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tion. To this end, we report the design and fabrication of a composite electrospun membrane, comprised
of electrospun polylactide: poly(vinyl pyrrolidone)/polylactide: poly(ethylene glycol) (PLA:PVP/PLA:PEG)
core/shell fibers loaded with bioactive agents, as a functionally integrated wound dressing for efficient
burns treatment. Different mass ratios of PLA:PVP in the shell were screened to optimize mechanical,
physicochemical, and biological properties, in addition to controlled release profiles of loaded antimicro-
Micro-nanostructures bial peptides (AMPs) from the fibers for desirable antibacterial activity. Fibroblasts were shown to readily
Superhydrophobicity adhere and proliferate when cultured on the membrane, indicating good in vitro cytocompatibility. The
Antibacterial property introduction of PLA beads by electrospraying on one side of the membrane resulted in biomimetic
Burns healing micro-nanostructures similar to those of lotus leaves. This designer structure rendered the composite
membranes with superhydrophobic property to inhibit the adhesion/spreading of exogenous bacteria
and other microbes. The administration of the resulting composite fibrous membrane on burnt skin in
an infected rat model led to faster healing than a conventional product (sterile silicone membrane)
and control detailed herein. These composite fibrous membranes loaded with bioactive drugs provide
an integrated strategy for promoting burn wound healing and skin regeneration.

Keywords:
Electrospun fiber/bead fibers

Statement of Significance

To address an urgent need in complex clinical requirements on developing a new generation of wound
dressings with integrated functionalities. This article reports research work on a hierarchical fiber/bead
composite membranes design, which combines a lotus-leaf-like superhydrophobic surface with drugs
preloaded in the core and shell of fibers for effective burn treatment. This demonstrates a balance
between simplified preparation processes and increased multifunctionality of the wound dressings.
The creation of hierarchically structured surfaces can be readily achieved by electrospinning, and the
composite dressings possessed a considerable mechanical strength, effective wound exudate absorption
and permeability, good biocompatibility, broad antibacterial ability and promoting wound healing etc.
Thus, our work unveils a promising strategy for the development of functionally integrated wound dress-
ings for burn wound care.
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autologous skin grafting is the ‘gold standard’ for burn wound
repair. However, this procedure is often accompanied with high
risks of secondary morbidity during graft harvesting, and the
amount of available healthy skin is also limited [3]. Therefore,
the application of artificial biomedical materials is widely consid-
ered as a promising alternative to autografts [4]. The repair and
reconstruction of burnt skin follows a series of complex processes
involving inflammation, cell proliferation and tissue regeneration,
and are further complicated by invasion of infectious species,
dehydration, and repeated additional trauma caused by surgery
or wound cleaning [5]. To avoid these complications, an ideal
wound dressing should possess specific key functions: 1) prevent
invasion of microorganisms and reduce infection; 2) slow down
dehydration and retain a favorable moist environment around
the wound; and 3) mimic the structural and biological features
of the natural extracellular matrix (ECM) to promote complete
regeneration of injured skin tissue [1b,6].

In recent years, wound dressings prepared by electrospinning
techniques have attracted increasing attention [7]. Since the simi-
larity of electrospun fibers and ECM in many structural and prop-
erties, such fiber-based materials can provide support for cells,
regulate cellular activities, and allow facile transportation of nutri-
ents and waste [7a]. The high specific surface area and porous
nature of electrospun fibers create opportunities for controlled
delivery of antibacterial drugs and other therapeutic agents,
which can potentially be programmed to regulate the complex
healing mechanism [7b,8]. Furthermore, coaxial electrospinning
is a technique that allows the fabrication of multicomponent
core/shell fibers [9]. Since the compositions and properties of the
inner and outer layers in core/shell fibers can be independently
tuned, coaxial electrospinning provides a feasible strategy to
achieve balanced performance between drug loading efficiency
and drug release kinetics [10].

Wound dressings can also play a role in preventing the wound
from invasion and contamination of exogenous bacteria and other
microbes. To this end, the introduction of superhydrophobic prop-
erties to the exposed dressing surface would effectively prevent
adhesion of microbes. Recently, superhydrophobic interface has
been extensive studied for applications such as smart cell cap-
ture/release systems, self-cleaning coatings and anti-bioadhesion
surfaces [11]. It is now well-documented that surface superhy-
drophobicity is dependent on both the chemical composition and
the formation of hierarchical micro- and nanostructures (or surface
roughness) [12]. Bio-inspired surfaces with lotus leaf-like micro-
nanostructures have been fabricated and studied for their superhy-
drophobic properties [13]. Interestingly, similar rough surfaces can
be feasibly achieved via electrospraying to deposit microbeads
[14], which can be combined with electrospinning to fabricate
composite membrane materials with asymmetrically modified sur-
face properties.

Herein, we report the fabrication of a hierarchical composite
fibrous membrane (CFM) material composed of fiber/bead as a
fully integrated, multifunctional would dressing for effective burn
treatment. Firstly, a poly(lactic acid):poly(vinyl pyrrolidone) (PLA:
PVP)/PLA:poly(ethylene glycol) (PLA:PEG) core/shell fibrous mem-
brane (FM) was prepared by coaxial electrospinning. Subsequently,
the modification of PLA beads by electrospraying on one top side of
the FM resulted in biomimetic superhydrophobicity and anti-
bioadhesive properties to obtain a hierarchical fiber/bead CFM.
Finally, the drugs that for anti-bacteria and improving the
wound-healing were loaded into CFM and produced a drug-
loaded CFM (DLCFM). Specifically, a mixture of poly(lactic acid):
poly(vinyl pyrrolidone) (PLA:PVP) with antimicrobial peptides
(AMPs, HHC36) was used as the shell layer, while a mixture of
PLA:poly(ethylene glycol) (PLA:PEG) blended with curcumin was
used as the core. HHC36 are short natural peptides that have a

broad spectrum of antimicrobial activity, short contact time to
induce killing, and low susceptibility to develop bacterial resis-
tance [15]. The motivation to make use of core/shell fibers from
coaxial electrospinning is two-fold. One was that controlled release
of AMPs from the shell layer can be used to deal with acute inflam-
matory responses in primary wound healing, and two was that
subsequent sustained release of curcumin from the inner core
can accelerate wound healing and tissue reconstitution at the
mid to late wound healing stages, due to the known anti-
inflammatory and antioxidant activities of curcumin [16]. The high
antimicrobial activity of the resulting composite material was
tested in vitro against Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus). Finally, the capability of this dressing material
in promoting wound healing in vivo has been evaluated using a
full-thickness burn wound model in infected Sprague-Dawley
(SD) rats. Our work unveils a promising strategy for the develop-
ment of functionally integrated wound dressings for burn wound
care.

2. Materials and methods
2.1. Materials

PLA (M, =50,000 g/mol) and PVP (M, = 130,000 g/mol) were
purchased from Nature Works (LLC, US) and Aladdin Reagent
(Co., Ltd., China), respectively. PEG (M, = 10 K g/mol with a melting
temperature of 63 °C) was purchased from SCRC (Co., Ltd, China).
Dichloromethane (DCM, General-Reagent) was obtained from
Aladdin. Penicillin, fetal bovine serum (FBS), phosphate buffer
solution (PBS) and streptomycin were provided by the Life Tech-
nologies (Grand Island, NY). NIH/3T3 cells were supplied by the
Cell Center of Jinan University and maintained in specific medium
at 37 °C in an atmosphere containing 5% CO,, used as an appropri-
ate degree of confluence. Gram-negative bacteria (Escherichia coli.
ATCC8739) and gram-positive bacteria (Staphylococcus aureus.
ATCC1901) were purchased from Guangdong Microbiology Culture
Center. Antimicrobial peptides HHC36 were purchased from GL Bio
(GL Biochem, Shanghai, Ltd.).

2.2. Electrospinning

The procedure for the fabrication of a hierarchical fiber/bead
composite membranes is described below [17]. Shell solutions
(6 wt% in total) were prepared by dissolving different ratios of
PLA and PVP (5:5, 7:3, 8:2 and 9:1, w/w) in DCM. The core solution
was prepared with PLA and PEG (1:1, w/w) in DCM at a total con-
centration of 13 wt%. Desired amounts of AMPs (HHC36, 2 mg/mL)
and curcumin (5 mg/mL) were added to the shell and core solu-
tions, respectively, and were mechanically stirred for 24 h at room
temperature before use. For electrospinning, the solutions were
injected via a metal coaxial nozzle at flow rates regulated by two
syringe pumps (LSPO1-1A, Baoding Longer Precision Pump Co.
Ltd., China). And the inner and outer diameters of the coaxial noz-
zle were 0.3 and 1.0 mm, respectively. Coaxial Electrospinning was
operated at 20 kV with a nozzle-to-collector distance of 15 cm.
During coaxial electrospinning, core/shell fibers composed of
PLA:PEG composite fibers embedded in PLA:PVP composite fibers
were formed and collected using a plate collector (as shown in
Schematic 1.). The obtained FM were transferred to a vacuum oven
to fully remove residual organic solvent. The chemical composition
of electrospun fibers were identified by Fourier transform infrared
(FT-IR) spectroscopy (Fig. S1 in ESI).

To form hierarchical micro-nanostructured superhydrophobic
coatings, PLA microbeads were deposited on the membrane by
electrospraying a 5 wt% PLA solution in DCM. In this step, the fab-
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Scheme 1. Illustration of preparation process of core/shell fibers via coaxial electrospinning (left) and the membranes modified using beads via electrospraying (right).

ricated FM were used as the collector. Different volumes of PLA
solution (100, 200, 300, 400 or 500 uL) were consumed in this
modification process to tune the morphology. The resulting CFM
were similarly dried and characterized by FT-IR spectroscopy
(Fig. S1).

2.3. Characterization

Morphology of the electrospun FM were characterized by scan-
ning electron microscopy (SEM, Phenom Pro, Holland). Membrane
samples were firstly plated with gold or palladium (as necessary)
for SEM analysis. Core/shell structures of the fibers were confirmed
using transmission electron microscopy (TEM, Hitachi h-7650,
Japan) by samples collected on carbon-coated copper grid. Image
analysis was performed using Image] (public domain produced
by Wayne Rasband from National Institute of Health) to ensure
the average diameters (with standard deviations) of the fibers.
Water contact angle (WCA) was measured by an OCA 20 contact-
angle system (Dataphysics, Germany) equipped with a tilting base.
Mechanical tests were determined by a tensile tester (BOSE Elec-
troForece3200, USA). At least 5 replicates of each membrane were
tested.

2.4. In vitro cell culture

NIH/3T3 cells were cultured in a DMEM media containing FBS
(10%), penicillin (100 pg/mL) and streptomycin (100 pg/mL) at
37 °Cin an atmosphere containing 5% CO,. The cells were passaged
weekly with the culture media changed every other day. Before
seeding, the cells were disposed by trypsin and re-suspended in
culture medium.

For in vitro cytocompatibility tests, different membrane sam-
ples were sterilized under UV irradiation and then immersed in
culture medium for 24 h. The leaching liquor was used as growth
medium for NIH/3T3 cells. Viability of the seeded NIH/3T3 was car-
ried out with CCK-8 (Dojindo, Kumamoto, Japan) assay. Then the
optical density (OD) of the solutions were recorded by a microplate

reader (Varioskan Flash 3001, Thermo, Finland) at a wavelength of
450 nm.

For in vitro cell culture on electrospun membranes, a represen-
tative fibrous membrane made of a PLA:PVP (w/w = 7:3) shell layer
was selected. Membrane samples were pre-equilibrated with the
culture media for 12 h at the same culture condition. NIH/3T3
was then seeded and cultured for 1day or 3 days, after which
the films were fixed with glutaraldehyde and rinsed with PBS, fol-
lowed by dehydration with gradient ethanol and observation using
SEM.

2.5. In vitro release profiles

In vitro release curves of AMPs from the shell layer and cur-
cumin from the core were determined using UV-vis spectroscopy
(Shanghai UNICO, UV3802, China). Absorption peaks of AMPs and
curcumin were filed to evaluate the amount of released medium.
Membrane specimens were prepared in triplicate and immersed
in PBS under the ambient temperature of 37 °C and 25 °C. At the
given time points, the PBS (1 mL) was extracted and measured to
determine the release kinetics. Equivalent amounts of fresh PBS
were added into the release solution to continue incubation.
Release percentages were calculated based on the amount of ini-
tially loaded drug [18].

2.6. Antibacterial activity tests

Antimicrobial experiments against both S. Aureus (gram-
positive) and E. coli (gram-negative) were performed according to
a previously described procedure [19]. Briefly, single colonies of
S. aureus and E. coli were incubated with shaking at 155 rpm in
Luria-Bertani (LB) media overnight at 37 °C. The cultured bacteria
were diluted with fresh LB media and further cultured for 5 h with
shaking at the same temperature. The bacteria with logarithmic-
phase was re-suspended in PBS buffer with a concentration of
107 CFU/mL. Before seeding, all the membrane samples of different
compositions were cut into round pieces of the same size, steril-
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ized, and then placed in petri dishes. The bacterial suspension was
placed onto per sample to completely overspread the surface.

After incubation, viability of cultured S. aureus and E. coli on
membrane samples were tested by the Live/Dead assay of acridine
orange (AO) and ethidium bromide (EB) fluorescent dyes [20]. Bac-
teria were collected by oscillating and centrifugation, washed with
PBS three times, then incubated with the dye (0.01 mol/mL) in PBS
for 15 min in the dark at 25 °C. After raised, the stained bacteria
were observed with a laser scanning confocal microscope (LSCM)
(Leica TCS SP5 11, Leica Microsystems). For further evaluate the via-
bility of bacteria, the diluted bacteria suspensions were also placed
onto solid agar substrates. After incubation under the same condi-
tions, the samples were rinsed with PBS and dehydrated with gra-
dient ethanol for imaging using SEM.

2.7. In vivo wound healing mode

All rat studies were endorsed by the Jinan University Animal
Procedures Committee. Sprague-Dawley (SD) rats (female, 6-
week old, ca. 200 g) were carrying out to appraise the in vivo burn
wound repair performance of the membranes. Animals were
anaesthetized by injecting pentobarbital sodium into the intraperi-
toneal and the back hair of each rat was shaved using an electric
razor and a depilatory cream. The upper back skin was burned with
a hot cylindrical metal (90 °C, 25 s) to create a full thickness defect
of burn wound (1.5 cm in diameter). Then, the burned tissue was
clinically removed and infected wounds were created by treating
with bacteria suspension (S. aureus and E. coli). There were four
wounds were generated on the back skin of per rat. The wounds
were covered with either sterile silicone membrane (SSM), FM,
CFM, or DLCFM. During the healing process, no other medicine
was applied, and the areas of the skin wounds were recorded. At
day 3, 7, 10 and 14 post wounding, the rats were euthanized using
CO, gas, and specimens of the impaired skin were gathered for the
histological analysis.

2.8. Histological analysis

Tissue sections harvested from the rats of different group were
fixed in 10% neutral buffered paraformaldehyde and embedded
with paraffin, then sectioned to obtain the thick samples. Repre-
sentative sectioned samples were stained with hematoxylin and
eosin (H&E, Sigma-Aldrich Co.) and Masson’s trichrome (MT) for
collagen fibers. The samples with stained were observed by optical
light microscopy (Axio Scope A1 FL; Carl Zeiss, Wetzlar, Germany).
All histological analyses were performed using at least three sam-
ples per group per time point and images presented are represen-
tative of all replicates.

2.9. Immunohistochemistry

General immunohistochemical staining method was applied,
briefly, paraffin-embedded sections were de-paraffinized, rinsed
with PBS repeatedly, and then blocked with 5% serum for 0.5 h.
Sections were then stained with primary antibodies against
interleukin-1 (IL-1, Abcam, Cambridge, UK), tumor necrosis
factor-a (TNF-o, Abcam Inc., Cambridge, MA, USA), or interleukin-
6 (IL-6, Abcam, Cambridge, UK) overnight at 4 °C. The sections
were treated and incubated after washing by PBS at 37 °C for
0.5h. Subsequently, the sections were detected with 3,3-
diaminobenzidine tetrahydrochloride (DAB) substrate (Invitrogen,
Carlsbad, CA, USA) and counterstained with hematoxylin. The sam-
ples were detected using a digital pathology system (Aperio CS2,
Leica, Germany).

2.10. Statistical analysis

To the statistical inquiry, all statistical computations were per-
formed by one-way ANOVA subsequently using Bonferroni’s post-
hoc test (GraphPad Prism 5.02) software. Data are expressed as the
mean * standard deviation (SD) of assessment (*p < 0.05).

3. Results and discussion
3.1. Fabrication and characterization of core/shell fibrous membranes

In recent years, the fabrication of core/shell fibers from coaxial
electrospinning has been extensively studied [21]. In this process, a
multilayered, coaxially aligned nozzle is used to simultaneously
conduct fluids of different compositions. In principle, the resulting
composite fibers can offer a higher level of flexibility for rational
design of materials with tailored mechanical properties and drug
release profiles. Here, PLA has been selected as the matrix material
for FM, due to its good miscibility with other polymers, biocompat-
ibility and biodegradability [22]. Many blending systems based on
PLA have been previously processed by electrospinning, including
PLA:PEG [23], PLA:PVP [22a], PLA:poly(vinyl alcohol) [24], PLA:po
ly(e-caprolactone) [25], and so on. To achieve different payload
release profiles from the core/shell fibers, mixtures of PLA:PVP
and PLA:PEG were designed as the shell and core compositions,
respectively. In general, release kinetics depend primarily on the
properties of the shell layer. Thus, the core composition has been
fixed at PLA:PEG = 1:1 (w/w), while the ratios of PLA:PVP were var-
ied for the shell layer (PLA:PVP = 5:5, 7:3, 8:2, 9:1, w/w).

SEM images of electrospun fibers from these different core/shell
combinations show similar randomly oriented, intertwined fibrous
morphologies, with uniform fiber diameters (Fig. 1a-1d). The mag-
nified SEM images (shown as insets) show that the fiber surfaces
became rougher as the mass ratio of PLA to PVP increased from
5:5 to 9:1. As expected, such uneven surfaces full of etched and
porous features can improve the release rate of drugs (vide infra).
This morphological change is attributed to the decreased solution
viscosity when the PVP content is low. The core/shell structure of
these fibers was observed via TEM. As shown in Fig. 1e-1h, the
TEM image of a representative fiber shows a clear boundary
between the core and shell layers, indicating successful fabrication
of core/shell structured electrospun fibers.

The average fiber diameters obtained from different mass ratios
of PLA/PVP in the shell solutions were 4.68+0.32 um,
3.21+047 pm, 4.18 £0.30 um and 3.73 £0.53 pm for 5:5, 7:3,
8:2 and 9:1 (PLA:PVP, w/w), respectively (Fig. 1i). Previous studies
on polymer solution electrospinning suggest that decreasing the
viscosity of the electrospinning solution generally decreases fiber
diameters [26]. In a blending system, other factors, such as blend-
ing ratio and miscibility, can also affect the diameter of electrospun
fibers [27]. Among the four different compositions of the shell
solutions, the mass ratio of 7:3 (PLA:PVP, w/w) resulted in fibers
with the smallest diameter, while the mass ratio of 5:5 led to the
biggest diameter.

Mechanical properties of electrospun core/shell fibers also
depend on many factors, including fiber composition and experi-
mental conditions for electrospinning [20]. The shell solution con-
nects both the shell/air and shell/core interfaces and therefore
plays a crucial role in determining the mechanical strengths of
the resulting core/shell fibers. Our previous study on the reinforc-
ing effect of fillers in electrospun fibers show that the mechanical
strength can be optimized by controlling the mixing ratio, specifi-
cally depending on the nature of the matrix and the matrix-filler
interactions. Herein, the mechanical properties of fibers obtained
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from different shell solutions (mass ratios of PLA:PVP =5:5, 7:3,
8:2 and 9:1, w/w) have been studied in unidirectional tensile tests.
From the characteristic stress-strain curves for different samples
(Fig. 2a), it can be seen that mechanical properties of the fibers,
including maximum tensile strength (Fig. 2b) and Young’s moduli
(Fig. 2c¢) depend on the shell layer compositions. The maximum
tensile strain did not significantly change for all of the tested

&

samples with different shell layers (Fig. 2d). Of all of the four ratios,
7:3 (PLA:PVP w/w) resulted in membranes with the highest tensile
strength (1.88 £ 0.15 MPa) and Young’s modulus (9.76 + 1.49 MPa),
thus suggesting the optimized shell layer composition in terms of
mechanical performance.

The proliferation and differentiation of fibroblasts is an extre-
mely essential factor during the wound healing. Cytocompatibility
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of the electrospun membranes were assessed using NIH/3T3 cells.
The cells were first cultured with the membrane samples in vitro,
and their viability was evaluated using the CCK8 assay, as shown
in Fig. 3a. All experimental groups showed increased OD values
with increased culture time. No significant difference in OD value
was observed for membranes with different shell layer composi-
tions (mass ratios of PLA:PVP = 5:5, 7:3, 8:2 and 9:1, w/w), indicat-
ing that none of the membranes exhibited clear cytotoxicity. To
further determine the interactions of NIH/3T3 cells with the mem-
branes, the cells were seeded directly onto the membrane surfaces.
Under SEM observations (Fig. 3b and 3c), cells seeded on a repre-
sentative membrane (PLA:PVP =7:3) at day 1 and day 3 showed
elongated, spindle-like shapes, showing the capability of the mem-
brane substrates to support cell adhesion and attachment. Further-
more, increased cell density was identified when comparing the
image at day 3 (Fig. 3c) with that at day 1 (Fig. 3b). Therefore,
the adhesion and proliferation of NIH/3T3 cells on these FM
demonstrated good in vitro cytocompatibility and favorable cell-
membrane interactions.

For wound dressing applications, the membranes should ideally
be able to keep a moist environment around the skin wound and
absorb the exudates from the wound surface for a sustained period
of time. In vitro swelling experiments (Fig. S2) show that mem-
branes made of fibers with a shell layer composition of PLA:
PVP=7:3 (w/w) gave the highest water absorption capability.
Moreover, the good mechanical properties and thermal stability
(as measured by thermogravimetric analysis, TGA, Fig. S3) indi-
cated that these membrane materials can be readily stitched and
serve as stable wound dressings. In short, by combining all of the
physical characterization data, the optimized shell layer composi-
tion was PLA:PVP=7:3 (w/w). Consequently, this composition
was selected for the in vitro release and in vivo studies, as discussed
in the following sections.
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Fig. 3. Cell viability with different membranes as a function of culture time (a). Cell
morphology on fibrous membrane of 7:3 cultured for 1 day (b) and 3 days (c).

3.2. Invitro drug release studies from the core/shell fibrous membranes

The repair of burn wounds involves many simultaneous and
cascading events, such as inflammation management, cytokine
and growth factor secretion, temporary skin replacement, and tis-
sue reconstitution. Therefore, an ideal wound dressing should pro-
vide a range of functions to aid the wound repairing process,
including the controlled delivery of bioactive agents. One unique
advantage of core/shell fiber-based dressing materials is the capa-
bility to disperse different bioactive agents into the core/shell lay-
ers via coaxial electrospinning, which can be explored to tailor the
release profiles of disparate components from the resulting dress-
ing substrates. The drug loading efficiency of AMP and curcumin
within the core/shell fibrous was 70.6 +3.3% and 79.4 +4.2%,
respectively. This programmed drug release function can be
designed to coincide with the multistep wound healing process
to promote its completion.

In this study, AMPs were loaded in the shell layer and curcumin
in the core layer to manage the acute bacterial infection and later-
stage inflammation, respectively. As shown in Fig. 4, in vitro release
of both payloads in core/shell fibers indicated initial burst release
behavior during the first few hours, then a more sustained release
phase within the next few days. Notably, the release of encapsu-
lated AMPs in the shell layer was much faster than that of loaded
curcumin in the core layer, as expected. The percentage of cumula-
tive release of AMPs reached ca. 70% within 24 h and over 90%
within 72 h, while the release of curcumin could be extended to
around 5 days (Fig. 4). Such different drug release rates from differ-
ent layers of core/shell fibers can be explained by simple diffusion-
controlled dissolution models [21a,21b], in which the shell layer
acts as a protection for the payload in the core. Moreover, human
skin is normally closer to ambient temperature and we also
detective the drugs release at room temperature (Fig. S5). Such
different release profiles show clear potential to meet the
requirements to diminish bacterial infection and manage
inflammation in the different stages of wound healing.

3.3. Hierarchical micro-nanostructured superhydrophobic surface

The superhydrophobic performance of lotus leaves to resist
wetting of water droplets has been intensively studied. Known as
the lotus-leaf effect, the structural basis for superhydrophobicity
is attributed to both chemical composition and topological factors
[28]. Based on this understanding, bio-inspired surfaces with sim-
ilar hierarchical micro-nanostructures have shown similar super-
hydrophobic properties [28a,29]. Since the wetting phenomenon
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Fig. 4. Drugs release profiles from the core fiber and shell fiber of the fibrous
membrane of 7:3 at 37 °C.
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is also important in many biological processes, such as cell
adhesion, wound dressings with superhydrophobic surfaces
might reduce invasion of bacteria by preventing their adhesion
[30]. Creation of hierarchically structured surfaces can be readily
achieved by electrospinning by decorating micro- and nanobeads
onto the surfaces of electrospun FM, which has been proven to
modify surface wettability of the resulting composite membrane
[29,31]. Accordingly, in our study herein, pure PLA beads have been
exploited to enhance surface hydrophobicity.

As expected, after coating with PLA beads, SEM images of the
CMF showed a clear morphological change from a pristine fibrous
structure (Fig. 5a) to a mixed structure composed of both fibers
and microbeads (Fig. 5b-5f). Under these conditions, the average
diameter of the PLA beads was approximately 6 pm, with good uni-
formity. Furthermore, the density of PLA beads on the surface
could be adjusted by changing the amount of PLA solution sprayed
onto a given area of the membrane sample. As the amount of PLA
solution increased from O to 500 pL (per 15 cm? membrane), the
number of PLA beads increased linearly, indicating good adhesion
between the fibers and beads during electrospraying. An increased

density of PLA microbeads led to increased surface roughness and
thus the formation of hierarchical micro-nanostructures, as
reflected by their corresponding profilometry images (Fig. S4).

The introduction of hydrophobic PLA microbeads and the cre-
ation of rough micro-nanostructured surfaces generated compos-
ite membranes with enhanced surface hydrophobicity [32].
Water contact angle (WCA) values were measured on membranes
with different amounts of PLA beads (Fig. 6 and Video S1-S5). As
summarized in Fig. 6a, the static WCA values increased with the
density of PLA beads (controlled by the volume of PLA solution
used in electrospraying). Due to the PLA:PVP blending composi-
tion in the shell layer, the surface of pristine membranes was rel-
atively hydrophilic, as indicated by a low WCA value. For samples
with the highest PLA density studied here (500 pL PLA solution),
the WCA value significantly increased to 155 *4.5°, fulfilling the
definition of a superhydrophobic surface. The gradual transition
from a hydrophilic surface to a superhydrophobic surface
(Fig. 6a) was caused by both the increased surface roughness
and the chemical composition change after deposition of PLA
microbeads [32b].

04
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Fig. 5. SEM images of surfaces for untreated membrane (a), 100 pL (b), 200 uL (c), 300 uL (d), 400 uL (e) and 500 pL electrospraying volume of PLA solution (f) and PLA beads
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The dynamic spreading behavior of a water droplet on the CMF
was studied. As shown in Fig. 6b and Video S1-S5, water droplets
(typically about 2 pL in volume) could wet pristine FM (without
PLA beads) quickly, as suggested by a rapid decrease in WCA. In
comparison, the WCA value decrease was much slower for mem-
brane samples coated with PLA beads (Fig. 6b). For the composite
membrane modified with 500 pL PLA microbeads, water droplets
were barely able to spread on the surface for at least 120 s, which
also indicated an enhanced surface hydrophobicity and thus
enhanced capability to resist bacterial adhesion [33].

3.4. In vitro antibacterial performance

It has been demonstrated that interactions between external
bacteria and other microbes with the wound dressing are of critical
importance in the early wound healing process [34]. To serve as
multifunctional dressing materials, the designed composite mem-
branes should be able to resist bacterial infections. In vitro antibac-
terial performance of our membrane samples was tested against
two common bacteria (gram-positive and gram-negative) of S. aur-
eus and E. coli. We have now also conducted a supplementary anal-
ysis to the minimum inhibitory concentration (MIC) and drug
loading efficiency. MIC values of E. coli and S. aureus were 4-
6 uM and 6-8 puM, respectively (Table S1). After seeding the bacte-
ria and cultured on different membrane samples (FM, CMF,
DLCFM) for a specific time, the Live/Dead analysis was applied to
determine the bacteria viability.

As shown in Fig. 7, under fluorescent microscopy, the green-
labeled bacteria were considered alive with intact cell walls, while
the red ones were dead with damaged cell walls. For both E. coli
(Fig. 7a) and S. aureus (Fig. 7b), most bacteria cultured on pristine
FM were alive. For CFM, however, although most bacteria on the
membranes were also alive, the density of adhered bacteria was
much lower than that on pristine membranes. On the contrary,
when both bacteria were treated with DLCFM, nearly all of the
adhered bacteria appeared red, indicating poor viability. Results
from the Live/Dead assay were also confirmed by SEM images of
bacteria on different membranes (Fig. 8). Under SEM observation,
live bacteria typically showed certain characteristic shape with
uniformity, while dead bacteria with damaged walls were rather

irregular in shape. Indeed, the morphologies of S. aureus and
E. coli on pristine FM and CFM were rod-shaped and rounded,
respectively, while bacteria treated with DLCFM showed wrinkled
and damaged cells walls, suggesting that these bacteria lost their
viability [35]. This is attributed to the rapid release of AMPs loaded
in the shell layer of the fibers of the membranes, which led to fast
killing of surrounding bacteria (Fig. S6).

The anti-adhesion effect due to the superhydrophobic nature of
the micro-nanostructured surface with PLA microbeads was con-
firmed by the significantly reduced bacteria population, as shown
in Fig. 8b and 8e. These results were reached consensus with pre-
vious studies [28b], which confirmed the effectiveness in inhibiting
bacteria adhesion and colonization by introducing surface
superhydrophobicity. Our results also indicate that the CFMs can
both prevent bacteria invasion and kill surrounding bacteria.
Overall, the bio-inspired superhydrophobic property in
combination with good antibacterial activity render our
composite membrane system a promising candidate in further
development of multifunctional wound dressings.

3.5. In vivo evaluation as wound dressing

To evaluate the effects of our membrane dressing on the closing
of burn skin wound in vivo, the membranes were tested with a full-
thickness skin burn model in rat dorsum. Four different dressings,
namely, SSM, FM and CFM with and without drugs, were applied
to the wounds by standard protocols. The subsequent skin repair
processes of the treated skin wounds were tracked over a 14-day
period. Fig. 9a shows the visual observations of burn wounds trea-
ted by different dressings at different post-operation time points.
Wounds treated by the composite fibrous membrane loaded with
drugs showed a significantly higher wound healing rate than all
other groups tested. At day 10, the remaining wound areas under
the composite membrane dressing with drugs were also signifi-
cantly smaller than other groups. At day 14, wounds treated by
our composite fibrous membrane with drugs appeared to be fully
recovered. The wound closure area was quantified as a percentage
of the initial wound area (Fig. 9b). Differing from the SSM, FM and
CFM membrane, the wound closure area in the DLCFM group was
significantly increased after wound infliction. In particular, the

Fig. 7. Laser confocal scanning microscopy images of E. coli cells and S. aureus with live/dead assay (The green was AO, indicated bacteria was alive; the red was EB, indicated
bacteria was dead). The scale bar is 100 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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group treated with DLCFM showed a wound healing ratio of ~100%
after 14 days, which displayed good performance for burn wound
healing within a short time. These results indicate that combination
of a superhydrophobic surface with drug loaded in core/shell fibers
plays an important role in improving the wound-healing efficiency.

Wound healing is a fundamental natural reaction to tissue dam-
age. The healing process and skin regeneration are relevant to
inflammation, epithelialization, forming of granulation tissue and
tissue remodeling [5]. It is noticeable, the smooth transition from
inflammatory response to cell proliferation is crucial to the healing
speed and effects of burn wound. To determine the effects on our
composite dressing on these different processes involved in wound
healing, the wounded skin sections of day 14 were treated with
H&E staining for histomorphological observations of the regener-
ated tissues. As can be seen from Fig. 10, the clotting protection
has already formed on the surface layer in all experiment groups.
The epithelial tissue has been almost healed when the dermis layer
is already in the cell proliferation and matrix remodeled stage. This
is perhaps due to the paracrine action of epithelial cells and
immune cells. Compared with other groups, the DLCFM has a good
effect for stimulating tissue repair, which displays a thicker surface
layer (circled in black in Fig. 10). There are still many macrophages
(arrows ‘M’) and neutrophils (arrows ‘N’) under the surface of the

skin in the control groups. The enlargement of this portion of the
image is shown in the lower left of the figure, showing that all
microbes and bacteria were absorbed in the cytophagy of immune
cells. MT staining was used to investigate the degree of collagen
deposition during the healing process. As summarized in Masson’s
Trichrome, the CFM and DLCFM group showed a relatively regular
collagen arrangement (labeled with a dashed line). The collagen
fibers of DLCFM are particularly compact. For the SSM and FM
groups, the collagen matrix distribution was affected, because
the bacteria were treated by immune cells. This is because the
cleaning action of immune cells has delayed or impeded the matrix
remodeling to some extent. The IL-6 (Fig. S7), TNF-o and IL-1B pro-
inflammatory factors with immunohistochemical staining to eval-
uate the wound healing and the transformation from inflammatory
response to cell proliferation/matrix remodeling. From Fig. 10, all
the groups have no obvious positive result of the pro-
inflammatory factors in matrix. However, the strong positive reac-
tions had appeared around macrophages and neutrophils in SSM
and FM (arrows M and N). The TNF-a and IL-1B high expressions
in macrophages lead to a long-term stage of proinflammatory phe-
notype. Thus conversion process from inflammatory response to
cell proliferation has slowed down. These results indicated the
homing of immune cells and macrophages caused by bacteria
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Fig. 10. Wound sections on days 14 were stained with hematoxylin & eosin and Masson’s Trichrome, the expression of TNF-o and IL-1p. Representative light microscopy

images of sections are presented for all groups. Scale bars: 200 pum.

could lead to engulfing and destroying effects. The SSM and FM
samples have poorer wound healing due to the weak protection
ability for bacteria. The superhydrophobic surface of CFM plays
as an exposed dressing would effectively prevent adhesion of
microbes. In animal experiments, however, the infected wounds
were created by treating with bacteria suspension. In this case,
the bacteria from an internal wound were killed by the drugs
(AMP) released from the fibers (the drugs were pre-loaded in the
DLCFM). Meanwhile, the release of the curcumin from the DLCFM
could accelerate wound healing and tissue reconstitution.

4. Conclusions

In summary, we report the preparation and characterization of
a FM composed of PLA:PVP/PLA:PEG core/shell microfibers, which
was further decorated with PLA microbeads and loaded with two
model drugs (partitioned in the core and shell, respectively) via
electrospinning. The optimal blending ratio of PLA and PVP in the
shell layer was screened to show that 7:3 (w/w), which could lead
to greater thermal stability, mechanical properties and swelling
capability. In vitro drug release studies confirmed a tailored release
profile with programmable features. AMPs loaded in the shell layer
showed a faster release to deal with acute bacterial infection, while
curcumin loaded in the core displayed a postponed release suitable
to manage inflammation in the later stages of wound healing. The
electrospun fibrous membranes were further modified with PLA
microbeads via electrospraying to bring in superhydrophobic prop-
erties, which could contribute to the prevention of bacterial adhe-
sion. The resulting CMFDs notable in vitro antibacterial activity
against both gram-positive and gram-negative, as proved by the
Live/Dead assay and SEM observations. In vivo evaluation of this
multifunctional dressing material was performed in a rat model.
Accelerated wound healing with reduced wound sizes and repair
time was observed, attributed to the successful management of
bacterial invasion and inflammation. Overall, we believe that this
work provides an innovative approach to address burn wound
healing using rationally designed, multifunctional dressing materi-
als based on decorated fiber/bead fibers. The combined antibacte-
rial activity and profound wound healing effects make our

hierarchical fiber/bead composite membranes an advanced system
for developing effective burn treatments of the future.
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