs (Fig. 4(D)). It is noteworthy to
mention here that these peaks corresponding to ZnO-NPs were only
appeared in the OZ-3 membranes, which is consistent with the elemental
mapping results (Fig. 4(C)). The thermal stability of the membranes
containing ZnO-NPs was evaluated by TGA (Fig. 4(E)). The addition of
ZnO-NPs had no obvious effect on the thermal stability of the OSA-ZnO
membranes, which exhibited thermograms analogues to the SA and OSA
manifesting three-step degradation profile. The effect of ZnO-NPs on the
mechanical properties of OSA-ZnO composite fiber was ascertained by a
uniaxial tensile testing machine (Fig. 4F). The fibers exhibited typical
strain-strain curves (Fig. S4, Supporting Information). There was an
insignificant difference among different groups in terms of UTS, while E
was increased with an increase in the concentration of ZnO-NPs (Fig. S4
(A-B), Supporting Information). Moreover, strain at failure revealed a
decreasing trend upon an increase in the concentration of ZnO-NPs
(Fig. S4(C), Supporting Information).

3.3. Antibacterial activity of OSA-ZnO membranes

The contact method was employed to evaluate antibacterial prop-
erties of the OSA-ZnO composite fiber membranes against E. coli and
S. aureus (Fig. 5). The incorporation of ZnO-NPs suppressed bacterial
growth (Fig. 5(A)). The OSA-ZnO composite membranes revealed a
concentration-dependent effect of ZnO-NPs on the antibacterial prop-
erties against both types of bacterial species. Once cultured along with
OZ-2 fibers for up to 24 h, the number of colonies of E. coli and S. aureus
on the agar plate were decreased to about 30% and 35%, respectively.
The number of colonies of E. coli and S. aureus showed remarkable
reduction with an increase in the ZnO content and were constricted to
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Fig. 4. Morphological and structural analysis of OSA and OSA/ZnO-NPs membranes. (A) SEM micrographs of membranes fabricated by using OSA (herein indicated
by OF) and OSA/ZnO-NPs. The concentrations of ZnO-NPs were varied between 1 and 3 wt%. Sodium periodate to sodium alginate molar ratio was 0.8 (Dox, ~48 %),
while the concentration of the crosslinking agent was 0.5 wt%. Elemental mapping for sodium (B) and zinc (C) on membranes. XRD patterns (D), TGA thermograms
(E), and representative stress-strain curves (F) of membranes. Scale bar = 10 pm (A-C). Scale bars, 10 pm (A-C). n = 5 (F).

4% and 10%, respectively at 3 wt% of ZnO-NPs, thereby indicating a
dominant bactericidal activity of ZnO-NPs (Fig. 5(B-C)).

We also cultured both types of bacterial species on membranes and
observed an interaction between the bacterial species and the fibrous
membrane (Fig. 5(D)). A large number of S. aureus (in spherical shape)
and E. coli (in rod shape) were observed on the OF membrane, which
manifested normal morphology. However, with an increase in the con-
tent of ZnO-NPs, the number of colonies of the both types of bacterial
species were gradually decreased which also corroborated results shown
in Fig. 5(A). In OZ-3 group, a large number of bacterial cells were found
to be dislodged; the surface was corrugated and shrunk, and decom-
posed into fragments, which were attached to the surface of the fiber
membrane.

3.4. Cytocompatibility of OSA-ZnO membranes

Cytocompatibility of membranes was assessed by live/dead staining,
SEM, and CCK-8 assay (Fig. 6). We employed NIH-3 T3 fibroblasts and
HUVEGs to assess the cytocompatibility of fibers. Live/dead staining at
day 4 showed that the addition of ZnO-NPs had a distinct effect on cell
survival (Fig. 6(A)). A large number of live cells (stained in green colour)
while only a few number of dead cells (stained in red colour) were

observed on the surface of membranes (Fig. 6(A)). The OZ-3 membranes
containing 3 wt% of ZnO-NPs showed markedly less cell survival than
that of the OF, OZ-1 and OZ-2 membranes; less cell survival may be
ascribed to the higher content of ZnO-NPs. While both types of cells
exhibited typical fusiform morphology on OF membranes as well as on
fibrous membranes containing low content of ZnO-NPs, they displayed
circular morphology on fibrous membranes containing the high content
of ZnO-NPs (Fig. 6(B)). From day 1 to day 7, NIH-3 T3 fibroblasts (Fig. 6
(C)) and HUVECs (Fig. 6(D)) proliferated well on the fibrous membrane.
However, the proliferation rate of both types of cells on OF membrane
was significantly higher than that on the OSA-ZnO membranes. The OZ-
3 membranes showed an inhibitory effect on cell proliferation. Cas-
tellano et al. [35] also observed less adhesion of fibroblasts on ionically-
crosslinked alginate-based fibers, especially, for those containing ZnO-
NPs than that of collagen membranes. The less growth of cells in ZnO-
NPs containing membranes may be attributed to the ZnO-NPs.

It has been reported that ZnO-NPs may be cytotoxic for certain types
of mammalian cells depending on the grade of the acidic environment of
each cell type, which may cause dissolution of ZnO-NP, internalization
of Zn2+, and mitochondrial damage mediated by Zn?* [40]. As can be
seen from Fig. 6, cells spread nicely on OF membranes, while less on the
membranes containing ZnO-NPs. While cells seeded on OZ-1 and OZ-2
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Fig. 5. In vitro antibacterial performance of composite fiber membranes.
Macroscopic images of the colonies of E. coli (upper row) and S. aureus (lower
row) grown on broth agar plates after treatment with different groups (A).
Quantitative analysis of the survival rate of E. coli (B) and S. aureus (C) on
membranes. SEM micrographs showing the growth of both types of bacterial
species on the surface of composite fibers. Scale bar, 1-cm (A) and 8-pm (D). (n
= 3). One-way analysis of variance (ANOVA) with Tukey’s multiple comparison
tests was used for statistical analysis. p < 0.05 was considered statisti-
cally significant.

membranes showed spread morphology similar to the OF membrane,
those cultured on OZ-3 membranes exhibited circular morphology,
thereby indicating that the higher concentrations of ZnO-NPs may
constrict cell spreading and elongation (Fig. 6(B)). Our results are in
agreement with Jayakumar et al. [41] who also observed rounded cell
morphology beyond 2 wt% of ZnO-NPs in sodium alginate/poly(vinyl
alcohol)/ZnO composite fibers both at 48 h and 96 h [41].

3.5. In vivo wound healing

To evaluate wound healing effect of composite fiber membranes, a
full-thickness skin incision model in rats was used. During the course of
skin repair, wounds were photographed at day 3, 7, and 14 post-
operatively and quantitatively analyzed for wound area to evaluate
wound closure efficiency (Fig. 7(A-B)). By day 14, wounds treated with
the OZ-2 membranes revealed significant healing effect. On the other
hand, untreated wounds or OF-treated wounds exhibited an incomplete
healing. By day 3, the OZ-2 group showed significantly less wound area
(73.8 & 4.6%) than that of the control (98.6 + 6.7%) and OF (96.5 +
5.3%) groups. Intriguingly, by day 14, the unhealed wound area in the
OZ-2 group was reduced to only about 6.4%, while the control group
still had 46.96% of the unhealed area. These results show an obvious
advantage of composite fiber membranes for wound healing than that of
the membranes devoid of ZnO-NPs.

H&E staining further showed an insufficient regeneration of the
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Fig. 6. Biocompatibility of different types of composite fiber membranes. (A)
Live/dead assay of NIH-3T3 fibroblasts and HUVECs seeded on membranes (n
= 4). Scale bars, upper panel, 200 pm and lower panel 400 pm. (B) Adhesion of
both types of cells to the fiber membranes as assessed by SEM. Scale bar, 40 pm.
The CCK-8 assay of NIH-3 T3 fibroblasts (C) and HUVECs (D). Statistical
analysis was performed with one-way ANOVA followed by Tukey’s multiple
comparison test. (n = 4, *p < 0.05).

epidermis in the control and OF groups along with an accumulation of
inflammatory cells by day 3 (Fig. 7(C)). Moreover, as revealed by MT
staining, wounds treated with OZ-2 fibers led to more deposition of
collagen; collagen fibers were tightly-packed in the wounds treated with
OZ-2 membranes as compared to the control or OF groups (Fig. 7(D)).
Specifically, by day 14, the wounds treated with OZ-2 fibers exhibited
complete epithelialization, showing formation of an intact stratum
corneum and the basal layer as well as well-organized collagen
regeneration.

To gain further insight into angiogenesis and inflammatory response,
tissue sections were stained with CD31 (endothelial cell marker), CD68
(pro-inflammatory, M1-type macrophages) and CD206 (anti-inflamma-
tory, M2-type macrophages) as well as were quantitatively analyzed
(Fig. S5, Supporting Information). Animals treated with OZ-2 fibers
exhibited higher angiogenesis as evidenced by the more number of
capillaries and blood vessels (Fig. 8(A)). On the other hand, control and
OF groups did not significantly differ in terms of the number of new
capillaries (Fig. S5(A), Supporting Information). Moreover, wounds
treated with OZ-2 composite fibers also showed higher expression of
CD68 positive marker indicating slightly higher content of pan-
macrophages than that of the control or OF groups (Fig. 8(A) and
Fig. S5(B), Supporting Information). We further analyzed macrophages
polarization from M1 to M2 phenotypes. Quantitative analysis revealed
significantly higher number of CD206" M2 macrophages than that of
CD86", M1 macrophages in OZ-2 treated wounds (Fig. S5(C-D),
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Supporting Information). In contrast, wounds which were either left
untreated or were treated with OF membranes were dominated by the
CD86" macrophages (Fig. S5(C), Supporting Information).

4. Discussion

Wound dressings play a pivotal role for skin repair. Besides, thera-
peutics, growth factors, and other such bioactive cues can be incorpo-
rated into dressings to influence different stages of wound healing as
well as resolve inflammatory response and exert bactericidal effect.
Natural polymers, including SA exhibit good potential for biomedical
applications, which have also been exploited as tissue engineered scaf-
folds. However, the poor spinnability of SA hampers its applicability for
TE. It is worthy to note that micro/nanofibers as well as hydrogels have
been developed by blending SA along with different types of natural/
synthetic polymers and decellularized extracellular matrix (dECM)
[41-44]. Moreover, a series of antibacterial NMs, such as silver and ZnO-
NPs has been incorporated into SA-based scaffold materials to further
improve their bactericidal properties [45,46]. While SA-based micro/
nanofibers and hydrogels can be crosslinked with different types of
bivalent ions, crosslinking through chemical conjugation based ap-
proaches may enable robust scaffold materials with chemical, mechan-
ical, and dimensional stability. A series of natural and synthetic
crosslinkers has been employed to fabricate polysaccharides and
protein-based scaffolds [47].

Besides, polysaccharides, including SA can be modified to afford a
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Fig. 7. Effect of composite fibers on
wound healing. (A) Representative images
showing wound healing at different time
points for up to day 14. (B) Wound closure
of various groups. (C) Histological anal-
ysis of retrieved specimens by using he-
matoxylin and eosin (H&E). Masson’s
trichrome (MT) staining of retrieved tis-
sues at day 3, 7, and 14 post-operatively
(D). (n = 3, * P < 0.05). Scale bars are
shown on each photograph. Scale bar,
C-D. Upper panel, 400 pm and lower
panel, 100 pm at day 3, 7, and 14.

variety of functional groups to afford in situ crosslinking or bio-
conjugation with an array of natural/synthetic polymers and bioactive
cues [48-50]. The oxidation of SA may have several benefits, including
the production of multiple functional aldehyde groups on the backbone
of the OSA, decreased molecular weight and viscosity, and improved
biodegradability, which may also be advantageous for drug delivery and
TE applications [51-54]. Alginates are relatively stiff polymers and are
often characterized to be semi-crystalline; the partial ring-opening of
alginates may have substantial effects on chain flexibility. The flexible
molecular hings on partially-oxidized alginate may be exploited to
afford a range of structures, including molecular origami. Moreover,
hydrolytic lability of chains can be harnessed to tailor biomaterials with
the degradability in vitro and in vivo. Consequently, we have synthesized
OSA displaying varying ODs by tailoring the oxidant/SA molar ratios
and optimized electrospinning parameters to afford smooth and uniform
fiber morphology. Besides, we optimized concentration of the cross-
linking agent (ADH) to afford water-insoluble membranes and har-
nessed ZnO-NPs to realize multifunctional antibacterial membranes.

It has been previously shown that OSA prepared by ethanol-water
mixture was more efficient in terms of the crosslinking of different types
of proteins containing amino (-NHj) groups, such as collagen and
gelatin [55]. We prepared OSA exhibiting different Dox (%) by finely
tuning the amount of the oxidant (Fig. 1). Our 14 NMR results were
consistent with the previous report [56]. The TGA results revealed
similar thermal decomposition profiles of OSA and SA (Fig. S6, Sup-
porting Information). The first step involved the loss of bound water in
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the SA. During the second step, the SA was degraded, and the hydroxyl
(—OH) groups on the adjacent molecular chains were removed in the
form of water molecules. The last degradation step involved the oxida-
tion and decomposition of the SA to yield sodium oxide (Na0) [22,57].
Besides, DTG curves, revealed a steeper and a stronger decomposition
peak of SA than that of the OSA (Fig. S1, Supporting Information). The
thermograms of OSA and OSA/ZnO-NPs also resembled the SA (Fig. 2
(B), Fig. 4(E), and Fig. S1, Supporting Information). The uneven base
line in the thermograms may be ascribed to an earlier degradation and
lower thermal stability of OSA (Fig. S6, Supporting Information). Since
OSA is a mixture of ring-opened, degraded, and unmodified alginate
chains, it may show less thermal stability as well as a wide range of
decomposition. Our results are in agreement with Ku et al. [22] and
Hajiabbas et al. [57] who also observed lower thermal stability of OSA
as well as an earlier degradation and broad range of decomposition as
compared to the SA. The excessive amount of the NalO4 may further
oxidize the aldehyde groups to the carboxylic (—COOH) groups or
hemiacetals [58], thereby resulting into a reduction in the content of the
aldehyde groups, which is also reflected from our results that the Dox
(%) was reduced after attaining a maxima.

The ADH is a bifunctional cross-linking agent, which can react with
the active aldehyde groups on the molecular chain of OSA to form stable
hydrazone bonds and may prevent water solubility of the membranes
[59]. We found a significant effect of the different concentrations of
crosslinking agent on the fiber diameter and physico-chemical proper-
ties of the OSA fibers (Fig. S2, Supporting Information). The 0.8-OSA
(Dox, ~48%) was optimized based on the fiber diameter and was
further screened for an appropriate concentration of the crosslinking
agent. The degradation performance and mechanical properties of the
fibers can be adjusted according to the ADH content. Finally, 0.5 wt% of
ADH was found to be an optimum concentration of the crosslinking
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Fig. 8. Immunofluorescence staining of
tissue sections for CD31-positive endo-
thelial cells and different types of in-
flammatory markers, including CD68,
CD86, and CD206 for angiogenesis and
inflammatory response at day 7 post-
operatively. The CD31" cells (stained
in red in A), CD68" pan-macrophages
(stained in green in A), CD86" M1
macrophages (stained in green in B),
and CD206" M2 macrophages (stained
in red in B). Scale bars. A-B: first three
panels, 100 pm and the right most
panel, 50 pm.

agent, which afforded uniform fiber diameter, good degradation per-
formance, and sufficient mechanical properties. While ZnO-NPs did not
influence the surface morphology and thermal stability of the OSA-ZnO
hybrids (Fig. 4), they were found to improve the E while decrease the Eb
of membranes [60]. Mo et al. [27] observed an increase in the UTS while
a decrease in Eb in PLGA/silk fibroin based fibers with the addition of
ZnO-NPs. Nonetheless, composite OSA/ZnO-NPs based membranes
exhibited sufficient mechanical properties as required for wound
dressings [26].

ZnO-NPs are widely exploited as antibacterial agents [61,62]. The
improved antibacterial activity of membranes is attributable to the
release of Zn®", which may not only electrostatically interact with the
negatively-charged bacterial membranes but may also increase the
permeability of bacterial cell membranes, thereby triggering bacterial
cell death [63]. Besides, ZnO-NPs can exert bactericidal effects via the
decomposition of the outer membranes of bacterial species by ROS and
hydroxyl radicals (OH*), which may lead to the peroxidation of phos-
pholipid as well as the apoptosis of bacterial species. It has also been
previously reported that ZnO-NPs can be physically adhered to a bac-
terial cell wall to induce cell apoptosis [64,65]. However, suitable car-
riers are required to fully harness the potential of ZnO-NPs for inducing
antibacterial action at the wound site. The OSA-ZnO membranes showed
dominant antibacterial effects against both types of bacterial species,
including E. coli and S. aureus by remarkably suppressing the number of
bacterial colonies as well as inducing bacterial rupture and deformation
from the surface of membranes (Fig. 5) [66]. Our results are in agree-
ment with Wu et al. [26] and Khan et al. [27] who also observed sig-
nificant antibacterial effect of ZnO-NPs against E. coli and S. aureus in
poly(i-lactide-co-glycolide)/gelatin (PLGA/Gel) and PLGA/silk fibroin
based membranes. Similarly, Zia et al. [67] and Jamil et al. [68]
observed significant antibacterial effect of ZnO-NPs against different
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types of bacterial species. While exact mechanism about ZnO-NPs
mediated antibacterial effect yet remains to be explored, the structural
deformation of bacterial species directly cultured on membranes may
plausibly be ascribed to an electrostatic interaction between bacterial
cell wall and ZnO-NPs.

Once assessed for the cytocompatibility, we found that the mem-
branes containing the high content of ZnO-NPs hindered cell prolifera-
tion, which can be ascribed to an overproduction of ROS, thereby
impeding cell proliferation (Fig. 6) [69]. On the other hand, membranes
containing low concentrations of ZnO-NPs may improve cell prolifera-
tion [27]. Beside influencing cell proliferation, ROS may also impact the
biocompatibility of biomaterials. The higher oxidative stress is often
associated with inflammation. Pro-inflammatory response may lead to
an overproduction of inflammatory cytokines, including tumor necrosis
factor alpha (TNF-a), interleukin-6 (IL-6), and interleukin-1 beta (IL-1p),
thereby further impairing the healing response. On the other hand, anti-
inflammatory cytokines, such as IL-4 and IL-10 have been associated
with the inflammation resolution and improved healing. Accordingly,
numerous strategies have been put forwarded to reduce the oxidative
stress, which were found to resolve inflammation, afford anti-oxidative
environment, and improve biocompatibility [70-73]. Consequently,
owing to their good cytocompatibility and antibacterial properties, OZ-2
membranes containing 2 wt% of ZnO-NPs were chosen for the subse-
quent in vivo studies.

It is noteworthy to mention here that we leveraged electrospun
membranes for wound healing owing to their ECM-mimetic morphology
and their ability to support the diffusion and transport of oxygen and
nutrients, while simultaneously maintaining the moisture of the wound
[74-76]. Altogether, these ECM-mimetic membranes may have a posi-
tive effect on wound repair [77]. Indeed our in vivo results displayed
good wound healing effect of OZ-2 membranes than that of the un-
treated wounds or those treated with the OF membranes (Fig. 7(A)).
H&E staining of the OZ-2-treated group showed complete epithelial-
ization along with the formation of an intact stratum corneum and basal
layer (Fig. 7(B)), which was consistent with the macroscopic findings of
the wounds for up to different time points (Fig. 7(A)). Collagen, being
the main component of the ECM can prevent matrix degradation as well
induce formation of granulation tissues and capillaries, thereby playing
a pivotal role for tissue repair [78]. Consequently, OZ-2 membranes
significantly promoted the deposition of collagen during wound healing
(Fig. 7(C)). By day 7, the wound surface treated with OZ-2 membrane
had the highest amount of collagen production, which became further
evident by day 7, thereby replicating the morphology features of normal
tissue.

The wound injury is often accompanied by the damage or even the
loss of vascular tissues in the dermis. Since vascular networks can pro-
vide oxygen and nutrients for the proliferation, growth, and migration of
various cell types as well as improve the transport of nutrients and
metabolites, the induction of vascular network holds great promise for
wound healing [79]. As ZnO-NPs can produce ROS, including superox-
ide (02) and hydrogen peroxide (H205), they can promote angiogenesis
and cell proliferation by stimulating the production of a series of growth
factors, such as vascular endothelial growth factor (VEGF) and fibroblast
growth factor (FGF) [61,80]. By the day 7, wounds treated with OZ-2
membranes showed significant regeneration of blood vessels as
compared to the control and OF membranes (Fig. 8(A)).

Inflammatory microenvironment may either promote or delay tissue
repair. A variety of inflammatory cell types, including macrophages and
T cells participate in wound healing. Macrophages have been shown to
display different phenotypes, including pro-inflammatory (M1) and
anti-inflammatory (M2); the latter types of cells have been shown to be
the key mediators of inflammation resolution and tissue repair. There-
fore, explants from wounds were evaluated for different types of in-
flammatory cells, with the aim to elucidate their effect on tissue repair.
The CD68" is a pan-macrophages marker that is activated during the
early stages of inflammation. It may recognize and phagocytize necrotic
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tissues, cellular debris and pathogens, thereby inhibiting the develop-
ment of inflammation in the wound [81]. The CD68" macrophages can
also promote bioactive factors, such as platelet-derived growth factor-
beta (PDGF-f) as well as enzymes, including collagenase and elastase
[82], which may play an important role to promote the formation of
granulation tissues and accelerate wound healing. The ZnO-NPs can
regulate the number of macrophages, modulate inflammatory response,
and promote epithelialization [20]. Due to their high plasticity, mac-
rophages can respond to various local environmental signals and may
either polarize toward pro-inflammatory phenotypes (M1, CD86™) or
anti-inflammatory phenotypes (M2, CD206™) (Fig. 8(A-B)) [83-85]. We
found significantly higher number of CD68" and CD206" macrophages,
while remarkably less number of CD86 " macrophages in wounds treated
with OZ-2 composite fibers than that of the other groups. These results
reveal that OZ-2 membranes can promote the polarization of macro-
phages toward an anti-inflammatory phenotype, which may accelerate
wound repair through the secretion of anti-inflammatory factors [86].
Nonetheless, it necessitates mechanistic insight to further elucidate the
beneficial effect of anti-inflammatory macrophages on improved wound
healing.

This study has also certain limitations. First, we employed only a
limited number of cells types for the evaluation of biocompatibility of
membranes, including fibroblasts and HUVECs. Since wound healing
involves an array of cell types, including keratinocytes, epithelial cells,
fibroblasts, endothelial cells, and inflammatory cell types, detailed
biocompatibility assessment of membranes is warranted in future
studies [87,88]. Besides, in the cytocompatibility assay of composite
fiber membranes, we did not employ negative or positive control groups,
which may provide an additional insight for in vitro and in vivo appli-
cations of scaffolds. Second, while we discerned the biocompatibility of
fibrous OSA/ZnO-NPs membranes, the comparison with fibrous SA/
ZnO-NPs may have further helped clearly articulate the biocompati-
bility of wound dressings. Besides, we did not include positive or
negative groups in the cytocompatibility assay, which may have also
clearly helped articulate the biocompatibility of composite fibrous
membranes. It is noteworthy to mention here that Castellano et al. [35]
designed ZnO-NPs containing ionically-crosslinked SA-based mem-
branes, which displayed good cytocompatibility for fibroblasts and
keratinocytes. Third, while we have assessed an antibacterial effect of
OZ membranes against different types of bacterial species, including
E. coliand S. aureus, a detailed mechanistic understanding yet remains to
be evaluated. Fourth, we have employed simple wound healing model
without diabetes and infection, the evaluation of these membranes in
these models may further help evaluate their reparative potential.
Nonetheless, we have demonstrated the successful preparation of OSA as
well as its electrospinning and chemical crosslinking to afford water
insoluble nanofibrous membranes. Besides, we observed significant
antibacterial effect and superior wound healing in composite nano-
fibrous membranes containing ZnO-NPs.

5. Conclusions

Conclusively, we synthesized OSA with varying oxidation degrees to
improve its spinnability and blended it along with ZnO-NPs to fabricate
electrospun bandages for wound healing. We systematically optimized
the conditions to precisely control the oxidation of SA as well as deter-
mined the optimal conditions for the crosslinking of OSA/ZnO-NPs
membranes by using ADH. Consequently, 0.8-OSA membranes (Dox,
~48 %) and 0.5 wt% ADH were shown to afford membranes with good
morphology, mechanical properties, and biocompatibility. Similarly,
while we employed different concentrations of ZnO-NPs for up to 3 wt%,
we found that the membranes containing 2 wt% of ZnO-NPs were suit-
able in terms of biocompatibility in vitro, which further displayed good
antibacterial properties against different bacterial species, including
E. coli and S. aureus in vitro. Membranes containing 2 wt% of ZnO-NPs
(0Z-2) also displayed remarkably higher epithelialization, collagen
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deposition, and vascularization as compared to untreated wounds
(negative control) and OF membranes (control group) in a full-thickness
excisional wound defect model in rats. In addition, OSA-ZnO composite
fibers attenuated the inflammatory response, induced macrophage po-
larization toward M2 phenotypes, and promoted the granulation tissue
formation. Taken together, these data show that nanofibrous mem-
branes consisting of OSA/ZnO-NPs could be good candidates for the
fabrication of electrospun membranes for wound healing, which are also
worthy of investigations for other bio-related disciplines.
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