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Novel electrospun fibrous biocomposites have been fabricated, based on two naturally derived materials, namely wool

keratin and cinnamon essential oil, and their efficacy as treatment of skin burns caused by UVB exposure is demonstrated.

The cinnamon essential oil, successfully encapsulated in uniform, bead-free fibers, enhances the mechanical compliance of

the composite, retains its antioxidant properties and is released from the keratin matrix upon its dissolution in aqueous

environment. The low-cytotoxicity material reduces the risk of infection from Staphylococcus aureus, Escherichia coli and

Pseudomonas aeruginosa. Additionally, upon contact with UV-inflammated skin, keratin-cinnamon essential oil fibers are

able to down-regulate in vivo IL-6 and IL-1B cytokines production, thus limiting the inflammatory response induced by UVB

radiation exposure and confirming the potentialities of our designed dressing as biomedical device for burn wound care.

1. Introduction

Skin burns are characterized by severe tissue damage, involving
morphological alterations, erythema, apoptosis, and
impairment of the physiological epidermal barrier function -2,
that may result in malfunction of microcirculation, generation
of oxidative stress, and release of proinflammatory cytokines at
the injured site.3 Moreover, the burnt skin loses its protective
function, becoming the perfect environment for bacterial
growth.* In fact, phenomena such as infection and chronic
inflammation can undermine a successful healing of the
tissue.>® In the past decade, the design of smart dressings able
to accelerate the skin burn healing process by providing
antibacterial, antioxidant or anti-inflammatory features has
been intensively pursued.””! Generally, an active wound
dressing should be biocompatible, self-adhere to both moist
and dry skin surfaces, and maintain the wound bed clean.?
Ideally, it should also be resorbable, in order to avoid the risk of
repeated injury upon removal.!* More importantly, the dressing
should be able to release drugs or bioactive compounds, to
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counteract the onset of bacterial infections and actively support
the tissue healing process.13-16

In an attempt to respond to these challenges, scientists have
been using nature as a source of inspiration. Keratin, a
ubiquitous biological material, can be found in hair, wool, quills,
horns of mammals (mostly composed of a-keratins), and
feathers, claws and beaks of birds and reptiles (mostly
containing B-keratins).1”18 |ts abundance in nature and its
ability to enhance cell proliferation and attachment 1°22 make
keratin an ideal material for a variety of biomedical applications,
ranging from scaffolds for cell growth 23-25 to drug delivery.26:27
In the field of wound management, keratin-based products
have been developed and some of them have been used in
acute and chronic wound management, and skin disorders.28
Given the rather poor mechanical properties of keratin and its
low molecular weight (ranging from 10 to 60 kDa), the protein
is often combined with synthetic polymers, such as PEO 2930, or
PCL, PVA 231 which serve as adjuvant to enhance
processability.

Natural medicinal extracts can be implemented for several
pharmaceutical applications.'®32 For example, Hajiali et al. 1®
have successfully encapsulated lavender essential oil in sodium
alginate nanofibers, which led to a remarkable reduction in pro-
inflammatory cytokines in a mouse skin burn model. A plant
extract that since the ancient years has been exploited for its
biological activities is cinnamon essential oil, an oil derived from
the leaves or the bark of different types of cinnamon plants.
Amongst them, the essential oil extracted from the bark of the
Cinnamomum verum plant exhibits a wide variety of
therapeutic effects, including antimicrobial activity 3335 and
antioxidant properties 3¢ that may actively contrast skin
inflammation.3” Cinnamon essential oil, mainly composed of
cinnamaldehyde and eugenol aromatic compounds, is also rich
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in phenolic molecules and flavonoids 3%, responsible for the
resulting biological features.37,39.40

Herein, we present the fabrication of electrospun fibers of
wool-extracted keratin with polyvinylpyrrolidone (PVP) and
different concentrations of cinnamon essential oil and their
assessment as dressing for skin burns. Keratin-PVP aqueous
emulsions with the cinnamon essential oil were prepared for
subsequent water-based, ecofriendly electrospinning, resulting
in biocompatible fibrous mats. Thanks to its high surface to
volume ratio, the fibrous structure would result in an adequate
drug loading and release, a crucial aspect for an efficient wound
healing. The homogeneous distribution of the cinnamon
essential oil in the polymer conveyed strong antioxidant and
antimicrobial activity to the fibrous mats. Furthermore, the
fibrous mats were able to release the bioactive essential oil and
promote the treatment of UVB skin burns. The obtained fibers
show anti-bacterial activity against both Gram (+) and Gram (-)
representative bacterial species, as well as in vivo anti-
infllammatory effects following UVB exposure. The fibrous
biocomposites and their ability to contain radiation-induced
inflammation qualify our material as a potential wound dressing
for skin burns.

2. Experimental

2.1 Materials

Keratin was extracted from Argentinian sheep wool (Olimpias,
Italy). Cinnamon essential oil of the Cinnamomum verum
species was purchased from Maitreya-Natura (Italy). Poly(N-
vinyl pyrrolidone) (PVP) (nominally with My, = 1,300,000 Da;
from GPC analysis in DMF My, ~ 1,200,000 Da and from AF4
analysis in water My, = 650,000 Da, always with dispersity
index D>>3; see section S1 in Supporting Information, Table S1
and Figure S1), phosphate buffered saline (PBS), ethanol, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), acetone, methanol, urea, B-
mercaptoethanol, sodium dodecyl sulfate (SDS) and sodium
azide (NaNs) were purchased from Sigma-Aldrich.

2.2 Keratin extraction protocol

Argentinian sheep wool fibers were washed in a 1:1 solution of
acetone:methanol (6 h under mild agitation), thoroughly
washed with MilliQ water and let dry overnight at room
temperature. Extraction of keratin from wool was performed
following the protocol presented by Suarato et al.*! Briefly, 2 g
of washed wool fibers were dissolved in a 7 M urea solution (36
mL) with SDS (0.107 M), using B-mercaptoethanol (1.2 M) to
remove the intra-keratin disulfide bonds. The fibers were
immersed in the reagent mixtures and heated at 60 °C for 4 h in
an oven. Subsequently, the supernatant was collected, and the
fibers were pressed onto a metallic net to allow further
extraction of the protein. The extracted material was dialyzed
against distilled water for 48 h with dialysis tubes (MW cut-off
of 3500 Da, SpectrumLabs) and then centrifuged (three times at

2 | J. Mater. Chem. B, 2020, 00, 1-3

9000 rpm and 4 °C for 20 min), to eliminate residuq;eaqg‘jliebég%
debris. The final keratin concentratioROWHs1085/80 MAB/AHIE
assessed by air evaporation.

2.3 Preparation of the composite fibers by electrospinning

PVP/keratin aqueous solutions were prepared at different
weight ratios (3:1, 2:1, and 1:1, w/w), were stirred overnight at
room temperature and were electrospun in ambient conditions.
In addition, for the PVP:keratin solution with 1:1 weight ratio,
various volumes of cinnamon essential oil were added (5%, 10%
and 15% v/v with respect to the volume of the PVP/keratin
solution — designated as KC5, KC10 and KC15, respectively). The
resulting systems were stirred with a vortex mixer, in order to
emulsify the oil-in-water phase, prior to electrospinning. The
emulsions were stable for ca. 1 week. Electrospinning was
carried out immediately after the emulsion preparation, as
follows. A syringe was filled with the final solution (KCO) or
emulsion (KC5, KC10 or KC15) and connected to a syringe pump
(NE-1000 New Era Pump Systems, Inc.) working at a flow rate
between 350-850 uL/h. The stainless-steel spinneret (18-gauge
needle) was clamped to the positive electrode of a high-voltage
power supply (EH40R2.5, Glassman High Voltage, Inc.) applying
a voltage of 24 kV and the ground electrode was connected to
an aluminum collector placed at 25 cm from the spinneret tip.

2.4 Asymmetric Flow Field-Flow Fractionation (AF4)

The composition of electrospun KCO fibers, containing different
PVP:keratin ratios, was analysed after dissolution of the fibers
in deionized water (10 mg/mL) for 2 h at room temperature. The
AF4 system AF2000 TM (Postnova Analytics,
Germany) was coupled online to a UV-VIS spectrophotometer
at 280 nm (S3210, Laserchrom, Rochester, UK), a PN3609 multi-
angle light scattering (MALS) (Postnova Analytics, Landsberg,
index (RI,
Analytics, Landsberg, Germany) detector in the given order. The

Landsberg,

Germany), and a PN3150 refractive Postnova
AF4 channel was equipped with a 350 um spacer and a 10 kDa
MWCO membrane of regenerated cellulose as accumulation
wall. A 7 mM SDS solution supplemented with 0.02% (w/v)
sodium azide (NaNs) was filtered through a 0.1 um filter and
used as eluent. For the calibration curve, the single compounds
(PVP and keratin) were individually dissolved in water with
concentration ranging from 20 to 1 mg/mL. In a typical
experiment, the detector flow rate was set at 1 mL/min and 20
uL of sample were injected over 4 minutes, setting 0.2 mL/min
as injection flow rate. The initial cross flow and focusing flow
were set at 4.5 and 5.3 mL/min, respectively (focusing step). For
the elution step the cross flow was maintained constant at 4.5
mL/min for 3 min and then exponentially (exponent = 0.30)
decreased to 0 mL/min over 20 min. Subsequently, it was kept
at 0 mL/min for 8 additional min. Lastly, a rinse step was
performed for 0.5 min. The polymer concentration was
obtained by integrating the UV/Vis signal between 7 and 35
minutes for keratin and the refractive index signal between 25
and 30 min for PVP.

This journal is © The Royal Society of Chemistry 20xx
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2.5 Sample characterisation

The
electrospun fibers was analysed by Scanning Electron
Microscopy (SEM; JEOL JSM-6490L). Confocal images were
recorded using a Nikon Al confocal microscope. The specimens

Morphological characterisation. morphology of the

were excited with the 488 nm laser line (Argon laser) and the
images were collected through a green band pass filter.
Chemical analysis. Infrared spectra were obtained with a Fourier
Transform Infrared Spectrometer (Equinox 70 FT-IR, Bruker),
equipped with ATR (MIRacle ATR, PIKE Technologies) using a
diamond crystal. All spectra were recorded in the range of 4000
- 600 cm™!, with a resolution of 4 cm™, accumulating 64 scans.
Micro Raman spectra were acquired at ambience using a Horiba
Jobin-Yvon LabRAM HR800 pRaman spectrometer, equipped
with a microscope. A 632.8 nm excitation line, in backscattering
geometry through a 50x objective lens, was used to excite the
specimens, at low power of 0.25 mW. The grating was of 600
lines per mm with spectral resolution of approximately 1 cm-2.
Mechanical tests. The mechanical properties of the fiber mats
were analyzed by performing stress-strain curves using a dual
column tabletop universal testing System 3365, with 1 mm/min
cross-head speed. Samples were cut in rectangular pieces with
a width of 5 mm and an effective length of 25 mm. From the
resulting stress-strain curves the Young’s modulus, tensile
strength and elongation at break were calculated. An average
of 7 measurements was taken for each sample.

2.6 Drug release

The main paragraph text follows directly on here. The fiber mats
were studied for the release of the essential oil. Samples of 1
mg were placed in quartz cuvettes with 3 mL of PBS:ethanol
solution, at a volume ratio of 60:40, according to Hosseini at
al.*2, in which the electrospun fibers were not dissolving, and
the absorption using a UV-visible
spectrophotometer (CARY200 Scan, Varian), over the course of

was measured
24 h. Before each measurement, the cuvettes were gently
shaken, in order to achieve a homogeneous dispersion of the
released active compound in the solution. The release was
studied following the increase of the absorption peak of
cinnamaldehyde (CA), at 291 nm.*? To ensure that infinite sink
conditions are simulated and preserved during the course of the
experiments we calculated the solubility of CA to be
approximately 0.1 mg/mL, whereas the samples KC5, KC10 and
KC15 reached a release of 0.004 mg/mL, 0.008 mg/mL and
0.010 mg/mL, respectively. The experiment was carried out in
triplicates and the data

are expressed as cumulative

percentage.

2.7 Antioxidant activity

The antioxidant activity of the fibers was investigated by the
standard DPPH- free radical scavenging assay (RSA). Samples of
5 mg of KCO, KC5, KC10 and KC15 fiber mats were separately

This journal is © The Royal Society of Chemistry 20xx
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placed in polystyrene cuvettes containing 2 mL, of, 0.2 mM
solution of DPPH- radical in ethanol. The detréalss inxheAsdica
signal absorption was measured at 528 nm using a Cary 300
Scan UV-visible spectrophotometer, in the dark, at room
temperature for 24 h. All measurements were performed in
triplicates. A sample with 2 mL of DPPH- solution was used as
control, to ensure the reagent stability. RSA was expressed as
the inhibition percentage of the free radical of the samples and
was calculated using Equation (1):

(A controt — (A)sample
RSA(%) = [W]x 100 (1)

where (A)control IS the absorption of the control sample and
(A)sample is the absorption of the sample at different time points.

2.8 Antibacterial activity

The bacterial strains used for this assay were: (a) Escherichia coli
reference strain DSM498 (Gram negative), (b) Pseudomonas
aeruginosa (Gram negative), which was isolated from a surface
water sample and was biochemically identified with the API®
20NE kit (Biomérieux) and (c) Staphylococcus aureus (Gram
positive), which was isolated from food sample (poultry) and
identified biochemically using the API° Staph test
(Biomérieux). The specific bacterial species used were chosen

was

based on their importance for public health and their frequent
presence in skin wounds. All isolated strains were stored at -80
°C in glucose solution. Bacterial inactivation for each species
was performed in nutrient broth (LABM) with a bacterial
concentration of 102 CFU/mL. The experiment was performed
for the fibrous samples (either loaded or unloaded) and the
pure cinnamon essential oil as control, following Zahid et al.*3
Briefly, electrospun fibers of KCO and KC10 were cut in small
round pieces with diameter of 1 cm, weighing 2.8 + 0.5 mg.
Liquid cultures were prepared for each bacterial strain in
nutrient broth (LABM) with a concentration of 102 CFU/mL.
Sample disks were added in each liquid culture and bacterial
inocula were incubated at 37 °C for 24 h. After the incubation
period, the optical density of each liquid culture was measured
at 600 nm and viable counts were performed using nutrient
agar (LABM) plates and subsequent incubation at 37 °C for 24 h.
The reduction of the bacterial population in each case was
estimated based on optical density values and colony counting.
Furthermore, in another set of experiments, pure cinnamon
essential oil was added in the bacterial inoculum, and bacterial
inactivation was recorded after a 24 h incubation, following the
aforementioned procedure. The quantity of cinnamon oil added
in each case was calculated according to the equivalent amount
present in the electrospun fibers. Specifically, 1.5, 1.9 and 2.9
pL of oil were added as equivalent of KC5, KC10 and KC15
samples, respectively.

J. Mater. Chem. B, 2020, 00, 1-3 | 3
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2.9 In vitro biocompatibility assay

Primary human dermal fibroblasts (HDFa, Thermo Fisher
Scientific) were cultured in T75 flasks in the presence of
Medium 106 supplemented with LSGS Kit (Thermo Fisher
Scientific) until confluency, seeded onto 24-well plates at a
density of 7000 cells/cm?, and let attach overnight in an
incubator at 37 °C and with 5% CO,. Extraction medium from
the various keratin-based fibrous matrices were prepared
following the 1ISO10993-5 standard test. Briefly, fibrous samples
were cut into small pieces (Y10 mg of weight) and UV-light
sterilized for 20 minutes (10 minutes per side). The fibers were
immersed in 1 mL of cell culture medium for 24 h at 37 °C to
obtain a stock solution which was used for the preparation of
the various dilutions tested (0.01, 0.05, 0.10, and 0.50 mg/mL).
The attached fibroblasts were then incubated with the different
extraction media for 24 h, while untreated cells were
considered as control samples. MTS assay (CellTiter 96®
AQueous One Solution Cell Proliferation Assay, Promega) was
used to determine the cell viability following reference.** In
order to better analyze the effect of the active principle, pure
cinnamon essential oil was directly applied in the culture
medium, after having estimated the amount present in the
corresponding loaded fibers. Prior to cell treatment, the sterile
LSGS supplemented Medium 106 and essential oil emulsions
were vortex to favor the oil droplet dispersion. After 24 h, the
samples were washed, and wells were replenished with fresh
culture medium, to remove the residual essential oil, and MTS
assay was performed.

Confocal imaging was carried out to observe the morphology of
the cells exposed to the KC fiber extracts. Briefly, fibroblasts
were plated onto fibronectin coated-glass coverslips at a
density of 7000 cells/cm? and treated as above-mentioned.
After 24 h, the samples were fixed with 3.7% paraformaldehyde
for 20 min, and the nuclei were stained with a DAPI solution (2.5
ug/mL) for 15 min in the dark. Afterwards, samples were
permeabilized with 0.3% Triton X-100 for 8 min and washed
twice with PBS, prior to incubation in Alexa Fluor 564 Phalloidin
(Thermo Fisher Scientific, 1:100 dilutions in PBS) for 20 min in
the dark. Stained coverslips were then mounted with
Fluoromont-G onto glass slides and imaged with a confocal
microscope Nikon Al.

2.10 In vivo test

Male C57BL/6J mice, 8 weeks old (Charles River, Calco, Italy), were
used for animal experiment.

Animals. The mice were grouped in ventilated cages, with free
access to food and water. They were maintained under
controlled conditions: temperature (21 + 2 °C), humidity (50 +
10%) and light (10 and 14 h of light and dark, respectively). All
animal experiments were performed according to the
guidelines established by the European Communities Council
Directive (Directive 2010/63/EU of 22 September 2010) and
approved by the National Council on Animal Care of the Italian

4 | J. Mater. Chem. B, 2020, 00, 1-3

Ministry of Health. All efforts were made to minjmize animal
suffering and to use the minimal number 6l aHiaddR PeYvired €8
obtain reliable results.

UVB-induced skin inflammation. Animals were anaesthetized
(10%) and xylazine (5%)
administered in a single intraperitoneal injection. The mice

with a mixture of ketamine

dorsal skin was shaved with an electric clipper, and the burn
wounds were induced as previously reported.*> Briefly, mice
were covered and orientated in order to have only the desired
portion of skin (approximately 1.5 cm?) exposed to a narrow
band UVB light source (TLO1 fluorescent tubes, Philips, UK, Apax=
312 nm), able to produce an even field of irradiation (maximal
dose of 500 mJ cm™2). Following the burn induction, the exposed
area was immediately treated by placing KCO and KC10 fibers
and protected with Tegarderm™ to avoid the matrices removal.
The same procedure was followed for the naive mice, which
were not exposed to the UVB radiation and did not receive any
treatment (N = 5 animals for each experimental group).
Evaluation of cytokines expression. Mice were sacrificed 48 h
after the UVB burn induction. Samples from UVB-exposed and
non-exposed skin were removed and stored at -80 °C until
processing. For evaluating the expression of cytokines (IL-6 and
IL-1 B), skin samples were homogenized and subsequently
centrifuged. The obtained supernatants were collected and
analyzed using ELISA quantikine kit (R&D system), according to
the manufacturer’s instructions. The cytokine concentration
was normalized against the total protein content for a given
sample, as measured using bicinchoninic acid (BCA) assay
(Thermo Scientific, Rockford, IL, USA). All data were presented
as means * S.E.M. An analysis of variance was performed by
ANOVA followed by Bonferroni’s multiple comparison test.

3. Results and discussion

3.1 Electrospinning of PVP:keratin solutions at different mass
ratios.

This journal is © The Royal Society of Chemistry 20xx
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Figurel SEM images of PVP:keratin fibers electrospun from
solutions at different mass ratios, (a) 3:1, (b) 2:1 and (c) 1:1; (d)
Representative AF4 analyses for the 1:1 (above) and 3:1 (below)
PVP:keratin fibers; the refractive index detector traces (red
curves, right axis) provides peaks corresponding to the elution
of both materials, but its comparison with UV absorption (black
curves, left axis) allows the clearer identification of keratin. (e)
The experimental values of the mass PVP/keratin mass ratio
were obtained through appropriate calibration of the regions in
the AF4 elugrams; the comparison between the composition of
the solution used for electrospinning and the electrospun fibers
(first two columns from the left) shows no significant deviation
of the material composition from that of its feed. Further, the
mass ratio between the two components of the fibers was
always close to its theoretical value.

In order to ease the spinnability via a green, all-water
electrospinning process, keratin has been combined with the
biocompatible PVP, initially at a mass ratio of 3:1 (PVP:keratin),
following a protocol previously established in our group.*! The
use of the adjuvant polymer allowed the formation of stable
and continuous jets under the application of a high voltage,
leading to the fabrication of homogenous, bead-free fibers with
average diameters of 424 + 137 nm (Figure 1a). Increasing the
concentration of the extracted keratin enabled the reduction of
the synthetic and water soluble PVP in the composite solution,
preserving the viscosity of the composite solution that allowed
electrospinning. By increasing the keratin concentration from
40 mg/mL to 80 mg/mL, electrospinning with different mass
ratios (3:1, 2:1 and 1:1) of PVP:keratin was performed. The
resulting fibers presented a uniform morphology, and were
rather similar in size (466 + 199 nm and 315 + 89 nm for the 2:1
and 1:1 PVP:keratin fibers, respectively) (Figure 1b-c).

This journal is © The Royal Society of Chemistry 20xx
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The composition of the electrospun materials was studied ysing
a field flow fraction method; specificalJQAFALANIOeHIPIGYEd
with different detectors for PVP and keratin, thereby verifying
the presence of the two components and simultaneously
determining their actual ratio (see SI, section S2, Figure S2 and
S3, and Table S2; this analysis also shows no significant
loss/degradation of the materials during the process). First, for
each compound a calibration curve relating the sample
concentration with a detector signal was obtained. PVP and
keratin exhibit absorption peaks at different wavelengths,
allowing for the selective detection of the protein. An initial
characterization conducted in parallel onto the polymer:protein
(1:1, w/w) solution prepared for the electrospinning process
and the actual electrospun material revealed that the
(Figure 1d).
Subsequently, different electrospun samples, obtained from
the various PVP:keratin mass ratios under study, were analysed.

corresponding mass ratio was maintained

In Figure le the PVP:keratin ratios are plotted against the
that the
concentration ratios finely corresponded to the theoretical
ones (1.09 £ 0.04, 2.24 £ 0.07, and 3.36 + 0.11, for the 1:1, 2:1,
3:1 PVP:keratin mass ratios, respectively). Nonetheless, the

nominal values. Results showed calculated

presence of some keratin aggregates was detectable by the UV
signal after 28 min of elution. These aggregates would also lead
to a slight overestimation of the PVP concentration. Indeed, PVP
recovery appeared to be about 10% higher than the keratin one.
The addition of more protein in the working solution resulted in
electrospun fibers with varying mass ratios of the two
components, indicating a good control of the composite
formulation. Moreover, the AF4 technique, employed herein
for the first time onto keratin electrospun matrices, allows a
precise and straightforward characterization of the material.
More importantly, by modifying the amount of the soluble,
synthetic polymer within the composite matrix, the resulting
fibers were less prone to an immediate dissolution in water
(data not shown). By simply tuning the fibers composition, their
handling was facilitated and their application in aqueous milieu
was resolved, without using any chemical or thermal
crosslinking. Hence, the following characterizations as well as
the final in vivo assessment were carried out employing
matrices obtained from PVP:keratin 1:1 mass ratio.

3.2 Electrospinning of PVP:keratin 1:1 with cinnamon essential oil

In order to functionalize the PVP:keratin fibers, cinnamon
essential oil was introduced at different quantities (5, 10, and
15% v/v with respect to the PVP:keratin solution). The small
amount of SDS, residual from the protein extraction, acted as a
surfactant and ameliorated the emulsification of the cinnamon
essential oil in the aqueous phase, improving the stability of the
emulsions, up to 1 week. All of the above led to well-defined,
beadless fibers, as seen in the SEM micrographs in Figure 2 (a,
c, €). The average diameters were measured for KC5, KC10 and
KC15, with values of 415+ 98 nm, 512 + 194 nm, and 531 + 112

J. Mater. Chem. B, 2020, 00, 1-3 | 5
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Figure2  SEM images and corresponding diameter distribution for
(a, b) KC5, (c, d) KC10 and (e, f) KC15 electrospun fibers.

nm, respectively (Figure 2b, d, f). This suggests a direct
correlation between the amount of oil added in the emulsion
systems and the size of the fabricated fibers.

Furthermore, in the confocal microscope, the autofluorescence
signal of the cinnamon essential oil (in the green channel) was
visibly colocalizing with the bright field signal of the electrospun
fibers (Figure S4), indicating the presence of the essential oil
and

its homogeneous distribution within the protein-based fibers.
In addition, the prepared fibrous mats presented a light-yellow
color and were characterized by a rather persisting cinnamon
scent, further validating the encapsulation.

3.3 Physico-chemical analysis of the composite fibers

The main paragraph text follows directly on here. The FTIR
spectra of the different composite samples are shown in Figure
3, where pristine PVP is also presented for comparison. The
pristine PVP shows the main vibrational peaks at 3399 cm due
to the O-H stretching, the asymmetric and symmetric CH,
stretching modes at 2950 cm™ and 2920 cm-?, respectively, and
the amide | peak at 1643 cm™. In addition, the bands at 1493
cm?, 1316 cm™ and 1286 cm! have been assigned to the PVP
backbone structure.’® Comparison of the PVP spectrum with
that of KCO reveals the presence of an overlapping of the

6 | J. Mater. Chem. B, 2020, 00, 1-3

Journal Name

absorption peaks between the two components, The amide |
(1643 cm) band in KCO is likely still overwheélRiHZY 8 0dAoPS
however, the fibers also show a clear amide Il peak at 1543 cm-?,
which is typical of primary amides and therefore can only be
assigned to keratin. This further confirms the presence of the
latter within the fibrous mats.*®

In Figure 3b the vibrational peaks of KC5, KC10 and KC15 are
depicted and compared to KCO. All samples exhibit vibrational
peaks due to the cinnamon essential oil at 1124 cm™* (C-O
stretching), 973 cm™ (C-H bending vibration), 749 cm-! (aromatic
out of plane C-H bending) and 690 cm™ (vibration absorption of
olefins).*” In the carbonyl region, cinnamon oils present a weak
peak at 1727 cm, a strong one at 1679 cm™ and a weak one

Figure3 (a) Comparison between the FTIR spectra of pristine
Keratin, pristine PVP, and the KCO fibers; (b) FT-IR spectra of the
cinnamon oil-loaded composite KC mats; (c) Raman spectra of the
KCO mats and the composite KC mats.

This journal is © The Royal Society of Chemistry 20xx
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1626 cm the first and the third become increasingly visible at
cinnamon concentration higher than 10% (v/v), whereas the
second is overshadowed by the PVP/keratin amide I.

The puRaman spectra of PVP, KCO, KC5, KC10 and KC15 fibrous
mats are presented in Figure 3c. The complementary Raman
technique has been used in this study to investigate the -SS-
groups of keratins. Similar to the FTIR results, comparing the
spectra of KCO and PVP the overlapping of the bands is evident.
The Raman resonances associated to disulfides in pristine
keratin localize at 510-520 cm™* (S-S stretching) and 650-670 cm-
1 (C-S stretching) #8; both of them have relatively low-intensity
peaks, in particular the latter. Indeed, in most keratin-
containing samples it is easy to recognize a broad peak at 500-
530 cm™? that can be assigned to keratin disulfides (either
reformed during processing or -less likely- mixed with disulfides

This journal is © The Royal Society of Chemistry 20xx
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of residual mercaptoethanol). The second peak is not seen due
to low intensity.*°

In addition, the peaks from cinnamon essential oil are quite
prominent in the spectra of KC5, KC10 and KC15. The most
intense bands are present at 1003 cm™ (2,4,6 radial in-phase
stretching mode), 1599 cm (ring vibration), 1631 cm™ (C=C
stretching), 1675 cm™ (C=0 stretching). For cinnamon content
higher than 10% v/v, more peaks appear at 1163 cm, 1182 cm-
11254 cm, 1580 cm™}, that are assigned to cinnamaldehyde.>®
The mechanical characterization of the fibrous mats revealed
that the encapsulation of the essential oils improves the
ductility of the matrices.”>*2 In fact, the Young’s modulus
decreased from 200 + 62 MPa for KCO to 48 + 29 MPa for KC15,
while the elongation at break remained between 2-6% for all

J. Mater. Chem. B, 2020, 00, 1-3 | 7
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fibrous mats, thereby showing that these systems were able to
withstand handling while being conformable to a surface (i.e. a
skin wound). Table S3 (SI) reports the detailed results of the
stress-strain analysis of the materials.

3.4 Bioactive properties of the composite fiber mats

The release of cinnamaldehyde (CA) from KC5, KC10 and KC15
fibers was investigated by UV-vis spectroscopy at different time
points. The release profiles (Figure 5a) showed that CA
presented a burst release in the first 30 min, followed by a very
slow but sustained release profile for the next 24 h. This
behavior is of great advantage when an immediate response of
the dressing is needed to deliver active principles at the wound
site 95354 After 24 h, the KC5, KC10 and KC15 fibrous mats
were able to release up to 19.6 + 1.9%, 21.1 + 3%, and 34.6 £
0.5% of their total initial amount of CA, respectively (Figure 4a).
Hence, by tuning the amount of embedded active molecule, one
can tune its release.

The DPPH- scavenging activity of the electrospun mats is
reported in Figure 5b. Surprisingly, the KCO matrices presented
an RSA of 77.3 = 2.5 % after 24 h. The antioxidant activity of
keratin has been scarcely reported in the literature, and only
specifically for keratin extracted from chicken feathers 155,
Moreover, the PVP component does not present any radical
scavenging ability °. As expected, the presence of the cinnamon
essential oil within the composite fibers enhanced their
antioxidant activity by drastically decreasing the concentration
of the DPPH- by 94.7 £ 1.5%, 96.8 + 0.7% and 96.3 + 0.1% for the
KC5, KC10 and KC15 samples,
Therefore, the addition of the bioactive compound (the DPPH-
assay for the free cinnamon oil is reported in Figure S5, as

respectively, after 24 h.

reference) further enhanced the scavenging activity of the
fibrous matrices by 19%. For both KC10 and KC15, RSA reaches
values higher than 90% within 3 h, much sooner than for KCO or
KC5. Furthermore, complete free radical inactivation takes
place with 10% v/v of encapsulated cinnamon essential oil, so
further increase of the amount of the active molecule does not
lead to higher RSA. This antioxidant boost is due to the presence
of several phenolic compounds, such as cinnamaldehyde,
eugenol and flavonoids.384057.58

In order to assess the antibacterial features of the fabricated
matrices, bacterial reduction tests were performed, with E. coli,
P. aeruginosa (Gram (-)), and S. aureus (Gram (+)) bacterial
strains, as shown in Figure 4f. Considering first the effect of the
plain PVP:keratin fibrous matrices (KCO), no reduction in the
initial bacterial populations was observed for E. coli and P.
aeruginosa. However, S. aureus exhibited a different behavior,
as 24 h-incubation with the control sample (KCO) resulted in the
complete inactivation of this bacterial species (Figure 4f, black
bar). In the updated literature, studies on the antibacterial
properties of keratinous materials (either extracted from wool,
chicken feathers or human hair) had not led to conclusive

results. For example, Caven et al. °° investigated the

8 | J. Mater. Chem. B, 2020, 00, 1-3

antibacterial nature of wool against S. aureus, which Jwas
observed only for the reduced compohehts. Hia/RRE¥AEGEIE.
scales, while the cortical cells of the wool fibers appeared to be
a suitable substrate for bacterial growth. On the contrary, in
other studies >>%° the analysis of keratin-based composite films
and nanoparticles did not reveal a strong bactericidal activity.
As a consequence, various interpretations of the antibacterial
activity of the keratin macromolecules have been lately
proposed, either based on the presence of the disulfide bonds
and the content of coiled-coil random domains ¢ or depended
on the amount of reduced protein molecules and the extraction
methods employed.>® Moreover, PVP-based membranes may
inhibit the biofilm formation of Staphylococcus epidermidis,
affecting the transfer of nutrients and oxygen into the bacterial
cells.?! In our case, the PVP-keratin fibers KCO, obtained with
reduced wool keratin (mostly presenting a-helix fractions)
appeared to induce a bactericidal effect only towards S. aureus,
in accordance with Caven et al.>®

Next, the effect of the cinnamon essential oil alone on the
strains was analyzed, resulting in bacterial reduction for all
species, as expected (Figure 4f, yellow bar). In general, the
effectiveness of the essential oils may differ depending on their
the
composition of the cell membrane pertaining to the target
bacteria (Gram (+) or Gram (-)). Thanks to their lipophilic nature,

various chemical constituents and structure and

the essential oils are able to penetrate within the bacteria
membrane, destabilizing the architecture,
impairing cellular activities such as energy production and

cellular and
respiration.52 After 24 h of incubation with cinnamon essential
oil alone, 100% of bacterial reduction was achieved towards S.
aureus, while the population reduction of E. coli and P.
aeruginosa was 37.9 and 47.2%, respectively. This difference is
likely due to the hydrophobic nature of the essential oil, which
can mainly and more easily penetrate the cell wall of Gram (+)
bacteria (i.e. S. aureus), making the Gram (-) ones more
resistant to it.53

Lastly, the effect of the cinnamon essential oil-loaded fibrous
matrices (KC10, Figure 4f, red bars) led to a population
reduction of 10.1 + 1.5% and 26.9 + 7.5% for E. coli and P.
aeruginosa, respectively, while the Gram (+) strain S. aureus

Figure4 (a) Release profile of cinnamaldehyde from KC5, KC10
and KC15 fibers up to 24 h; (b) DPPH- radical scavenging activity of
KCO, KC5, KC10 and KC15 fibers; (c) images of a cuvette before the
DPPH- scavenging assay; (d, e) images of cuvettes after the DPPH-
scavenging assay using fibers without and with cinnamon essential
oil, respectively. The color variation is indicative of the radical
inactivation. (f) Bacterial reduction of the tested bacterial strains
upon incubation with the fibrous patches (KCO and KC10), and the
pure essential oil of corresponding concentration to KC10.

inactivation was reduced by 18.8%. The peculiar behavior of the
KC10 fibers,
compared to pure essential oil and KCO (which both show 100%
inactivation), could be explained by the efficient radical

which show reduced S. aureus inactivation

This journal is © The Royal Society of Chemistry 20xx
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scavenging of the loaded fibers. It has been previously reported View Article Online
64-66 that a strong antibacterial activity can be related to the DOI: 10.1039/DOMA004168B
presence of free radicals, able to exert a killing oxidative stress
onto the bacterial cells.®> Bacteria, like S. aureus, are very prone
to Reactive Oxygen Species (ROS)-induced bactericidal
mechanism.®¢ In our case, the high antioxidant activity of KC10
(Figure 4b, red line) results in ROS inactivation within the
bacterial broth, thereby reducing the oxidative stress
experienced by the bacterial cells. However, it should be
pointed out that the biocidal activity of ROS is highly affected by
the special features and structures of the target microorganism
employed each time. For instance, Gram (+) and Gram (-)
bacteria may exhibit different behavior, according to the
operating conditions of the process and the materials that are
used. In this sense, the thick cell wall, which is present in Gram
(+) bacteria, may act as a very successful defense mechanism
against the penetration of ROS, while Gram (-) species prove to
be more sensitive. On the other hand, this precedence order
could be reversed, due to the extra outer membrane of Gram
(-) bacteria.6”.68 This complex behavior is reflected on our
results, as bacterial populations were reduced in various levels,
whether the bacterium was Gram (+) or Gram (-) (Figure 4c).
Moreover, it is highly plausible that since ROS are no longer
present in the microenvironment to carry on their bactericidal
effect onto the more susceptible Gram (+) S. aureus, the
bacterial population experiences a smaller reduction (18.8%).
Taken together, our data suggest that the effective antibacterial
activity of the cinnamon essential oil-loaded PVP:keratin
matrices might be the result of an interplay between the
antioxidant features (via the ROS-mediated mechanism) and
the presence of lipophilic chemical compounds (via the
membrane-destabilization mechanism). Cinnamon essential oil
clearly exhibits antibacterial properties towards several
bacterial species, as previously reported in the literature.16.:69-73

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

However, a direct use on a burnt skin might cause sudden
irritation and fast evaporation. In the herein reported strategy,

Open Access Atrticle. Published on 24 July 2020. Downloaded on 7/30/2020 3:02:06 PM.

the encapsulation within a fibrous matrix with high surface area
would prevent the above-mentioned side effects and prolong
the beneficial activity.

3.5 In vitro biocompatibility assay

In order to assess the cytotoxicity of the prepared matrices and
their suitability for cell culture applications, primary human
dermal fibroblasts (HDFa cells) were used as an in vitro model.
The fibroblasts exposed for 24 h to different concentrations of
matrices extraction media (obtained following the 1SO10993-5
standard test) were completely viable, if compared to the
control, untreated cells (Figure 5a). More specifically, via MTS
assay cell viabilities of (105.8 + 1.6)%, (128.1 + 1.0)%, (110.4 +
0.7)% and (116.7 £ 0.9)% were registered for treatments with
0.1 mg/mL of KCO, KC5, KC10 and KC15 fiber extracts,
respectively.At the highest concentration tested (0.5 mg/mL)
KCO and KC5 matrices did not show any cytotoxic effect, while

This journal is © The Royal Society of Chemistry 20xx J. Mater. Chem. B, 2020, 00, 1-3 | 9
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KC10 and KC15 fibers decreased the cell survival, leading to
values of (65.9+ 1.5)% and (76.4 + 1.7)% PrHelefferofaditedt
application of free cinnamon essential oil were also considered
(Figure S6, Sl). The experiments were performed by calculating
the equivalent concentrations of essential oil remaining in the
various fibrous sample extracts. Results revealed a more
pronounced cytotoxicity, as for higher concentrations (0.5
mg/mL, equivalent) the cell viability dropped down to (28.5 +
0.4)%, (38.9 + 0.5)%, (8.15 + 0.2)%, for the corresponding KC5,
KC10 and KC15 samples, respectively. Therefore, the
encapsulation within the protein-based matrix mitigates the
adverse biological effects in vitro of the free compounds. A
confocal imaging investigation was conducted in parallel to
observe the impact of the biocomposite fibers extracts (0.05
mg/mL) onto the cellular morphology (Figure 5b-f). For every
treatment, the HDFa cells uniformly coated the glass substrates
in a spread-out fashion, and presented an elongated
morphology, with stretched actin fibers. No differences were
noticeable between the control, untreated samples and the
cells grown in the presence of either the plain or cinnamon-
containing  fibers, thus confirming  their  suitable
implementation as wound dressing materials.

3.6 In vivo efficacy of the fibrous dressings

Amongst the typical cutaneous manifestations after a UVB-
induced inflammation, there are erythema and redness, which
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Figure 5 Composite fibers biocompatibility study onto primary human dermal fibroblasts adult (HDFa). (a) Effect of the unloaded and
loaded fiber extracts on the cell viability determined via MTS, p<0.01 (**) according to a Student's t-test with unequal variances. Confocal
imaging analysis depicting the fibroblast morphology in the (b) control samples, and in the samples treated either with 0.05 mg/mL of the
(c) unloaded fiber extract, or with 0.05 mg/mL of the extract of fibers containing cinnamon essential oil fibers at a concentration of (d) 5%,
(e) 10%, (f) 15%. Actin fibers highlighted in red (Alexa Fluor Phalloidin 546 staining) and cell nuclei in blue (DAPI staining). Scale bar 50 um.
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result from vasodilation of the cutaneous blood vessels. These

naive

particular states are characterized by an upregulated
production of inflammatory mediators, alteration of vascular
responses, and inflammatory cell infiltration.”#7> Therefore, the
use of natural products with anti-inflammatory activity, such as
cinnamon essential oil 7677, to alleviate the negative effects of

UVB radiation could be of high interest.

ARTICLE
20 View Article Online
DOI: 10.1039/DOMA0(}416B
(b)
~~
£ 601
¥
=]
1
=
oL
£ 40
S
=]
=
-’
.
20+
]
T ok
04

SHAM

KCo0 KC10

treated with KC10 fibers compared to the untreated group.
More specifically, the expression of IL-1B (Figure 6a) and IL-6

naive

(Figure 6b) was up to 7 and 5 times lower than the UVB-
irradiated group, respectively. Similar results were obtained for
the group treated with KCO fibers (6 and 4 times lower than the
UVB-irradiated mice, respectively). Hence, the reduction of
redness and injury correlated very well with the anti-

Figure 6 In vivo wound healing results from a UV-B skin damage mice model. Expression of the inflammatory cytokines (a) IL-1b and (b) IL-
6 for non-UVB-exposed, untreated animals (naive), UV-B exposed, untreated animals (SHAM), UV-B exposed animals treated with KCO and
UV-B exposed animals treated with KC10 48 h after the irradiation. Results are presented as the average + S.E.M. (n = 5 for each group). *p <
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0.05 vs. SHAM; ** p < 0.01 vs. SHAM.

The satisfying physico-chemical characterizations presented
above, the most promising antimicrobial activity, and the good
biocompatibility results, led to the identification of the KC10
fibrous matrix as the most suitable for the in vivo assessment. A
preliminary study was conducted to determine the therapeutic
properties of the fabricated KCO (as reference) and KC10 fibrous
patches in an irradiated mouse skin model, by examining the
cutaneous levels of specific inflammatory cytokines, such as IL-
6 and IL-1B, at their peak production effect after 48 h from the
irradiation (acute phase’).
exposure of the animal skin to UVB irradiation produced evident

During the in vivo experiment, the

erythema with signs of mild burn, belonging to a first degree of
burn that led to visible skin injury and peak expression of
cytokines within 48 h, as previously described.’> When the
burns were treated with one sole application of dressings, fibers
were still present on the skin 48 h later, while burn marks were
less visible and the erythema quite disappeared from the skin
of the biocomposite matrices treated animals, compared to
SHAM.

In Figure 6, a significant increment of the produced cytokines
can be observed for mice exposed to the UVB light without
subsequent treatment (SHAM) in comparison with the ones not
UVB-exposed (naive), indicating the
inflammatory state caused by the burn wound. When the
biocomposite patches were applied, a significant reduction in
the production of inflammatory factors occurred in the mice

presence of an

This journal is © The Royal Society of Chemistry 20xx

inflammatory activities of the fibers, and the healing processes,
as already demonstrated also for other biomaterial.1>

The observed reduction in the expression of both the
inflammatory factors considered in the study, following a single
application of the composite fibers, showed that the biological
reaction was contained and even prevented by our keratin-
based fibers, suggesting a potential use without changing too
frequently the patch. This highlights the promising and central
role of the designed cinnamon-keratin-based dressings, as
platform for burn management, although further studies are
needed to better understand their involvement in the
management of deep burn wounds.

Conclusions

In this work, we designed and implemented a biocompatible
cinnamon oil/wool keratin-based composite dressing for skin
burns management. The successful dispersion of cinnamon
essential oil within the polymeric matrix was confirmed with
FTIR, pRaman and Confocal Microscopy. When in contact with
a water-like environment, the encapsulated active compounds
were released from the matrices, as measured via UV-vis
absorption. Our biocomposite constructs presented a notable
antibacterial activity against S. aureus, E. coli and P. aeruginosa,
and the antioxidant features of the fibers were enhanced with
the addition of cinnamon essential oil. Furthermore, keratin-
based patches with and without cinnamon essential oil were

J. Mater. Chem. B, 2020, 00, 1-3 | 11
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able to reduce in vivo the expression of pro-inflammatory
factors of 5-7 folds. Therefore, this innovative natural-based
material holds a high potential for the healing of skin burns.
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Keratin based electrospun fibres containing cinnamon essential oil are highly antioxidant and
antibacterial, and are promoting reduced tissue inflammation after skin burn.
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