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Nowadays, wound dressings with improved properties are under development and among them, asymmetric
membranes have gained an increasing interest due to their two-layered structure that mimic both the epidermis
and dermis layers of the skin. Herein, a new asymmetric membrane was produced using the electrospinning
technique. The top layer was produced with silk fibroin (SF) and poly(caprolactone) to reproduce the dense na-
ture and waterproof ability of the epidermis. On the other hand, the dermis-like bottom layer was manufactured
with SF and hyaluronic acid loaded with an herbal drug (thymol (THY)). All the data gathered showed that the
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Electrospun asymmetric membranes produced electrospun asymmetric membrane exhibited the porosity, wettability, and mechanical properties
Silk fibroin suitable for the healing process. Further, the in vitro data also demonstrated that the human fibroblast is able
Thymol to adhere and spread at the membranes' surface, thus confirming their biocompatibility. Moreover, the incorpo-

ration of THY into the bottom layer of the membrane, improved its antioxidant and antibacterial properties. Over-
all, the obtained results demonstrate the appropriateness of the produced membrane for wound healing

applications.

© 2018 Published by Elsevier B.V.

1. Introduction

A wound results from a sharp injury, that affects the skin’ structure
and disrupts the cells' crosstalk interactions and functions across the
skin layers [1]. Skin injuries can represent a severe health risk to the
human body since skin’ functions such as thermal insulation, body
fluid retention and protection from external threats can be hindered
[2]. To avoid further complications, after a skin injury occurs, an imme-
diate covering of the wound is required to protect the underlying tissues
from hazard agents as well as prevent fluid loss [3].

Up to now, in the clinic, the traditional wound dressings (e.g. gauzes,
bandages, and creams) and skin grafts have been the most used thera-
peutic approaches, and they act as temporary barriers. However, most
of them are expensive, require frequent replacement, and are not able
to fully re-establish skin structure and functions [4]. Therefore, the de-
velopment of new therapeutic strategies or methodologies to assist
the wound healing mechanism is extremely important. Among the dif-
ferent wound dressings under development, the nanofibrous mem-
branes have received an increasing attention due to their intrinsic
properties, such as high surface-to-volume ratio, interconnected pores
that are compatible with cell penetration and nutrient exchange, as
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well as the potential to promote the hemostasis phase and wound exu-
date absorption [4,5]. In addition, the nanofibers are able to mimic the
structure of the proteins (e.g. laminin and collagen) found in the natural
extracellular matrix (ECM) [5].

Different techniques (self-assembly, dry/wet phase separation,
electrospinning, and scCO,-induced phase inversion) have been used
to produce nanofibrous membranes. The electrospinning technique is
one of the most explored to produce nanofibers due to its simplicity, ef-
ficacy, reproducibility and versatility. Recently, this methodology has
also been employed for the manufacture of Nanofibrous Asymmetric
Membranes [5,6]. The main feature of this type of wound dressing is
their two-layered structure that is able to mimic both skin layers (epi-
dermis and dermis). In general, an asymmetric membrane displays
(i) a dense and waterproof top layer that confers protection to the
wound site in a similar way to the epidermis layer and (ii) a porous bot-
tom layer that reproduces the dermis structure [6,7].

Herein, an electrospun asymmetric membrane (EAM) composed of
two interconnected layers was produced for enhancing the healing pro-
cess. The top layer was composed of SF and poly(caprolactone) (PCL),
while the bottom layer was produced by using a blend of SF with
hyaluronic acid (HA). SF is a fibrous protein synthesized by a variety
of insects including silkworm and presents excellent biocompatibility,
good water vapor permeability, biodegradability, mechanical strength,
and minimal inflammatory reaction [8]. In turn, PCL is a hydrophobic
synthetic polymer that exhibits a high mechanical strength. The
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combination of SF with PCL was used to produce a layer that presents
epidermis-like properties such as the hydrophobic character, water-
proof ability and mechanical resistance [6]. On the other side, the HA
was selected since it is a hydrophilic and polyanionic polymer that can
be found in connective tissues (e.g. skin, ligament, cartilage, blood ves-
sels) and provides a high capacity of hydration, water-sorption and
water retention, as well as allows cell attachment, migration, and prolif-
eration [5,9]. Therefore, the production of a porous bottom layer com-
posed of SF/HA combination should result in a dermis-like structure,
capable of absorbing the wound exudate as well as promote the cell ad-
hesion and proliferation. Furthermore, to confer antimicrobial activity
to the bottom layer, Thymol (THY), an herbal drug, was loaded into
the nanofibers mesh [10]. THY is the major component of the essential
oils extracted from Lippia gracilis and it exhibits various biological ef-
fects such as antimicrobial, antioxidant, antinociceptive, local anes-
thetic, and anti-inflammatory [11]. Up to now, THY has been applied
as an active antiseptic ingredient in some toothpastes, such as
Euthymol® (Johnson & Johnson's). Further, when comparing to other
essential oils, such as carvacrol, THY shows an increased antioxidant po-
tential [12]. However, the addition of THY into electrospun asymmetric
membranes and its impact on the biological properties of the wound
dressing materials is poorly explored in the literature.

2. Methods
2.1. Production of the electrospun asymmetric membrane

The production of the EAM membrane was performed using a con-
ventional electrospinning apparatus, comprised of high voltage source
(Spellman CZE1000R, 0-30 kV) (obtained from Spellman, Corporate
Headquarters USA) a precision syringe pump (KDS-100) (acquired
from Sigma-Aldrich, Sintra, Portugal), a plastic syringe with a
stainless-steel needle (21 Gauge), and an aluminium disk connected
to a copper collector. The top layer (SF_PCL) of the membrane was pro-
duced by using a blend composed of SF (10% w/v) and PCL (10% w/v)
dissolved in a solution of Formic acid (FA) (98% v/v) and
Trifluoroethanol (TFE) (80% v/v) at 2:1 volume ratio. Then, this solution
was placed in the syringe and electrospun at a constant flow rate of
1.0 mL/h, using a working distance of 10-12 cm and an applied voltage
of 28 kV, until a thickness similar to the epidermis layer of the human
skin (0.05-1.5 mm) was obtained. Posteriorly, the bottom layer
(SF_HA_THY) was produced by combining the solutions of SF (10% w/
v) in FA (98% v/v) and HA (20% w/v) in H,0 at 2:1 volume ratio. Subse-
quently, THY at a concentration of 5 mg/mL and 2 mL of Polyethylene
oxide (PEO) (8% w/v) were added to the blend. PEO was added to the
blend to adjust its viscosity in order to improve its electrospinability. Af-
terwards, the polymeric solution was electrospun on top of the SF_PCL
membrane at a constant flow rate of 2.3 mL/h, using a working distance
of 12 cm and an applied voltage of 28 kV. The bottom layer without THY
(SF_HA) was also produced for comparative purposes. In the same way,
the electrospun of the bottom layer was performed until an obtained
thickness value of 1.5-4 mm (dermis layer thickness).

To improve the water stability of SF, all membranes were treated
with ethanol vapor (75%) at 25 °C, for 1 h and then dried under vacuum
atroom temperature (RT) for 2 h [13]. This procedure induces structural
changes, through a crystallization process, being observed the transition
from silk I (random coil) to silk II (> sheet) conformation. Afterwards,
the membranes mechanical and physicochemical properties were eval-
uated (please see the supporting information for further details).

2.2. Evaluation of the encapsulation and loading efficiency of THY within
the bottom layer of produced EAM

To evaluate the encapsulation and loading efficiency of THY, the
uncrosslinked SF_HA and SF_HA_THY layers were subjected to total
degradation, through their immersion in FA, during 1 h, under stirring.

Then, the supernatant was recovered by centrifugation at 14,000 rpm
for 10 min, and the absorbance was measured at 274 nm by using a
Thermo Scientific Evolution 201 UV-vis spectrophotometer [10]. The
THY concentration in the supernatant was determined using a standard
absorbance curve (Fig. S2A) of THY at 274 nm (y = 0.0202x + 2.153,R?
= 0.9988). The UV absorbance spectra of SF_HA and SF_HA_THY were
also recorded for control purposes (Fig. S2B). The encapsulation effi-
ciency (EE) and loading efficiency (LE) were determined using the fol-
lowing Egs. (1) and (2):
W;—W;

EE (%) = = x 100 (1)

LE (%):u

x 100 (2)
where W; is the total amount of THY added in SF_HA_THY membrane,
W is the amount of THY in the supernatant, and Yis the total dry weight
of SF_HA_THY membrane.

2.3. Analysis of the drug-release kinetics

The amount of THY released from the electrospun membranes was
measured according to a method previously reported in the literature
[10]. The electrospun membranes (with a total weight of 5 mg) were
immersed in 2 mL of PBS at pH 5 or pH 8. The samples were then incu-
bated at 37 °C under agitation (60 rpm) in an incubator shaker, to mimic
the physiological conditions. At different timepoints, the samples were
centrifugated and the supernatant (1 mL) absorbance was measured
at 274 nm, using a Thermo Scientific Evolution 201 UV-vis spectropho-
tometer, to determine the amount of THY released. All experiments
were performed in triplicate.

Further, the drug-release kinetics exhibited by the produced mem-
branes were also characterized by using the Peppas-Korsmeyer Eq. (3)
and Hixon-Crowell models Eq. (4):

Peppas—Korsmeyer : % = Kt" (3)

o

Hixon—Crowell : Q)% = Q;* —Kit 4)

where M, is the cumulative amount of drug released at time t, M.. is the
initial drug loading, K is a constant characteristic of the drug-polymer
system, and n is the diffusion exponent, suggesting the nature of the re-
lease mechanism. Q; is the amount of drug dissolved in time t and Qp is
the initial amount of drug in the solution.

24. Characterization of EAM biocompatibility

2.4.1. Characterization of cell viability and proliferation when they are in
contact with the produced membranes

The membranes' biocompatibility was evaluated using an MTS assay
as recommended by the ISO 10993-5:2009 (Biological evaluation of
medical devices- Part 5: Tests for in vitro cytotoxicity). Prior to cell
seeding, membranes were placed into 96-well plates, occupying <10%
of the well area, and then sterilized under UV irradiation (254 nm,
~7 mW cm~?) for 1 h. After, Normal Human Dermal Fibroblasts
(NHDF) cells were seeded at a density of 10 x 103 cells per well and in-
cubated at 37 °C, in an incubator with a 5% CO, humidified atmosphere.
After 1, 3 or 7 days of incubation, the medium of each well was removed
and replaced by a mixture of 100 pL of fresh culture medium and 20 pL
of MTS/PMS (phenazine methosulfate) reagent solution and incubated
for 4 h,at 37 °C, in a 5% CO, atmosphere. The absorbance of each sample
(n = 5) was determined at 492 nm using a microplate reader (Biorad
xMark microplate spectrophotometer). Cells incubated with ethanol
(96%) were used as positive control (K*), whereas cells incubated
only with culture medium were used as a negative control (K™).
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2.5. Evaluation of the antimicrobial properties of the EAM

2.5.1. Analysis of bacterial penetration through the top layer of EAM

Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa
(P. aeruginosa), gram-positive and gram-negative bacteria respectively,
were used to characterize the capacity of the membrane's top layer to
avoid bacterial infiltration within their structure. To accomplish this,
transwell systems (Corning Incorporated, New York, NY, USA) were
modified with SF_PCL membrane or a filter paper (0.22 pm) (control
group) to act as the interface between the upper and lower chamber.
The SF_PCL membrane and the filter paper were inoculated with a bac-
terial suspension (1 x 108 colony forming units (CFU)/mL), for 24 h, at
37 °C. Afterwards, the optical density (absorbance value at 600 nm) of
the culture medium present in the lower chamber was measured and
the number of colonies that crossed the SF_PCL membrane/filter paper
were counted. In addition, the presence of microorganisms at the
upper and bottom surfaces of the SF_PCL membrane or in the filter
paper were investigated through SEM.

2.5.2. Characterization of the antibacterial activity of the bottom layer of
EAM

The bactericidal activity of the bottom layers of SF_HA and
SF_HA_THY was also characterized using S. aureus and P. aeruginosa,

as models. Briefly, 25-50 mg of each sample were added to 10 mL of
LB broth, at pH 6.2, containing 1 x 10> CFU/mL of early mid-log phase
bacteria culture and then incubated at 37 °C, for 24 h. After the incuba-
tion period, serial dilutions were prepared and 100 pL of bacterial sam-
ples were transferred into LB agar plates. Following overnight
incubation at 37 °C, bacterial colonies were counted and expressed as
CFU/mL. The bacterial growth inhibition was calculated through Eq. (5):

Antibacterial efficiency (%) = No=N
0

x 100 (5)

where Ny and N each represent the bacteria number of control and ex-
perimental group, respectively.

Furthermore, a modified Kirby-Bauer technique was used to charac-
terize the antimicrobial properties of the membranes. For this, circular
membranes (n = 3) were placed on the surface of an agar plate seeded
with S. aureus or P. aeruginosa (1 x 108 CFU/mL) and incubated for 24 h,
at 37 °C. After that, the inhibitory halos around the samples were
photographed and the halo size determined with an image analysis soft-
ware, Image] (Scion Corp., Frederick, MD). In addition, the biofilm for-
mation at the surface of the membranes was also assessed through
SEM analysis.
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Fig. 1. Characterization of the SF_PCL, SF_HA, and SF_HA_THY nanofibrous layers morphological properties. SEM images of the top and bottom layers, before (A1-A3) and after the
crosslinking process (C1-C3). Top and bottom layers nanofibers diameter distribution before and after crosslinking are presented in (B1-B3) and (D1-D3), respectively.
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2.6. Statistical analysis

The statistical analysis of the obtained results was performed using
one-way analysis of variance (ANOVA), with the Newman-Keuls post
hoc test. A p value lower than 0.05 (p < 0.05) was considered statistically
significant.

3. Results and discussion
3.1. Characterization of the morphology of the membranes

In recent years, asymmetric membranes have become the main tar-
get of different studies to develop wound dressings that can mimic the
structure and functions of human skin [5,6]. In this study, an
electrospinning technique was used to produce a novel asymmetric
membrane based on a silk derived biopolymer enriched with a natural
compound, THY. The dense top SF_PCL layer provides mechanical sup-
port, acts as a physical barrier to protect the wound from mechanical
and chemical damage, dehydration, and bacteria infiltration, as well as
coordinate the gaseous exchange. On the other side, the SF_HA layer
acts as a wound-dressing interface able to absorb wound exudate, pro-
mote nutrient exchange, support cell adhesion and proliferation as well
as confer antimicrobial, anti-inflammatory and antioxidant properties
to the membrane due to the incorporation of THY (SF_HA_THY).

The morphology of the nanofibers were analyzed by SEM and the di-
ameters of the fibers were determined using the Image ] software
(Fig. 1). The size measurements revealed that the nanofibers of the
top layer display an average diameter of 471.4 4+ 151.6 nm, while the
SF_HA and SF_HA_THY nanofibers of the bottom layer present a mean
diameter of 270.0 £+ 82.2 nm and 295.4 + 88.4 nm, respectively. More-
over, to improve the water stability of the SF a crosslinking process was
performed, resulting in an increase in the SF_PCL, SF_HA, and
SF_HA_THY nanofibers mean diameter to 615.9 4 190.4 nm, 306.8 +
85.6 nm and 412.7 £ 106.7 nm, respectively. Cross-sectional images
of the EAM were also acquired (Fig. 2) and they clearly show the
bilayered organization of the produced membrane. Furthermore, the in-
corporation of THY did not induce any significant morphologic varia-
tions in the bottom layer of the membrane, i.e. size and structure.
Contrarily, the crosslinking process leads to the formation of more irreg-
ular nanofibrous structures with increased density and fiber diameters,
which is in agreement with the data available in the literature for similar
crosslinked nanofibrous meshes [14,15]. Nevertheless, the nanofibers
diameter is still within the range of the collagen fibrils found at the
ECM (50-500 nm), which highlights the EAM capacity to mimic some
of the native skin structural features and provide an interface that fa-
vours cell migration, adhesion, and proliferation [16].

3.2. Attenuated total reflectance-Fourier transform infrared spectroscopic
analysis

As aforementioned, the aqueous stability of SF can be improved by
promoting a conformational change in its structure, i.e. a conversion
from random coil to B-sheet through the treatment of the membrane
with ethanol vapor. The structural changes in SF were confirmed by
FTIR analysis. In Fig. S3, it is possible to see that the peaks of amide I
(1643 cm™') and amide II (1528 cm™!) that are characteristic of the
random coil conformation were shifted to 1627 cm~! and 1518 cm™!,
respectively. This result confirms the presence of the 3-sheet conforma-
tion of SF nanofibers and consequently the improved aqueous stability
of SF[15,17]. Further, to confirm the improved water stability, the mem-
branes were also incubated for 24 h in ultrapure water and the absor-
bance at 275 nm was recorded. The spectrum of the crosslinked
membranes did not show a significant release of SF, while the spectrum
of uncrosslinked membranes presents a broad peak, i.e. SF dissolution
occurred.

On the other side, FTIR was also used to characterize the chemical
composition of the electrospun layers produced in this work (Fig. 3A).
The spectrum of the top layer displays the characteristic peaks of SF at
3281 cm~! (-OH stretching and bending vibration mode), 2942 cm™!
(asymmetric CH, stretching), 1627 cm ™' (amide I), and 1518 cm™!
(amide II) [15,18]. Additionally, in this spectrum, the characteristic
peaks of PCL are also visible at 2942 cm ™" (asymmetric CH, stretching),
1724 cm™! (carbonyl stretching), 1293 cm~! (C—O and C—C
stretching), 1239 cm~' (asymmetric C—O—C stretching) and
1163 cm ™! (symmetric C—O—C stretching) [18]. Similarly, the spec-
trum of the bottom layer (Fig. 3B) shows the typical bands of SF, as
well as the characteristic peaks of HA at 3200-3600 cm™! (OH and
NH stretching), 1640-1690 cm ™! (C=0 stretching of primary amide)
and 1029 cm™"' (C—O0—C stretching) [5].

Furthermore, the incorporation of THY into SF_HA nanofibers was
also investigated. The spectrum presented in Fig. S5 displays the THY
characteristic peaks at 3174 cm™! (stretching vibration of phenolic
O—H group), 2900 cm ™! region (C—H stretching), 1619-1516 cm ™!
(C—C ring stretching band), 1516-1421 cm ™' (OH bending vibration),
1243 cm ™! (C—O stretching), and 801 cm ™! (aromatic C—H bending)
[19]. Further, the same peaks can be observed in the spectrum of the
SF_HA_THY membrane, which indicates the successful entrapment of
THY within the polymeric nanofibers.

3.3. Characterization of the membranes' mechanical properties

The mechanical properties of the produced EAM were assessed in
dry and wet conditions. The Young's modulus, tensile strength, and

Cross-section

SF_HA_THY

Fig. 2. SEM images of the produced EAM cross-section (top layer: SF_PCL; bottom layer: SF_HA).
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elongation at break for the EAM and the values reported for native skin
are presented in Table S1. The Young's modulus obtained for EAM was
25.67 + 6.84 MPa in a dry state, whereas in wet conditions this value
decreased to 14.70 + 4.42 MPa. Moreover, the EAM showed values of
the Tensile Strength of 23.01 + 6.73 MPa in the dry state and 7.59 +
1.26 MPa in wet conditions. The elongation at break assays reveal that
the EAM can bear a strain of 69.27 4 14.87% and 57.39 4 13.78% for
the dry and wet state, respectively. The obtained data, both in dry and
wet conditions, emphasize the excellent mechanical properties of the
EAM. In fact, the obtained Young modulus, tensile strengths, and
elongation-at-break values are similar to those displayed by the native
skin (as depicted in Table S1). Further, such results demonstrate that
the EAM can tolerate all the stresses during the membrane handling
and provide mechanical support during the wound healing process.
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The mechanical performance of EAM can be attributed to PCL and SF,
which are recognized by their good mechanical properties [6,20-22].
Further, Nogueira et al. reported that the structural transition from ran-
dom coil to 3-sheet conformation makes SF more resistant to water and
also improves its mechanical properties [23].

3.4. Assessment of the membranes' porosity

The wound dressings' porosity affects the cellular adhesion, infiltra-
tion, and proliferation, as well as gases, nutrients and fluids exchange at
the wound site [24]. Based on data available in the literature, for an ef-
fective healing process occurs, wound dressings should display porosity
values within the range of 60-90% [25].
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Fig. 4. Characterization of the total porosity (A), weight loss (B), and swelling profile at pH 5 (C) and pH 8 (D), of the SF_PCL and SF_HA_THY layers and EAM at different time points (data

are presented as the mean + standard deviation, n = 5, *p < 0.05).
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Herein, the SF_PCL and SF_HA_THY nanofibrous layers presented a
total porosity of 64.28 4+ 2.59% and 85.24 4 2.47%, respectively
(Fig. 4A). Moreover, the EAM membrane displayed a total porosity of
74.78 + 6.98%, a value that is comprehended between the porosity
values of the individual membranes (top and bottom layers). The ob-
tained porosity values are in accordance with the structural differences
noticed between the top and bottom layers, as previously observed in
the SEM images. In fact, the lower porosity of SF_PCL layer is justified
by the increased nanofiber diameter and deposition density. Such
values are in agreement with those obtained for other asymmetric
membranes reported in the literature, where the top layer produced
with PCL displayed the lowest porosity (55 + 5%) and the bottom
layer composed of CS_AV_PEO showed a superior porosity (97.8 +
5%) [6]. Moreover, the obtained porosity values are compatible with
the functions desired for each layer, the lower porosity of top layer
will inhibit microorganism invasion whereas the highly porous bottom
layer (~90%) allows cell adhesion, migration, and proliferation [24].

3.5. Evaluation of the swelling profile of the produced membranes

Membranes' swelling capacity has a tremendous impact on its appli-
cation in the wound healing process. This property is fundamental to ac-
complish the absorption of the wound exudate, which is essential to
prevent tissue maceration and skin infection [26]. The swelling profile
of the produced membranes was studied by incubating them in PBS at
pH = 5 (Fig. 4C) and pH = 8 (Fig. 4D) to mimic the conditions found
in the native and injured skin. The obtained results demonstrated that
SF_PCL, SF_HA _THY, and EAM membranes reached their maximum
water uptake capacity after 24 h. On the other hand, the swelling capac-
ity for all the groups was higher at pH 8, i.e. water absorption ratio of
~25, ~45 and =~42 for SF_PCL, SF_HA_THY, and EAM, respectively.
The obtained data reveal that the bottom layer presents a higher swell-
ing ratio in comparison with the top layer, which occurs due to the in-
corporation of hydrophilic compounds, like HA [27]. Further, the
combination of SF_PCL and SF_HA_THY nanofibrous layers appears to
result in an EAM membrane with a more controlled swelling capacity,
i.e. have a higher swelling ratio than the top layer, however it is not as
high as the bottom layer, which allows a sustained absorption of exu-
dates and avoids the wound dehydration. Additionally, the increased
swelling capacity at pH 8 highlights the potential of EAM to remove
the exudate from the wound, produced 1-3 days after the injury occurs,
namely during the inflammatory phase.

3.6. Evaluation of the membranes' degradation profile

When a non-biodegradable biomaterial is used to cover the skin le-
sion, its removal from the wound can induce the formation of scar tissue
and pain to the patient as well as increase the risk of bacterial contam-
ination. In this way, wound dressings should be produced with biode-
gradable materials, that display a degradation profile that is similar to
the skin regeneration rate [28]. Therefore, the fine-tuning of the bioma-
terials degradation profile is crucial to enhance the healing process [29].

SF fibers are defined as a non-degradable biomaterial, which hinders
its application in the production of wound dressings. To surpass such
handicap, in this study, silk-based EAM degradability was tailored by
adding different polymers and compounds to the SF matrix (Fig. 4C).
The degradation studies showed that the EAM membrane undergoes a
weight loss of 23% during the 7 days. Further, SEM images of the EAM
membrane cross-section (Fig. S6) were acquired and revealed that the
two layers remain attached together, even after incubation in PBS for
7 days. The degradation profile may be justified by the strong entangle-
ment between the two layers that compose the EAM. Moreover, the two
polymers used in the top layer (SF and PCL) present a slow degradation
profile. In fact, the in vitro degradation of SF occurs mainly by hydrolysis,
whereas PCL degrades through the action of metalloproteinases and hy-
drolysis of the polyester components [21]. In turn, the HA and THY,

present in the bottom layer of EAM, are characterized by suffering
higher weight losses in vivo. HA is degraded by the action of the hyal-
uronidases enzymes, hydrolysis and oxidation [9]. On the other hand,
THY suffers degradation through the oxidation, polymerization, dispro-
portionation and cyclization reactions [30].

3.7. Characterization of the EAM water vapor transmission rate

The ability of a wound dressing control the water loss can be deter-
mined by the Water Vapor Transmission Rate (WVTR) [31]. In the
wound healing process, WVTR plays an important role in preventing
wound dehydration and exudate accumulation, favouring the tissue re-
generation [32].

The EAM membrane presented a WVTR of 2070.62 + 102.52 mL/-
m?/day. This value is superior to those found on commercial wound
dressings (e.g. 491 + 44 g/m?/day for Tegaderm™ (3 M), 394 +
12 g/m?/day for Bioclusive™ (Johnson-Johnson), and 792 +
32 g/m?/day for Opsite (Smith & Nephew)) [33] and to other asymmet-
ric membranes previously described in the literature (e.g. asymmetric
PCL/CS_AV_PEO membrane (1252.35 + 21.22 g/m?/day) [6], PCL_HA/
CS_Zein electrospun bilayer membrane (1762.91 4 187.50 g/m?/day)
[5] and asymmetric PVA/CS membranes produced by scCO,-assisted
phase inversion method (214 + 16 g/m?/day) [34]). In fact, according
to the data available in several studies, the ideal WVTR value should
be comprised between 2000 and 2500 mL/m?/day to facilitate the pro-
liferation and function of epidermal cells and fibroblasts as well as the
water vapor exchanges [35].

3.8. Water contact angle determination

Wound dressing material wettability is one of the most important
surface properties that affect its biological performance, namely protein
adsorption, platelet adhesion, blood coagulation as well as cells and bac-
terial adhesion [36]. Herein, materials wettability was studied by deter-
mining the water contact angle (WCA). The SF_PCL layer exhibited a
WCA value of 103.10 £ 6.57°, revealing a hydrophobic character. This
result can be explained by the hydrophobicity of the PCL aliphatic poly-
ester chains and SF 3-sheet conformation [15,17]. Further, the SF_PCL
membrane was designed to act as a physical barrier that protects the
wound and also avoids bacteria infiltration. For that purpose, the appli-
cation of hydrophobic surfaces (90° < WCA < 150°) has been reported as
more effective [5,36]. In turn, the SF_HA and SF_HA_THY layers pre-
sented WCA values of 26.51 4 4.87° and 38.77 4 5.32°, respectively.
This hydrophilic character is explained by the presence of HA polymer,
which is one of the most hydrophilic molecules of ECM [53]. Further-
more, the incorporation of hydrophobic essential oil (THY) resulted in
a membrane with a moderate hydrophilic surface, WCA values
comprehended between 40°-70°, which are considered ideal for
supporting cell attachment and proliferation (see Section 3.11) [37].
Such differences in wettability between the top and bottom layers
were also verified in other asymmetric membranes described in the lit-
erature [5,6].

3.9. Characterization of the thymol in vitro release profile

Different materials and drugs have been used to produce
electrospun meshes, that are aimed to be used as drug delivery systems
[5,38]. Among them, biodegradable (e.g. CS, poly(lactic acid), poly(eth-
ylene oxide), PCL [5,39]) or non-biodegradable (e.g. polyurethane
[40]) materials have been used to accomplish specific drug release pro-
files. Herein, THY (an herbal drug) was selected to be loaded into the
nanofibers in order to provide antibacterial and antioxidant properties
to the bottom layer of the EAM. The LE and EE values obtained for the
THY incorporation in the bottom layer of the EAM were 64.8 + 5.42%
and 79.7 £ 7.19%, respectively. These results indicated that THY can
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be efficiently encapsulated in the SF_HA nanofibrous layer by using the
electrospinning technique.

Afterwards, the THY release profile from SF_HA nanofibrous layer
was characterized at pH 5 (pH of the native skin) and 8 (pH of injured
skin) [7]. The obtained results (Fig. 5B) show that the THY release
from the nanofibers, at both pHs, comprises two different phases, i.e. a
burst release in the first 8 h after immersion in PBS, followed by a grad-
ual release up to 24 h. Such release profile can be justified by the high
surface to volume ratio of the nanofibers that favours the PBS adsorp-
tion and consequently the diffusion of THY from the nanofibrous mem-
branes to the release media. The cumulative release of THY from the
bottom layers is 71.75 + 2.06% and 91.87 + 0.99% at pH 5 and pH 8, re-
spectively. Such results may be explained by the higher swelling exhib-
ited by the membranes at pH 8. Further, the increased HA degradation
that occurs in alkaline conditions can favour the release of THY [42].
Nevertheless, the obtained release profile is crucial for the bottom
layer to avoid the skin infections as well as to reduce the formation of
reactive oxygen species at wound site.

Moreover, the release data was also analyzed by different mathe-
matical kinetic models to characterize the type of interactions that affect
the drug release, please see Table S2. The mathematical model that pre-
sents the best fitting with the obtained release data is the Korsmeyer-
Peppas (R? = 0.99 (n < 0.5)). This indicates that the drug is released
from the SF_HA_THY layer through a Fickian diffusion process, which
occurs through the swelling of the polymeric matrix and the formation
of heterogeneous regions with a quicker drug dissolution in the com-
posite nanofiber [41]. Additionally, due to the higher weight loss of
the bottom layer (as previously determined), the release mechanism
could also be fitted with the Hixon-Crowell model (R? = 0.92). There-
fore, it can be concluded that the drug release from SF_HA_THY layer

» I ‘!""Hl I ‘m{gv,v’\

occurs essentially due to the THY dissolution from the polymeric matrix
and the degradation of the nanofibers.

3.10. Evaluation of the antioxidant activity of the produced membranes

During the wound healing process, namely in the inflammatory
phase, occurs the production of reactive oxygen species (ROS), which
are important molecules in the body defence against the microorgan-
isms' invasion. However, when the production of ROS is excessive, the
ECM proteins are degraded, and cell functions are impaired. Moreover,
the ROS can prompt the proinflammatory cytokines secretion and pro-
mote the activity of matrix metalloproteases, impairing the production
of ECM and, consequently, delaying the healing process [43].

Herein, the antioxidant activity of the produced membranes was in-
vestigated through the DPPH assay, along 8 h. DPPH is a stable free rad-
ical, which displays a maximum absorption peak at 517 nm. In Fig. 5C, it
is observed that SF_PCL and SF_HA membranes present a reduced anti-
oxidant activity (9.22% and 14.15%, respectively). On the other hand,
SF_HA_THY membrane exhibited high DPPH scavenging activity
(~45.64%) after 8 h of incubation. The residual antioxidant activity of
SF_PCL and SF_HA is attributed to the phenolic side chains of SF tyrosine
and tryptophan amino acids residues [15]. In the bottom layer, the THY
incorporation in the SF_HA nanofibers improved its antioxidant activity.
In the literature, Yanishlieva and their collaborators already highlighted
the antioxidant activity of THY in a lipidic mixture (i.e. purified triacyl-
glycerols of lard and sunflower oil) [12]. This protective effect of THY
arises from its capacity to donate a hydrogen atom (from the phenol hy-
droxyl groups) to the peroxyl radicals, producing stabilized phenoxyl
radicals [44].
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Fig. 5. Schematic representation of the drug loading and release assays (A); evaluation of the THY in vitro release profile (B) and antioxidant activity (C).
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3.11. Characterization of the biological properties of the electrospun
membranes

3.11.1. Evaluation of the cell viability and adhesion in contact with the EAM

The cytocompatibility of the electrospun membranes was evaluated
using NHDF as model cells. Fibroblasts were chosen since they are in-
volved in the production of ECM, glycoproteins, adhesive molecules,
and various cytokines that modulate the reestablishment of the dam-
aged tissue.

The optical microscopic images of the NHDF cells seeded in contact
with membranes after 1, 3 and 7 days (Fig. S7) show that cells did not
suffer any morphological alteration since they exhibit a morphology
similar to those present in the negative control (cells incubated only
with culture medium). On the other side, cells with a spherical shape
were visualized in the positive control. Furthermore, the cytotoxic pro-
file of the membranes was also evaluated through a MTS assay, over 1,3
and 7 days (Fig. 6A). The data obtained show that the produced mem-
branes did not induce any cytotoxic effect on NHDFs, over 7 days. More-
over, the amount of THY incorporated in the membranes did not
compromise the cell viability.

In addition, the membranes biocompatibility was also characterized
by the dsDNA assay. The obtained results (Fig. 6B) do not show any sig-
nificative differences between the test and the control group, which
suggests that the NHDFs remain viable and proliferate when seeded in
contact with the produced membranes for 7 days.

Moreover, the SEM images presented in Fig. 6C show that the topog-
raphy and roughness of the electrospun membranes promote cell adhe-
sion. However, in the SF_HA and SF_HA_THY layers, the fibroblast cells
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appear to present more filopodia protrusions, showing higher cell adhe-
sion and proliferation.

3.11.2. Live/dead assay

Live/dead assay was also performed to analyse the cell survival at the
surface of the membranes, by simultaneously staining live (green la-
belled) and dead (red labelled) cells. The CLSM images (Fig. 7) clearly
show that cells remain viable when they are seeded in contact with
membranes, and their number increased along time. These results cor-
roborate the data obtained in the MTS and dsDNA assays, thus
supporting the biocompatibility of these membranes. Moreover, the
SF_HA and SF_HA_THY layers present a higher number of cells. The en-
hanced biological properties exhibited by the bottom layers are ex-
plained by the presence of HA in its composition. In fact, HA is a
protein found in skin ECM that has a high water retention capacity,
stimulates the migration of inflammatory and fibroblast cells into the
wounds, through its interaction with cell surface receptors CD44 [45].
Moreover, the low molecular weight of the HA used in this study also fa-
vours cell migration and adhesion [46]. Indeed, these superior biological
performance of HA enriched nanofibers was also observed in a study
performed by Li et al.,, where the incorporation of HA improved the cel-
lular microenvironment, favouring the cellular infiltration and adhesion
to the nanofibers [47]. Moreover, Selvaraj and their co-workers also
demonstrated that fibroblasts proliferate and remain viable when in
contact with SF electrospun membranes [15]. Overall, the obtained re-
sults clearly demonstrate the excellent biocompatibility of the produced
EAM as well as support its application as a wound dressing for promot-
ing the healing process.
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SEM images of NHDF cells seeded at the surface of the different electrospun membranes
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Fig. 7. Fluorescence microscopic images from a Live-dead assay of NHDFs cultured on the surface of the produced membranes after, 1, 3 and 7 days. Green channel: viable cells labelled with
Calcein; red channel: dead cells stained with Propidium iodine.
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3.12. Evaluation of the antimicrobial properties of the membranes

Bacterial contaminations, which usually occur after a skin injury, are
regarded as one of the most severe and devastating health complica-
tions. According to the available information, up to 65-80% of all infec-
tions lead to the formation of biofilms, highlighting the urgent need to
develop biomaterials capable of avoiding the establishment and devel-
opment of infections [48]. In this context, the antimicrobial properties
of the produced membranes were evaluated by using S. aureus (gram-
positive bacterium) and P. aeruginosa (gram-negative bacterium) as
bacteria models. These strains were selected since they are described
as the most common microorganisms found in skin infections [49].

The results presented in Fig. 8A and B show that the top layer
(SF_PCL) of the EAM membrane, acts as a protective barrier, avoiding
the bacterial infiltration in both bacterial models. Further, the obtained
results do not show any significant difference with the control group, a
filter paper (pore size of 0.22 um). Additionally, SEM images (Fig. 8C)
also demonstrate that the bacteria can adhere to the upper side of the
top layer, however no bacteria were visualized at the bottom side of
the nanofibrous layer, which emphasizes the capacity of the top layer
to act as a filter, due to its low porosity, avoiding the microorganism's
colonization of the wound.

Furthermore, the antibacterial properties of the bottom layers
(SF_HA and SF_HA_THY) were also evaluated. To accomplish that, bac-
teria models (S. aureus and P. aeruginosa) were grown in contact with
the membranes and then, the number of bacterial colonies formed
was counted. The obtained results show that the SF_HA_THY mem-
branes present an increased inhibitory effect in bacterial growth,
87.42% and 58.43% for S. aureus and P. aeruginosa, when compared to

A . B

Log4o(CFU/mL)

S.aureus P.aeruginosa

B SF_PCL [ Filter paper

SF_HA membranes, 4.05% and 3.42% for S. aureus and P. aeruginosa
(Fig. 9A and B). Furthermore, contrasting to SF_HA membranes, no bio-
film formation was observed at the surface of SF_HA_THY nanofibrous
layer (Fig. 9C). To further assess the antibacterial potential of the mem-
branes, the modified Kirby-Bauer assay was performed. The obtained
data confirmed the excellent antimicrobial properties of the SF_HA_THY
layer, which presented a 2 to 3 times larger inhibitory halo area in com-
parison to SF_HA layer for S. aureus and P. aeruginosa, respectively
(Fig. S8).

The results demonstrate that the incorporation of THY conferred an-
timicrobial properties to the bottom SF_HA layer. The antibacterial
properties of essential oils and their components have been already re-
ported in the literature [50,51]. In the majority of the cases, the essential
oils destabilize the cellular architecture, leading to the disruption of the
cell wall structure and functions [52,53]. The impairment of the cell wall
permeability can compromise the solutes transport, the maintenance of
the cell energy, and the metabolic regulation [54]. Further, the antibac-
terial activity of essential oils can induce the reduction of the membrane
potential, the disruption of the proton pumps, and depletion of the in-
tracellular ATP [55]. However, several studies speculate that the antimi-
crobial activity of essential oils is significantly influenced by the
physicochemical characteristics of the bacterial cell wall [52,56]. Indeed,
in this study, the THY presented a superior efficacy towards S. aureus. In
this sense, some studies suggest that the difference in the susceptibility
to antimicrobials between Gram-positive and Gram-negative bacteria
could be attributed to the cytoplasmic membrane and/or outer mem-
brane cell wall structure and composition [57]. The structure of the
Gram-positive bacteria cell wall facilitates the penetration of hydropho-
bic molecules into the cells, allowing their action on the cell wall and
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within the cytoplasm [57]. On the other hand, the cell wall of Gram-
negative bacteria is more complex and presents a higher thickness
[56]. Further, the cell wall of the Gram-negative bacteria is composed
primarily of lipopolysaccharide molecules which form a hydrophilic
permeable barrier, providing protection against the effect of hydropho-
bic essential oils [58].

4. Conclusion

Despite the tremendous efforts made in the development of wound
dressings, none of the currently available is fully capable of re-establish
the skin native structure and functions. To overcome this situation, the
electrospun asymmetric membranes exhibiting a skin-like layered or-
ganization and physicochemical properties arise as a highly promising
approach for improving the wound healing mechanism. Herein, a
bilayered EAM was produced using as the main component a silk de-
rived biopolymer. The top layer was manufactured with SF and PCL to
act as a physical barrier at the wound site, whereas the bottom layer
was composed of SF, HA and THY to enhance the wound healing process
and avoid the occurrence of infections at the wound site. It is worth to
notice that to the best of our knowledge, this is the first time that THY
is incorporated in an EAM. Moreover, the structural organization and
mechanical properties exhibited by EAM are similar to those of the
human native skin. Moreover, in vitro assays revealed that the mem-
brane can promote the cell adhesion, proliferation and spreading. In ad-
dition, the incorporation of THY into the bottom nanofibrous layer
imprinted in the EAM antioxidant and antibacterial properties that are
essential for the healing process.

In the near future, the EAM and THY anti-inflammatory, local anes-
thetic, antinociceptive, cicatrizing and antiseptic properties will be fur-
ther characterized to reinforce the application of this membrane as a

wound dressing. Moreover, the inclusion of growth factors and proteins
can also be considered to improve the biological performance of these
membranes.
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