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The combination of biodegradable fibers at nanoscale with plant-based extracts is attracting increasing attention
to produce wound dressing systems. In this work, nanofibers based on chitosan (CS), poly(ethylene oxide) (PEO),
cellulose nanocrystals (CNC) and acacia plant-based extract were developed by electrospinning. Firstly, the
polymeric formulations and electrospinning parameters were optimized, resulting in nanofibers with average
diameters of 80 nm. CNC were successfully introduced into the optimized CS/PEO blend and the membranes
were characterized by FESEM, ATR-FTIR, TGA, XRD, WVTR and WCA. The CNC incorporation improved the
nanofibers’ physical integrity, morphology, diameters, water vapor transmission rate and thermal properties.
After acacia introduction into the best CS/PEO/CNC system, the antibacterial effect was relatively maintained
while the antifungal activity was enhanced for some fungi, demonstrating its great effect against a wide range of
microorganisms, which is crucial to prevent or treat infections. All the developed systems exhibited absence of
cytotoxicity in non-tumor cells, suggesting their biocompatibility. Finally, a continuous release of the acacia
extract was observed for 24 h, showing its prolonged action, which contributes to the healing process while
reduces the frequency of dressing’s replacement. Overall, the developed nanofibers are very promising to act as
localized drug delivery systems for wound care applications.

1. Introduction surface-to-volume ratio, high porosity, flexibility and absorption of

wound exudate. Due to their nanoscale features, these membranes are

Skin wounds are an important healthcare problem associated with
significant morbidity and mortality rates. Despite the progress in wound
dressing systems over the last years, the limited effectiveness of the
currently available treatments is still a challenge. Therefore, the explo-
ration of innovative approaches for the development of new systems
with improved performance in accelerating wound healing and skin
regeneration is essential [1,2].

In recent years, electrospinning has gained tremendous interest by
the scientific community to produce wound dressings. Besides the
technique’s simplicity of use, versatility and scalability, the generated
electrospun nanofiber’s mats present excellent properties, such as high
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capable of mimic the extracellular matrix (ECM) structure, promoting
the regeneration of the injured skin by favoring the cells’ attachment,
proliferation and migration. Additionally, the highly interconnected
pore structure with reduced pore size not only prevents microbial
penetration avoiding the development of infections, but also allows
water and oxygen permeability. Furthermore, the possibility to incor-
porate bioactive molecules with an active role in the healing process
while ensuring their sustained release to the wound site shows the
promising potential of these membranes to act as advanced biologically
active dressings. All these properties are determinant for an effective
wound healing process [2-5].
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Nowadays, the great demand for sustainable alternatives in wound
care industry makes natural-based and biodegradable materials suitable
candidates for the development of environmentally friendly wound
dressings. Chitosan (CS) is a natural biopolymer derived from the chitin
deacetylation, found on crustacean’s shells (e.g. shrimps, lobsters and
crabs), fungi, algae cell walls, etc. This natural polysaccharide has
attracted much attention in numerous biomedical applications because
of its well-known exceptional biocompatibility, non-toxicity, antimi-
crobial activity against a wide range of bacteria and fungi, non-
immunogenicity and readily biodegradability [6-8]. Nevertheless, the
production of neat CS nanofibers is a challenge mainly because of its
rigid chemical structure, polycationic nature and specific inter and intra-
molecular hydrogen bond interactions. To overcome these problems, a
co-spinning agent must be added to CS solution to improve its electro-
spinnability, such as poly(ethylene oxide) (PEO), which is also biode-
gradable, biocompatible and non-toxic [8-10]. Cellulose nanocrystals
(CNC) have been widely used as a reinforcing material to improve
nanofibers’ mechanical and thermal properties. Additionally, CNC have
also been known to enhance nanofibers’ morphology and to favorably
influence the nanofibers diameters to lower values [11]. Besides their
nanometric size, large surface area and high strength, these nanocrystals
are also biodegradable and derived from renewable sources, allowing
the production of bio-based nanofibers with improved performance
[10].

Infections are a major issue in wound healing process. In fact, the
growth of microorganisms and the formation of biofilms in the wound
surface compromise the healing process. Hence, wound dressings must
contain antimicrobial agents in order to prevent or treat infections [4].
In recent years, the search for antimicrobial agents derived from natural
sources has gained great attention because of their therapeutic proper-
ties, cost-effectiveness, low adverse effects and due to the increase of
multidrug resistant bacteria as a consequence of the continuous
administration of antibiotics. Furthermore, the incorporation of natural
compounds into nanofibers allows a continuous local delivery of the
antimicrobial agents, enhancing the healing process [12,13]. Acacia
tortilis is a medical specie of genus Acacia that belongs to the Legumi-
noase family. Acacia contains a lot of medicinal properties such as
antimicrobial, anti-inflammatory and antioxidant, which are essential
for several biomedical applications [14,15]. Although acacia antimi-
crobial activity has already been studied [16], as far as the authors
know, its effect when incorporated into nanofibers has never been re-
ported. Therefore, the introduction of this plant-based extract will
possibly increase the antibacterial and antifungal effect of these bio-
based nanofibers, providing a synergetic effect for wound healing pro-
cess and regeneration of the lost tissue.

By the combination of natural-based and biodegradable compounds,
CS/PEO/CNC/Acacia, it’s possible to merge the properties of each ma-
terial to create a new fibrous system not only with higher performance
but also to be used as a green alternative for wound care applications.

In this way, the purpose of this work is the development of active
drug delivery systems for wound dressing applications based on elec-
trospun biodegradable nanofibers with CS and PEO biopolymers rein-
forced with CNC. Firstly, nanofibers production was optimized and the
effect of different CNC concentrations (0.1, 0.5, 1 and 2%(w/v)) and
acacia natural extract introduction was investigated. Electrospun
nanofibers were characterized by Field Emission Scanning Electron
Microscopy (FESEM), Attenuated Total Reflectance-Fourier Transform
Infrared Spectroscopy (ATR-FTIR), Thermogravimetric Analysis (TGA),
X-Ray Diffraction (XRD), Water Vapor Transmission Rate (WVTR) and
Water Contact Angle (WCA) techniques. Additionally, their antibacterial
activity against Gram-positive and Gram-negative bacteria was explored
as well as antifungal effect against six different fungi. The cytotoxicity
was also assessed using non-tumor pig liver cells. Finally, Ultraviolet-
Visible (UV-Vis) spectroscopy was used to assess the release profile of
acacia from nanofibers’ membranes. Overall, this work reports, for the
first time, the development of antimicrobial and biocompatible
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electrospun nanofibers based on CS/PEO/CNC/Acacia with great po-
tential for wound care.

2. Experimental
2.1. Materials

CS (high molecular weight, 310,000-375,000 Da) and PEO (molec-
ular weight 900 kDa) powders were purchased from Sigma-Aldrich as
well as Dimethyl Sulfoxide (DMSO) anhydrous >99.9. CNC were pro-
vided by CelluForce (CelluForce NCC® - spray-dried powder form).
Glacial acetic acid 99-100% a.r. was purchased from Normax. Acacia
tortilis (Forssk.) Hayne ssp. raddiana fresh leaves (5 to 10 different
plants) were collected from the extreme south of the Algerian Saharan
desert in the Tamanrasset region (Coordinates: 22°47'13” N, 5°31’38" E)
in September of 2017, subsequently, they were shade dried, ground to a
fine powder and extracted by maceration using ethanol/water (80:20, v/
v), following a previously described procedure using the same plant
species [16]. The extract was further characterized regarding the
phenolic composition using an UPLC Dionex Ultimate 3000 (Thermo
Finnigan, San Jose, CA, USA) equipped with a DAD, measuring at 280,
330 and 370 nm, and a Linear Ion Trap LTQ XL mass spectrometer
(Thermo Finnigan), working in negative ion mode [16].

2.2. Preparation CS/PEO blends incorporated with CNC and natural
extract (acacia)

Defect-free nanofibers were obtained thought the optimization of
several CS/PEQO solution parameters, namely CS/PEO concentration,
solvent system concentration, CS pre-processing and blend solution post-
processing (data not shown). Briefly, CS/PEO solutions with a weight
ratio of 1:1 and a total polymer concentration of 2%(w/v) were prepared
in 50%(v/v) acetic acid aqueous solution. The polymeric solution was
homogenized (using a X 1000D homogenizer (CAT) during 5 min at
23300 rpm) and centrifuged for 30 min at 5000 rpm to remove the
suspended particles and the air bubbles. Subsequently, different CNC
concentrations (0.1, 0.5, 1 and 2%(w/v)) were added to the polymeric
solution. The addition of CNC powders was gently to avoid CNC clusters
formation and the polymer blend was left overnight under vigorous
stirring for a total homogenization. Finally, acacia natural extract was
dissolved in a minimal amount of DMSO and introduced in CS/PEO/
CNC formulation with a final concentration of 6 mg/mL.

2.3. Properties of the solution — Viscosity and conductivity

The viscosity and electrical conductivity of the developed solutions
were measured (3 times) using a rotary viscometer serie VB 3000 and a
TDS 4510 conductivity meter, respectively. A spindle R5 with 60 rpm of
velocity was used for the viscosity.

2.4. Electrospinning process

All the solutions were electrospun in an electrospinning NF-103
equipment from MECC. The optimized equipment conditions that
allowed the formation of a stable jet and the production of defect-free
nanofibers are described in Table 1.

2.5. Nanofibers characterization

2.5.1. FESEM

The nanofibers’ morphology and diameter were evaluated using
Ultra-high-resolution FESEM, NOVA 200 Nano SEM, FEI Company
(Hillsboro, OR, USA). The membranes were removed from the
aluminium foil and coated with a very thin film (20 nm) of Au—Pd
(80-20 wt%), using a high-resolution sputter coater, 208 HR Cressing-
ton Company (Watford, UK), coupled to a MTM-20 Cressington High
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Table 1
Optimized electrospinning conditions to produce CS/PEO/CNC
nanofibers.
Parameters Optimized values
Voltage 29 kv
Flow rate 4 mL/h
Tip-collector distance 170 mm
Needle diameter 0.41 mm
Volume 12 mL
Deposition time 6h
Cleaning Frequency 90 s
Head Transverse speed 50 mm/s
Head Transverse Distance 150 mm
Type of collector Rotary
Speed Rotation 100 rpm

Resolution Thickness Controller. Secondary electron images, i.e., topo-
graphic images, were performed at acceleration voltage of 10 kV.

2.5.2. Nanofibers diameters

The diameters of the fibers were determined using Image J software.
The images of each sample were analysed, and the diameters were
measured in 100 different locations.

2.5.3. ATR-FTIR

Chemical composition of nanofibers was evaluated by ATR-FTIR
analysis (in different sites to ensure homogeneity) with an IRAffinity-
1S, SHIMADZU equipment (Kyoto, Japan). Each spectrum was ac-
quired in transmittance mode using diamond ATR crystal cell by accu-
mulation of 45 scans with a resolution of 8 cm™! and recorded over a
wavenumber range of 400 to 4000 cm ™’

2.5.4. TGA

Thermal stability of the developed nanofibers was evaluated by TGA.
This analysis was performed on a STA 700 SCANSCI, under nitrogen
atmosphere, in the range of 30-600 °C with a constant heating rate of
10 °C/min.

2.5.5. XRD

Crystalline structure of nanofibers was evaluated using a Bruker D8
Discover diffractometer, operated at a voltage of 40 kV and a current of
40 mA with Cu-Kg radiation. Data were collected for 26 values ranging
from 5° to 35°.

2.5.6. WVTR

The WVTR was obtained based on the standard BS 7209:1990, with
slight modifications and using 6 replicates. Test heads containing 46 mL
of distilled water were totally covered with a nanofiber membrane and
placed in a water vapor permeability tester TF156 (TESTEX) with
controlled (20 °C + 2 °C) and humidity (65% RH + 2%). The test heads
were weighted after 24 h for monitoring the weight loss. The WVTR was
calculated over 24 h, accordingly with Eq. (1).

WVTR = 24 M/At (€]

where M represents the weight loss in the sample, t is the elapsed time
and A is the cross-sectional area of the nanofiber membrane.

2.5.7. WCA

The hydrophilic character of the developed membranes was evalu-
ated (in ten different sites of the sample) using a Contact Angle System
OCA 15 (dataphysics) attached to a high-resolution camera. A volume of
5 pL distilled water was deposited on the samples and the contact angle
was measured through the drop shape analysis.
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2.6. Nanofibers properties evaluation

2.6.1. Antibacterial activity

Antibacterial activity of the nanofibers was tested against six bac-
teria species: Gram-positive Bacillus cereus (clinical isolate), Listeria
monocytogenes (NCTC 7973), and Staphylococcus aureus (ATCC 6538)
bacteria as well as Gram-negative Enterobacter cloacae (clinical isolate),
Escherichia coli (ATCC 35218), and Salmonella Typhimurium (ATCC
13311). This assay was performed by microdilution method (Clinical
and Laboratory Standards Institute) utilizing 96-well microtiter plates to
determine the minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC), following a procedure previously
described [17,18]. The extracts were dissolved in 30% methanol and
added to Tryptic Soya Broth (TSB) medium and after inoculated with
bacteria in a final concentration 1 x 10® CFU/well. The lowest con-
centration that produced a significant inhibition (around 50%) of the
growth of the bacteria in comparison with the positive control was
identified as the MIC, while MBC was obtained by the lowest concen-
tration that showed no growth after sub-culturing of treated bacteria.
The results were expressed in mg/mL and ampicillin (Panfarma, Bel-
grade, Serbia) was utilized as positive control (1 mg/mL in sterile saline
solution) and 30% methanol was used as negative control.

2.6.2. Antifungal activity

Antifungal activity of the membranes was tested against six fungi:
Aspergillus fumigatus (ATCC 1022), Aspergillus niger (ATCC 6275),
Aspergillus versicolor (ATCC 11730), Penicillium funiculosum (ATCC
8725), Penicillium aurantiogriseum (food isolate), and Trichoderma viride
(IAM 5061). A microdilution technique was also applied to determine
the antifungal activity following a procedure previously described by
the authors [19,20]. Minimum inhibitory concentration (MIC) was
determined by serial dilution technique using 96-well microtiter plates.
While, the minimum fungicidal concentration (MFC) was determined by
the lowest concentration without visible biomass growth indicating the
death of 99.5% of the original inoculum. The commercial fungicide
ketoconazole was used as positive control. Methanol (30%(v/v)) was
used as the negative control.

2.6.3. Cytotoxic activity

For the evaluation of the nanofibers’ cytotoxic activity the Sulfor-
odamine B (SRB) assay was performed on a non-tumor primary cell line
(PLP2) following a methodology previously described [21]. The mem-
branes were tested in concentrations of 8 to 0.125 mg/mL diluted in
water and as a positive control, ellipticine was used. Dose-response
curves were obtained and the GIso values, corresponding to the con-
centration of extract that inhibited 50% of cell growth, were calculated
[22].

2.6.4. Acacia release profile

Acacia release profile from nanofibers was monitored over 24 h by
UV-Vis spectroscopy using a Shimadzu UV-1800 spectrophotometer.
Firstly, pseudo-extracellular fluid (PECF) formulation was prepared in
order to mimic the wound fluids, accordingly with [23,24]. Afterwards,
a section of each membrane (1 x 1.5 cm?) was immersed in PECF so-
lution (3 mL) with pH of 8 + 0.5, and the samples were put in an orbital
Shaker Ivymen at 37 °C and 30 rpm. At different time points (0, 5, 15,
30, 45 min, 1, 2, 5, 7 and 24 h), an aliquot was removed and evaluated
by UV-Vis at wavelengths between 230 and 500 nm (3 replicates).

3. Results and discussion

3.1. Composition of acacia extracts and nanofibers production
optimization

According to a previous work [16], the hydroethanolic extract of
acacia revealed the presence of thirty-six compounds, being composed
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of galloylquinic derivatives, gallic acid esterified derivatives, flavan-3-
ols galloyl derivatives ((epi)gallocatechin-gallate (EGCG) O-acyl de-
rivatives) and a flavonol, which were previously described in two types
of extracts (decoctions and ethanol extracts). Trigallic acids were the
most abundant compounds, as also found in the hydroethanol extract
used in this study [16]. After the careful optimization of the electro-
spinning formulations composed by CS and PEO, CNC nanofillers were
introduced in the optimized polymer blend solution in order to improve
the thermal properties of the electrospun CS/PEO nanofibers, as well as
their electrospinnability and morphology. Several CNC concentrations
were evaluated from 0.1 to 2%(w/v). The viscosity and conductivity
values of the different solutions were measured, and the results are
represented in Table 2.

As it can be observed in Table 2, the CNC incorporation led to an
increase of the CS/PEO polymeric solution’s viscosity values. This result
can be due to the increase of the number of hydrogen bonding in-
teractions between CNC and polymeric matrix already reported in a
previous study [25]. The conductivity values also increased with the
addition of CNC, being this increase proportional to CNC concentration.
This finding can be due to the negative charges from the sulfate ester
groups present on CNC surface, which contribute to the increase of so-
lution charge density, thereby increasing the solution’s conductivity
[10,26,27]. The morphology and diameters of the CS/PEO nanofibers
containing different CNC concentrations were evaluated by FESEM
analysis, as demonstrated in Fig. 1.

The incorporation of CNC into CS/PEO blend not only improved the
solution’s electrospinnability but also promoted a slightly reduction in
the average diameters of nanofibers from 80 to 65, 70, 74 and 79 nm,
accordingly with CNC concentration (from 0.1 to 2%). Furthermore, a
more uniformed diameter distribution was observed with 1%(w/v) CNC,
because the range of nanofibers’ diameter distribution was lower and
more concentrated between 53 and 80 nm (histogram from Fig. 1D).
Nevertheless, with lower amounts of CNC visible beads were still
observed (Fig. 1B and C), while with higher CNC concentrations these
beads tended to disappear (Fig. 1D and E). The reduction of the defects
in nanofibers when the amount of CNC is increased can be related to the
higher values of conductivity (Table 2), which favors the formation of
more uniform fibers due to the larger stretch of the jet. Other possible
explanation is related to the interactions between CNC and polymeric
chains, which increases the entanglement of the polymer chains, thereby
preventing the jet from breaking during the electrospinning process, and
consequently, decreasing the defects [10]. These results were also
confirmed by the images of the final membranes (Fig. 1F and G), where
it’s clearly visible that the electrospun membranes produced with CNC
showed less defects in its structure and became more resistant and less
brittle, being these features very important for skin applications.

3.2. Chemical, thermal and crystalline properties

In order to evaluate the interaction between the polymers, thermal
stability and crystalline structure, ATR-FTIR, TGA and XRD techniques
were performed, respectively. The results are displayed in Fig. 2.

The main characteristic bands peaks of CS, PEO and CNC powders
are displayed in Fig. 2 A and B. In fact, CS spectrum presents a broad
band located at 3360 cm™! that can be attributed to O—H and N—H

Table 2
Viscosity and conductivity values of the different CS/PEO formulations with
CNC.

Polymeric formulations Viscosity (mPa) Conductivity (uS)

CS/PEO 3500 65.1
CS/PEO/0.1% CNC 3580 69.1
CS/PE0O/0.5% CNC 3650 69.4
CS/PEO/1% CNC 3660 76.7
CS/PEO/2% CNC 4490 98.7
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stretching vibrations. Moreover, the bands at 1651 and 1555 cm ™' are

from amide I (C=O stretching) and II (N—H bending), respectively.
Finally, the bands at 1150, 1057, 1026 and 895 cm ™! are from CS
saccharide region [10,23]. In PEO spectrum, the band at 2878 emLis
attributed to C—H bonds and the bands at 1146, 1092 and 1061 cm ™ as
triplet peaks are from C-O-C stretching vibrations [28]. ATR-FTIR
spectrum of CNC powder revealed the presence of bands located at
3333 and 2897 cm ™! that correspond to O—H and C—H stretching vi-
brations, respectively. The band at 1427 cm™' is attributed to the
bending vibrations of CH, and the one at 1315 cm™! is from bending
vibrations of the C—H and C—O groups of the rings in polysaccharides.
Finally, the bands observed in the range 1030-1161 cm ™! correspond to
C—O stretching and C—H rocking vibrations of the saccharide structure
[10,29]. Regarding CS/PEO nanofibers, it was visible the characteristics
bands of both polymers, confirming the interaction between CS and
PEO. The introduction of CNC led to the appearance of CNC specific
bands including at 1420, 1315, 1204 and 1030 cmY, confirming the
successful incorporation of CNC into CS/PEO nanofibers. Furthermore,
the band located at 3360 cm™! in the CS/PEO nanofibers spectrum
shifted to smaller wavenumbers (3345 cm ') and increased in intensity
with CNC addition, suggesting an interaction between OH groups from
CNC and ammonium groups from CS by hydrogen bonds [10,30].

The thermal decomposition behaviour of nanofibers containing
different CNC concentrations is demonstrated in Fig. 2C and D. TGA
curve of CS/PEO nanofibers (Fig. 2C) clearly showed two main mass loss
steps: the first one (200-350 °C) corresponds to CS degradation, while
the second one (350-450 °C) is related with PEO decomposition, with
weight losses of 33% and 54%, respectively. DTG analysis (Fig. 2D)
demonstrated that the maximum degradation peak of CS and PEO
occurred at 275 °C and 393 °C, respectively [10,31]. The addition of
different CNC concentrations (0.1, 0.5, 1 and 2%) revealed the
appearance of new peaks at 334, 334, 342 and 353 °C, respectively,
which corresponds to CNC degradation. Moreover, the CNC incorpora-
tion into nanofibers promoted a shift of the CS and PEO maximum
degradation peaks to higher temperatures. For instance, CS/PEO/2%
CNC nanofibers demonstrated an increase from 275 °C to 281 °C for CS
and from 393 °C to 396 °C for PEO, which corresponds to an increase of
maximum degradation temperature of 6 °C and 3 °C, respectively.
Hence, these results showed that CNC incorporation slightly improved
the thermal stability of CS/PEO nanofibers.

In Fig. 2E, XRD spectra of CS and PEO powders showed the semi
crystalline nature of these polymers by the presence of two peaks at 20
= 9.54° and 19.98°, and two main peaks at 19.02° and 23.14°, respec-
tively [28,32]. In XRD pattern of CS/PEO nanofibers, the presence of
PEO related peaks at 20 = 19.46° and 23.54° was observed, demon-
strating that PEO crystalline structure was maintained in the nanofibers
form. The diffraction pattern of CNC powder revealed three peaks at 20
=15.12°,16.45° and 22.64°, which corresponds to crystalline cellulose I
[33,34]. In CS/PEO/CNC nanofibers diffractograms, it was possible to
observe the appearance of new CNC-related peaks, confirming the
presence of crystalline CNC on nanofibers, although these results only
start to be visible with the incorporation of 0.5% CNC. Moreover, as the
CNC concentration increased there was an increase in CNC intensity
peaks. For instance, with 2% CNC, the XRD spectrum clearly showed
three peaks related with CNC at 20 = 15.36°, 16.51° and 22.78°,
revealing its high crystallinity.

Therefore, all these results confirm the successful incorporation of
CNC into CS/PEO nanofibers.

3.3. WVTR and WCA

Maintaining an ideal moist environment at the wound site is essential
to promote cellular granulation and epithelization. Therefore, the
evaluation of the WVTR parameter, which indicates the amount of water
vapor that is transmitted through a substance, is crucial for this type of
applications. Higher WVTR values are associated with a fast-wound
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Fig. 1. FESEM images of CS/PEO nanofibers with different CNC concentrations: 0 (A), 0.1 (B), 0.5 (C), 1 (D) and 2 (E) %(w/v) and their respective diameter
distribution histograms. The FESEM images were obtained using different magnifications, from left to right: 50000 x (2 pm) and 100,000 (1 pm). Membranes of CS/
PEO nanofibers produced by electrospinning with 0 (F) and 1 (G) %(w/v) CNC (detached from aluminium foil).
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Fig. 2. ATR-FTIR spectra of CS, PEO and CNC powders, CS/PEO nanofibers and CS/PEO nanofibers loaded with 2% CNC (A) and zoomed spectra (B). TGA curves (C)
and first-order derivate (DTG) curves (D) of electrospun CS/PEO incorporated with different CNC concentrations. XRD diffraction pattern of CS, PEO and CNC
powders, CS/PEO nanofibers with different CNC concentrations (0, 0.1, 0.5, 1 and 2%(w/v)) (E).

dehydration, which can adversely decrease the body temperature and
increase metabolism. In the opposite, extremely low WVTR values are
correlated with exudate accumulation, inhibition of healing, and
increased risk of infection [35]. According to Lamke et al., the WVTR for
normal skin is 204 + 12 g/m?/day, while in injured skin this value can
range from 278 + 26 g/m?/day and 5138 + 202 g/m?/day for first degree
burns and granulating wounds, respectively [36]. The obtained WVTR
values for CS/PEO and CS/PEO/2%CNC nanofibers were 940 + 24 g/
m?/day and 1028 + 15 g/m?/day, respectively. The results indicate that
nanofibers membranes are more suitable for moderate exuding wounds.
However, it can be seen an improvement in WVTR values with the
incorporation of CNC, suggesting that the water vapor permeability
directly increases with the CNC concentration.

The surface hydrophilic character also plays an important role in
wound dressing applications. In this way, the WCA of the developed
membranes was measured, reaching 51.4° + 0.5 and 82° + 0.8 for CS/
PEO and CS/PEO/CNC, respectively. These results confirmed the surface
hydrophilicity of these membranes (<90°), which is a very important
feature because the system capacity to absorb water will be directly
related with the capacity to absorb wound exudates, allowing to keep an
ideal environment for the wound healing. In addition, it is known that
the deposition of proteins and adhesion factors, namely bacterial
adhesion factors, is influenced by the characteristics of polymeric sur-
faces, occurring more readily on hydrophobic surfaces, which promote
bacterial colonization. Therefore, the hydrophilic nature of the CS/PEO
nanofibers with or without CNC might be favorable in deterring bacte-
rial attachment [37].

3.4. Characterization of CS/PEO/CNC nanofibers with acacia natural
extract

The incorporation of bioactive agents into the CS/PEO nanofibers
can add new properties to nanofibers, including antimicrobial and anti-
inflammatory activities. These properties are essential for preventing

and treating infections commonly present in wounds. Acacia natural
extract has exceptional properties, namely anti-inflammatory, antibac-
terial and antifungal, which are very interesting for wound care appli-
cations [16]. In this way, the acacia extract was incorporated into the
CS/PEO/1%CNC system, since these nanofibers presented greater
morphology and more uniform diameter distribution, as previously
demonstrated in Fig. 1. The morphology of CS/PEO/1%CNC/Acacia
nanofibers and the respective diameter distribution histogram are
shown in Fig. 3.

The incorporation of acacia natural extract did not affect the nano-
fibers mat structure, allowing the development of uniform and defect-
free nanofibers with diameters around 83 nm. Moreover, it was also
possible the easy detachment of the nanofiber membrane from the
aluminium foil used in the fibers collection.

3.5. Antibacterial and antifungal properties of CS/PEO/CNC/Acacia
nanofibers

The antibacterial and antifungal properties of the CS/PEO, CS/PEO/
1%CNC, CS/PEO/2%CNC and CS/PEO/1%CNC/Acacia nanofibers were
evaluated against six different bacteria and fungi, and the respectively
MIC, MBC and MFC values, expressed in mg/mlL, are represented in the
Table 3.

Through MIC, MBC and MFC values, it was possible to observe that
all the analysed systems showed antibacterial and antifungal activity
against both bacteria and fungi, however with different responses for
each evaluated microorganism.

CS/PEO nanofibers already presented good antibacterial effect
against Gram-positive and Gram-negative bacteria, showing low MIC
(from 2 to 4 mg/mL) and MBC (from 2 to 8 mg/mL) values (Table 3A1),
being the highest effect observed for B. cereus, with MIC and MBC values
of 2 mg/mL. These nanofibers also presented antifungal activity against
all the evaluated fungi, with MICs ranging from 0.5 to 4 mg/mL and
MFCs from 0.5 to 8 mg/mL, showing higher efficacy for the
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Fig. 3. FESEM images of CS/PEO/1%CNC nanofibers incorporated with 6 mg/mL of acacia extract and diameter distribution histogram. The FESEM images were
obtained using different magnifications, from left to right: 20000x (5 pm) and 50,000x (2 pm).

Table 3

Antibacterial (A) and antifungal (B) activity of the different developed CS/PEO membranes produced by electrospinning. 1) CS/PEO; 2) CS/PEO/1%CNC; 3) CS/PEO/

2%CNC; 4) CS/PEO/1%CNC/Acacia.

A - Antibacterial activity

Samples MO—- S. aureus B. cereus L. monocytogenes E. coli E. cloacae S. Typhimurium
1
1 MIC 4.00 2.00 4.00 4.00 4.00 4.00
MBC 8.00 2.00 4.00 4.00 4.00 8.00
2 MiIC 8.00 2.00 4.00 4.00 4.00 8.00
MBC 8.00 4.00 8.00 4.00 8.00 16.00
3 MIC 8.00 8.00 4.00 8.00 4.00 8.00
MBC 16.00 8.00 8.00 8.00 8.00 8.00
4 MIC 8.00 8.00 8.00 8.00 8.00 8.00
MBC 8.00 8.00 8.00 8.00 8.00 8.00
Ampicillin MIC 0.012 0.10 0.40 0.40 0.006 0.75
MBC 0.025 0.15 0.50 0.50 0.012 1.20
B - Antifungal activity
Sample MO—- A. fumigatus A. niger A. versicolor P. funiculosum P.aurantiogriseum T. viride
1
1 MIC 4.00 4.00 2.00 0.50 1.00 2.00
MFC 4.00 8.00 2.00 0.50 1.00 2.00
2 MIC 2.00 2.00 1.00 0.50 1.00 2.00
MFC 2.00 4.00 2.00 1.00 1.00 4.00
3 MIC 4.00 4.00 1.00 0.50 0.50 2.00
MFC 4.00 4.00 2.00 1.00 0.50 2.00
4 MIC 2.00 4.00 1.00 1.00 1.00 4.00
MFC 2.00 4.00 1.00 2.00 1.00 4.00
Ketoconazol MiIC 0.20 0.20 0.20 0.20 0.20 0.20
MFC 0.50 0.50 0.50 0.50 0.50 0.30

P. funiculosum and lower efficiency against A. fumigatus and A. niger
(Table 3B1). These results can be explained by the intrinsic antimicro-
bial properties of CS against a wide range of bacteria and fungi.
Although the exact mechanism of action of CS against microorganisms is
not fully understood, the main generally accepted are the electrostatic
interactions between the positively charged surface of chitosan (pro-
tonated amino groups) and the negatively charged microbial cell
membrane/cell wall, which affects the cell permeability, causing the
leakage of intracellular material, the ability of CS to interact with mi-
crobial DNA, which will disturb the protein synthesis and the excellent
chelating capacity of CS towards different metal ions [6]. Moreover,
several studies already reported the antibacterial effect of chitosan-
based nanofibers [31,32,38].

With the incorporation of 1%(w/v) CNC (Table 3A2), only slight
changes were observed in the inhibition of bacterial growth, including
an increase of MIC values from 4 to 8 mg/mL for S. aureus and S.
Typhimurium. Nevertheless, with higher CNC concentrations
(Table 3A3), a decrease in the antibacterial effect against S. aureus,
B. cereus, E. coli and S. Typhimurium was observed. On the other hand,
the incorporation of CNC (Table 3B2) promoted an enhancement in the
antifungal activity for certain fungi. In fact, using 1%(w/v) CNC a

decrease in both MIC and MFC values was detected for A. fumigatus and
A. niger, while with 2%(w/v) CNC a decrease in MIC was observed for
A. versicolor and P. aurantiogriseum and a decrease in MFC values was
detected for A. niger and P. aurantiogriseum. Although it has been
described that CNC alone didn’t present antimicrobial effect, Amirabad
et al. reported that CNC could improve the antifungal activity of CS
nanofibers, namely for A. niger, demonstrating a synergetic effect with
the combination of these materials. This finding could be due to the
effect of CNC on immobilization and orientation of the CS nanofibers or
could be the result of well dispersed and stabilized CS nanofibers by
CNC, causing a high connection of the CS nanofibers with the fungi [39].

Finally, the incorporation of the acacia natural extract into CS/PEO/
1%CNC nanofibers was able to improve their bactericidal effect for S.
Typhimurium, by the reduction of MBC values from 16 to 8 mg/mL
(Table 3A4). Regarding the antifungal activity, the acacia introduction
(Table 3B4) promoted an inhibition of fungal growth and an enhance-
ment of fungicidal effect, showing lower MIC and MFC values for some
micromycetes, such as A. fumigatus, A. niger and A. versicolor, in com-
parison with other systems (Table 3B1 and B3), which is a very relevant
outcome since Aspergillus spp. is one of the main fungi responsible for
infections in wounds and burns [40,41]. Moreover, considering the CS/
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PEO/1%CNC system, the addition of acacia also promoted a decrease in
MFC value from 2 to 1 mg/mL for A. versicolor fungus. Most important,
these values are relatively low when compared to the positive control,
which indicates that the system exhibits excellent antifungal properties.
To the authors best knowledge, there is only few information regarding
the mechanisms of action of acacia extracts against bacteria. According
to Sadiq et al. [42], the acacia extract caused morphological damages
including cell integrity and cell membrane permeability, as well as
changes in cell structures and growth patterns in kill-time experiments
on E. coli and Salmonella strains. Nevertheless, more studies are needed
to better elucidate the antimicrobial capacity of this extract.

3.6. Cytotoxic assay

Cytotoxic properties of the nanofibers membranes were assessed
using non-tumor primary cells (PLP2) and the results (expressed in pg/
mL) are indicated in Table 4.

Non-tumor cells from pig liver (PLP2) were used since mammalian
hepatocytes still represent a mandatory step for the evaluation of toxic
compounds, which produce several metabolites that can be the
responsible for ultimate toxicity. Furthermore, porcine liver was chosen
as an in vitro cytotoxicity model due to the similarities to human in
terms of cellular and physiological functioning [43]. As a positive con-
trol, ellipticine, a compound highly toxic to cells, was used. As shown in
Table 4, this compound could inhibit 50% of the cell growth with a
concentration of only 2.3 £ 0.09 pg/mL. Despite the high cytotoxicity of
positive control, none of the evaluated nanofibers showed cytotoxicity
for this cell line, revealing Glsy values higher than 400 pg/mL [44].
These results are very important for wound dressing applications since
the developed nanofibers could not present cytotoxicity when in direct
contact with skin.

3.7. Acacia release profile

The acacia release profile from CS/PEO/1%CNC/Acacia nanofibers
was monitored by UV-Vis spectroscopy for 24 h at different time points.
The spectra correspondent to the time zero was measured immediately
after the nanofiber membrane was placed in contact with the PECF so-
lution, thus coinciding with the blank spectrum obtained. The absorp-
tion spectrum of the acacia in PEFC solution is represented in Fig. 4A and
the spectra obtained from the acacia release from nanofibers over the
time is shown in Fig. 4B.

Acacia are mainly composed by two types of phenolic compounds,
flavonoids and tannins [16]. The absorption spectrum of acacia extract,
Fig. 4A, revealed the presence of two absorption bands. The first one,
with lower intensity at 278 nm, corresponds to tannin compounds, while
the second band, at 320 nm was more pronounced and is related to the
flavonoids compounds [45,46].

Regarding the Fig. 4B, after 5 min, the appearance of acacia char-
acteristic bands at 273 and 324 nm was very clear, which indicates an
instantaneously release of acacia to the solution. An increase in intensity

Table 4

Cytotoxic activity of different developed CS/PEO
membranes produced by electrospinning. 1) CS/
PEO; 2) CS/PEO/1%CNC; 3) CS/PEO/2%CNC; 4)
CS/PEO/1%CNC/Acacia. ~The results are
expressed in Glsg values (ug/mL), e. g., minimal
inhibitory concentration capable to inhibit 50%
of the cell growth.

Samples PLP2
1 >400
2 >400
3 >400
4 >400
Ellipticine 2.3 £ 0.09
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of the acacia absorption bands was observed between 5 min and 2 h,
which suggests a higher concentration of the extract in the solution and,
consequently, demonstrates a gradual release of the extract over the
time. After 2 h, a new band around 250 nm appeared and a shift of the
band around 320 nm to higher wavelengths was also observed. The
appearance of these bands may be due to CS, one of the main constit-
uents of the nanofiber membrane. In fact, CS has two characteristic
absorption bands at 260 and 350 nm. The presence of acacia in the so-
lution became more pronounced after 5 h with the increase in intensity
of the band at 273 nm. Additionally, it was possible to identify the acacia
characteristic bands for 24 h, suggesting a continuous release of the
extract at least over a day. Therefore, these results confirm the successful
gradual release of the acacia natural extract from the membrane to the
solution, suggesting its prolonged action, which is essential not only to
accelerate the wound healing process, but also to reduce the frequency
of the dressing’s replacement, thereby showing the great potential of
this system to be used as skin local drug delivery system.

4. Conclusions

In this work, bio-based nanofibers were successful developed by the
electrospinning technique using biodegradable materials such as CS,
PEO, CNC and acacia. Defect-free CS/PEO nanofibers were obtained
using 2%(w/v) of CS and PEO in 50%(v/v) acetic acid aqueous solution
combining 29 kV of voltage, 170 mm of distance between needle and
collector and 4 mL/h of flow rate and using rotating cylinder collector.
These parameters resulted in the development of CS/PEO nanofibers
with uniform morphology and average diameters of 80 nm.

Several CNC concentrations (0.1, 0.5, 1 and 2%(w/v)) were incor-
porated into the CS/PEO optimized solution, resulting in uniform
nanofibers. The CNC incorporation led to the development of more
resistant and less brittle nanofibers with fewer defects. Moreover, a more
uniform diameter distribution was observed accompanied with the
reduction in nanofibers’ diameters. Furthermore, the introduction of
CNC promoted an improvement of CS/PEO nanofiber’s thermal stability
as well as an enhancement of WVTR values, which is essential for the
treatment of injured skin.

Finally, the incorporation of acacia extract resulted in uniform and
defect-free nanofibers with diameters of 83 nm, and the antibacterial
and antifungal properties of the developed nanofibers were evaluated.
Besides CS/PEO and CS/PEO/CNC nanofibers presented antimicrobial
activity, nanofibers incorporated with acacia also showed excellent
antibacterial activity against several Gram-positive and Gram-negative
bacteria while improved antifungal effect against A. versicolor fungus.
Additionally, none of the evaluated systems (CS/PEO, CS/PEO/CNC and
CS/PEO/CNC/Acacia) showed cytotoxic activity in PLP2 non-tumor
cells, suggesting their biocompatibility, which is extremely important
for skin applications. Lastly, a continuous release of the extract was
observed for 24 h, confirming the prolonged effect of the nanofiber’s
membranes containing the natural extract at least over a day.

Hence, the developed antimicrobial nanofibers based on biode-
gradable polymers, CS and PEO, natural-based reinforcing agents, CNC,
and plant-based antimicrobial agents, acacia, demonstrated to be a very
promising and eco-friendly combination to be used as skin localized
agents for wound dressing applications.
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