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Wounds are prone to bacterial infections, which cause a delayed healing process. Regarding the emergence of
bacterial resistance to common antibiotics, using natural antimicrobial agents can be beneficial. Chitosan is a
biological polymer, which has shown partial antioxidant and antimicrobial activities. In this study, core-shell
nanofibrous scaffolds composed of chitosan (CS)/polyvinyl alcohol (PVA) as the core and poly-
vinylpyrrolidone (PVP)/ maltodextrin (MD) as the shell were developed. Satureja mutica (S. mutica) or Oliveria
decumbens (O. decumbens) essential oil (EO) was encapsulated into the core of the produced scaffolds. The broth
microdilution analysis showed significant antimicrobial activity of the EOs. The SEM analysis indicated that the
unloaded and loaded core-shell scaffolds with S. mutica or O. decumbens EO had a uniform, beadless structure
with fiber mean diameters of 210 + 50, 250 + 45, and 225 + 46 nm, respectively. The CS/PVA-PVP/MD and CS/
PVA/EO-PVP/MD scaffolds indicated suitable mechanical properties. The addition of the studied EOs enhanced
the antioxidant activity of the scaffolds. The antimicrobial test of produced scaffolds showed that loading of 10%
S. mutica or O. decumbens EO could broaden the microbicidal activity of the CS/PVA-PVP/MD scaffolds. These
results revealed that the CS/PVA/EO-PVP/MD nanofibrous scaffolds are promising candidates for wound
dressing.

1. Introduction

Skin regulates body temperature, protects it from microorganism
invasion, and provides sensory functions (Memic et al., 2019; Shi et al.,
2018). However, the skin is prone to severe damages due to diabetic
ulcers, burn injuries, chronic wounds, etc. (Lopez Angulo and do Amaral
Sobral, 2016; Movahedi et al., 2020). When wounds occur, it is sus-
ceptible to the invasion of microorganisms (Yang et al., 2017), and the
subsequent infection of the wound complicates the healing process
(Kandhasamy et al., 2017). Wounds pass through the inflammatory

phase, proliferation phase, and collagen and granule formation stages to
heal (Dubsky et al., 2012). However, the bacterial infection hinders
these phases; thus, a steady and constant dose of antibacterial agents is
demanded to overcome this challenge (Dhand et al., 2017).

The production of cytokines and the promotion of immune cells
occur during the inflammatory phase. Cytokines provoke fibroblast and
chondrocyte cells to manufacture reactive oxygen species (ROS) (Volpe
et al., 2018). However, the uncontrolled level of ROSs causes cell
damage. Since a sustained low-level presence of the ROSs is required for
wound healing, the regulation of the amount of the ROSs with an
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appropriate antioxidant compound is essential to healing the wound (El-
Aassar et al., 2020).

To overcome the mentioned challenges, the local treatment of
wounds is more practical. Because its independence from the circulation
system allows a high concentration of bioactive agents with low sys-
temic toxicity (Chen et al., 2017; Ojah et al., 2019). Recently, wound
dressings such as hydrogels, cellulose sponges, and nanofibrous scaffolds
have been proposed to protect wounds from the invasion of microor-
ganisms, provide a humid environment, transmit oxygen, and release
bioactive agents (Bakhsheshi-Rad et al., 2020; Nguyen et al., 2013; Ojah
etal., 2019; Zhang et al., 2019a). Nanofibrous scaffolds have gained a lot
of interest in recent years. Such scaffolds possess a high specific surface
area, a large number of interconnected pores, flexibility, and lightweight
(El-Aassar et al., 2016; Karuppuswamy et al., 2014; Zhang et al., 2019a).
These aspects allow the scaffolds to emulate the functions of the extra-
cellular matrix, which are mechanical support and cell activity regula-
tion (Fang et al, 2019; Rho et al, 2006). In addition, bioactive
compounds such as antibacterial and antioxidant agents can be readily
loaded into the scaffolds and exhibit an appropriate release of the
compounds (Li et al., 2018; Pavlinakova et al., 2018). Nanofibrous
scaffolds have been manufactured through template synthesis, self-
assembly, drawing, and phase separation techniques. However, the
lack of controllability over these methods and improper nanofiber for-
mation have restricted their application (Jithendra et al., 2013; Kar-
uppuswamy et al., 2014). Electrospinning is a convenient method that
allows the production of long and continuous fibers with tunable di-
ameters (Sofi et al., 2019). This technique enables modifying porosity,
pore size, and fiber diameter of nanofibrous scaffolds. The pre-process
parameters such as type of polymers and solvents, and their concen-
tration in the solution affect these parameters. Moreover, the process
parameters like voltage intensity and collector distance from the needle
can be altered to control the features of nanofibrous scaffolds (Choi
et al., 2008; Santoro et al., 2016). Earlier, the electrospinning was
capable of forming uniaxial nanofibrous scaffolds. The uniaxial structure
of scaffolds often exhibits a burst release profile of the loaded bioactive
agent. Coaxial electrospinning technique has solved this challenge. The
core-shell structure resultant from this technique enables the encapsu-
lation of the curative agent into the core layer, and then the shell layer
controls its release profile. Besides, the core-shell nanofibers show
better mechanical strength (Movahedi et al., 2020; Ojah et al., 2019;
Santoro et al., 2016).

Both synthetic and natural polymers are required to produce nano-
fibrous scaffolds using electrospinning. Synthetic polymers provide
mechanical strength, and natural polymers assist cellular adhesion and
growth (Kim et al., 2009). Chitosan (CS) is a naturally derived poly-
saccharide that promotes cell adhesion and cellular growth (Naeimi
et al., 2020). Moreover, this polymer possesses antibacterial and anti-
oxidant effects (Ahmed et al., 2018). It has been reported that a com-
bination of polyvinyl alcohol (PVA) with CS in wound dressing could
enhance the mechanical strength and provides a humid environment for
wounds (Naeimi et al., 2020). Polyvinylpyrrolidone (PVP) is another
polymer that introduces the hydrophilic character. This polymer allows
a suitable release rate of hydrophobic drugs and increases the drug
concentration at the treatment site (Li et al., 2018). In addition to the
polymers, bioactive compounds are usually loaded to the scaffolds to
meet the antibacterial and antioxidant requirements (Ghorbani et al.,
2020). The bacterial drug resistance to some antibiotics and toxicity of
some of their alternatives like silver nanoparticles have caused the
human return to the herbal extracts (Shi et al., 2018; Sofi et al., 2019).
Phytochemicals are valuable sources of novel drug development. These
compounds possess antibacterial, hemostasis, anti-inflammatory, and
re-epithelization effects that can promote the healing process (Kand-
hasamy et al., 2017; Sofi et al., 2019). Previous studies have reported
that Satureja mutica (S. mutica) and Oliveria decumbens (O. decumbens)
essential oils (EOs) contain considerable amounts of thymol and
carvacrol (Esmaeili et al., 2018; Ghorbanpour et al., 2016). These two
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oxygenated monoterpenes possess great antimicrobial and antioxidant
activities (Fonseca et al., 2019; Marchese et al., 2016).

Since the electrospinning of CS is difficult and owns low mechanical
strength (Yan et al., 2014), this research aimed to use a CS/PVA mixture
as a core layer and enhance its mechanical properties by covering it with
a shell layer containing PVP and MD. Furthermore, the S. mutica or
O. decumbens EO was added to the core layer of the nanofibers in the
quest for promoting its antimicrobial and antioxidant properties. To
achieve these goals and prevent the burst release of the EOs, the coaxial
electrospinning method was used to encapsulate the active agents. The
physicochemical, antibacterial, and antioxidant analysis of CS/PVA-
PVP/MD core-shell nanofibrous scaffolds containing each of the two
EOs were carried out to investigate the efficacy of produced nanofibrous
scaffold.

2. Materials and methods
2.1. Materials

PVP (Mw 360000) was purchased from Fluka. PVA (Mw 72000) and
acetic acid (purity > 99%) were obtained from Merck Co, Germany. CS
(50-190 kDa, 75-85% deacetylated) was provided from Sigma-Aldrich
(USA), and MD (DE < 20) was purchased from Zar Fructose Co, Iran.
S. mutica seeds and O. decumbens plants were obtained from the school of
agriculture, Shiraz University. Sabouraud dextrose agar (SDA) and Brain
heart infusion (BHI) were purchased from Merck. Co, Germany.

2.2. Preparation of essential oils

The S. mutica seeds and O. decumbens plants were air-dried and then
powdered in a mixer, separately. The powdered seeds and plants were
hydro-distilled for 4 h using the Clevenger type apparatus. The collected
essential oils were dried over anhydrous sodium sulfate and stored in
sealed vials at 4 °C until use.

2.3. Gas chromatography-mass spectrometry (GC-MS) analysis

Gas chromatography-mass spectrometry was carried out to analyze
the chemical composition of the S. mutica and O. decumbens EOs using
Agilent-7890A coupled to Agilent 7000 mass spectrometer equipped
with a DB-1MS capillary column (30.00 m x 0.25 mm, 0.25 pm film
thickness). Helium was selected as a carrier gas at a flow rate of 1.2 ml/
min. The GC conditions were programmed to increase the temperature
from 70 to 280 °C at the rate of 3 °C/min and finally held at 280 °C for 4
min. The samples (0.1 pl) were injected with a split ratio of 1:30 with a
temperature of 250 °C. The transfer line temperature was 280 °C. The
quadrupole mass spectrometer was taken in electron impact (EI) mode
(70 eV) in the m/z range of 40-600. The relative percentage values were
calculated from the total area under the peaks by the software of the
apparatus. Compounds were identified by studying their spectral data
and retention indices with Wiley Mass Spectral Data 7th edition, NIST
Mass Spectral Library, and Adams, 2007.

2.4. Antimicrobial activity of S. Mutica and O. Decumbens EOs

2.4.1. Microorganisms

In the current study, standard strains of bacteria and fungi, including
Pseudomonas aeruginosa (ATCC 9027), Escherichia coli (ATCC 25922),
Staphylococcus aureus (ATCC 25923), Candida dubliniensis (CBS 8501),
and Candida albicans (ATCC 10261) were used.

2.4.2. Minimum inhibitory concentration

The minimum inhibitory concentration (MIC) values of S. mutica and
O. decumbens EOs were determined using the broth microdilution
method suggested by clinical and laboratory standards institute. Briefly,
a serial dilution of the both EOs with concentrations ranging from
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0.0625 ul/ml to 32 ul/ml was prepared in 96-well microliter plates using
the Miiller-Hinton broth and RPMI-1640 (Sigma, USA) for bacteria and
fungi, respectively. Cell densities were adjusted to 0.5 McFarland stan-
dards at 630 nm wavelength (stock suspension of 1-1.5 x 108 CFU/ml
for bacteria and 1-5 x 10° CFU/ml for fungi). Following that, 100 pl of
the microbial suspension was added in each well of columns 2-12. The
first column (200 pl of the uninoculated medium) was included as a
sterility control. The plates were incubated at 37 °C (bacteria) and 32 °C
(fungi) for 24-48 h. After incubation, the MIC values were visually
observed and defined as the lowest concentration of the EOs that pro-
duced no visible growth. All experiments were performed in duplicate.

To determine the minimum microbicidal concentration (MMC)
values of bacterial and fungal strains, 10 pl of media from all wells
showing no visible growth was cultured on BHI (bacteria) and SDA
(fungi) plates. After incubation overnight, the MMC values were deter-
mined as the lowest concentration that showed either no growth or less
than four colonies.

2.5. Preparation of electrospinning solution

To prepare electrospinning solutions, 6% w/v of PVA was dissolved
into deionized (DI) water at 80 °C followed by stirring for 3 h. The CS
solution was prepared by dissolving 2% w/v of CS in acetic acid. After
completely dissolving, the CS solution was added to the PVA solution in
a final concentration of 30% v/v of acetic acid and stirred for overnight.
The prepared solution was used as the core solution. For shell solution,
MD and PVP were dissolved into DI water at the concentrations of 5% w/
v and 10% w/v, respectively. In addition, to prepare EO loaded nano-
fibrous scaffolds, S. mutica or O. decumbens EO at the concentration of
10% were added to the core solution and mixed for an additional 24 h.
After mixing, the color of solution turned from transparent to white,
which shows the formation of emulsion. The PVA in the emulsified so-
lution act as stabilizer (Coker, 1957; Feng and Huang, 2013; Kemala
et al., 2012), and the emulsion was stable after 72 h. It is worth noting
that previous studies have shown the stability and antimicrobial activity
of EOs in acidic conditions did not considerably change (Kim et al.,
2004; Lv et al., 2017; Nguefack et al., 2004; Si et al., 2009).

2.6. Coaxial electrospinning

In order to produce core-shell nanofibers, coaxial electrospinning
was carried out using a dual pump electrospinning machine. First, the
prepared polymer solutions were loaded into two 10 ml syringes
equipped with a coaxial spinning needle. To attain the smooth and beads
free nanofibers, the solutions were electrospun at different combinations
of 0.5 and 0.6 ml/h shell flow rates and 0.1 and 0.2 ml/h core flow rates.
The DC power source applied a high voltage of 21 kV. The rotary drum
collector was wrapped with a 20 x 20 cm aluminum foil, and the dis-
tance of the collector was kept 15 cm away from the needle tip. After
selecting the proper conditions, the prepared core solution containing
each of the EOs and the shell solution were electrospun. The produced
nanofibrous mats stored in sealed coverings at 4 °C for further analysis.

2.7. Characterization of electrospun scaffolds

2.7.1. Scanning electron microscopy (SEM) & transmission electron
microscopy (TEM)

The morphology of core-shell nanofibrous scaffolds was determined
using a SEM (TESCAN-Vega 3, Czech Republic). The samples of scaffolds
(1 em?) were sputter-coated with gold for 120 s before observation in
order to decrease the charging effect. The images with different mag-
nifications were captured to create a better view of fibers’ morphology.
In addition, the scaffolds loaded with EOs were also observed to evaluate
the effect of EOs on the morphology and diameter size of nanofibers. The
ImageJ software (National Institute of Health, USA) was used to measure
the diameter size of the nanofibers. The average diameters of prepared
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nanofibers were determined by measuring diameters of 50 fibers, which
were selected randomly.

TEM (TEM Leo 912 omega, Zeiss, Germany) was used to confirm the
formation of core-shell nanofibers. The nanofiber samples were pre-
pared by placing a lacey carbon-coated copper grid on the collector prior
to the examination.

2.7.2. Fourier transform infrared (FTIR) spectroscopy analysis

The samples were analyzed by a FTIR spectroscopy (Bruker, Ger-
many) with a scan range of 500-3500 cm ' at 4 cm™! resolution to
evaluate their chemical composition.

2.7.3. Mechanical strength

The mechanical properties of the optimum nanofibrous scaffolds and
their combinations with EOs were evaluated using a universal testing
machine (SANTAM, STM20, Iran) with a load capacity of 500 N. To
perform this examination based on the ASTM standard test method
D882-02 (ASTM, 2002), rectangular samples of the scaffolds with a
dimension of 50 mm X 10 mm were prepared and stretched at a cross-
head speed of 5 mm/min. The assay was carried out triplicate.

2.7.4. Loading capacity and encapsulation efficiency

The loading capacity (LC) and encapsulation efficiency (EE) of the
nanofibrous mats were determined by measuring the amount of
entrapped EOs in the nanofibrous mats according to Zhang et al. with
some modifications (Zhang et al., 2019b). Briefly, the CS/PVA/EO-PVP/
MD mats were dissolved in a 50% (v/v) ethanol aqueous solution. After
complete dissolving, the amount of entrapped EOs were measured using
a UV-Vis spectrophotometer (Cary 100 UV-vis, Agilent, USA). The assay
was performed triplicate. The wavelengths of 276 nm (O. decumbens EO)
and 279 nm (S. mutica EO) were utilized for plotting the standard cali-
bration curves. The CS/PVA-PVP/MD nanofibrous mat (without EO)
was selected as a blank for this assay. The LC and EE were calculated by
using following equations:

_ The amount of entrapped EO in mat (g)

LC(%) Weight of mat (g)

x 100 (€D)]

The amount of entrapped EO in mat (g)

EE =
(%) Theoritical EO (g)

x 100 2)

Where Theoretical EO is the amount of EO in the core solution.
2.8. Antioxidant activity

The antioxidant activity of the nanofiber samples was evaluated
using the Diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay. A
200 mg sample of each of the produced nanofibrous scaffolds was
immersed in 1 ml methanol and vortexed for about 15 min. The pre-
pared samples were further diluted with MeOH at different concentra-
tions. 20 pl of the solutions and 180 pl of a methanolic solution of DPPH
(110 pM) were mixed in a 96-well plate and incubated in the dark for 30
min. Then, their absorbance was measured spectrophotometrically at
517 nm. All the tests were repeated three times. The results were re-
ported as average+ standard deviation and compared to the quercetin as
a standard.

The antioxidant activity was calculated as follows:

_ Abs control — Abs sample

Antioxidant activity(%) = bs control x 100 3)
s O

Where Abs control and Abs sample represent the absorbance of DPPH
radical with methanol and the absorbance of DPPH radical with nano-
fibers, respectively.

2.9. Antimicrobial activity of scaffolds

The antimicrobial activities of the produced electrospun scaffolds
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were assessed against standard strains of Pseudomonas aeruginosa (ATCC
9027), Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC
25923), Candida dubliniensis (CBS 8501), and Candida albicans (ATCC
10261), according to the standard AATCC 100 test method (Ardekani
et al.,, 2019). In brief, the produced unloaded scaffold and scaffolds
containing EOs were cut into circular swatches (2.5 cm in diameter) and
sterilized under UV light for 30 min. After that, 1000 pl of microor-
ganism suspension at cell densities of 0.5 McFarland was added into
falcon tubes containing scaffolds. Then, the sterilized scaffolds were
incubated with the microorganism suspensions for 24 h. After that
contact time, 10 ml phosphate-buffered saline (PBS, pH = 7.4) was
added to the falcon tubes and shaken for about 60 s. Subsequently, 10 pl
of the solution was cultured on an appropriate medium and placed at
37 °C for 24 h. This procedure was carried out in triplicate. The viable
colonies were counted, and then the reduction percent of microorganism
was calculated by the following equation:

A—-B

Reduction(%) = x 100 (€]

Where A is the number of microorganisms that grew on the agar
plates for untreated control, and B is the number of microorganisms
recovered from inoculated nanofibrous scaffolds after 24 h.

2.10. Statistical analysis

The investigated data are reported as mean + SD. The student’s t-test
method was used to analyze the reported data. Statistical differences
were considered significant when p-value < 0.05.

3. Results and discussion
3.1. GC-MS spectroscopy

The GC-MS analysis of S. mutica and O. decumbens EOs were per-
formed to establish their chemical composition. According to Table 1,
the S. mutica EO contained 44 compounds. The major component of this
EO was carvacrol (64.036%). Following that, p-cymene (12.105%),
y-terpinene (6.22%), thymol (2.244), and o-terpinene (2.027%) showed
considerable concentrations. Other studies have revealed almost similar
results. Sefidkon and Jamzad reported that the major components of
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S. mutica EO were carvacrol (30.9%), thymol (26.5%), y-terpinene
(14.9%), and p-cymene (10.3%) (Sefidkon and Jamzad, 2005). Another
research showed that the S. mutica EO derived from Tangegol (Golestan,
Iran) contained mostly carvacrol (70.4%), borneol (10.5%), thymol
(6.5%), and p-cymene (3.5%) (Karimi et al., 2016). The obtained results
revealed that the concentration of oxygenated monoterpenes, particu-
larly carvacrol, in the S. mutica EO was noticeable.

As Table 1 depicts, the chemical composition of O. decumbens EO
comprised 21 ingredients. The most abundant components were y-ter-
pinene (25.87%), thymol (20.32%), carvacrol (18.77%), p-cymene
(12.72%), myristicin (9.89%), and limonene (5.5%). A previous study
on O. decumbens EO showed that thymol (28.45%), y-terpinene (22.2%),
p-cymene (17.90%), myristicin (13.55%), carvacrol (8.50%), and
limonene (2.60%) were dominant (Alizadeh Behbahani et al., 2018).
Another investigation on the O. decumbens EO composition at various
phenological stages showed that p-cymene, y-terpinene, thymol, and
carvacrol were major components (Esmaeili et al., 2018). Therefore, the
results of this study were comparable with the others, and the slight
difference in the composition of EOs could be related to the numerous
reasons such as the plants’ phenology stage, climatic conditions,
collection process, and geographical origin (Alizadeh Behbahani et al.,
2018).

3.2. Antimicrobial activity of S. Mutica and O. Decumbens EOs

The GC-MS analysis of S. mutica and O. decumbens EOs revealed
mainly the presence of oxygenated monoterpenes such as carvacrol and
thymol. These ingredients of essential oils possess potential antibacterial
activity (Vitanza et al., 2019). Therefore, the investigation on the
microbicidal activity of S. mutica and O. decumbens EOs against standard
strains of P. aeruginosa, E. coli, S. aureus, C. dubliniensis, and C. albicans
were evaluated by CLSI protocol. As Table 2 reveals, the MIC values
ranged from 0.0625 to 4 ul/ml for S. mutica EO and 0.125 to 8 ul/ml for
O. decumbens EO, and the MMC values varied from 0.0625 to 16 pl/ml
and 1 to 32 pl/ml, respectively.

These results demonstrated that these two EOs have an excellent
ability to inhibit the growth of bacteria and fungi species. The anti-
bacterial results of the S. mutica EO were close to that of other re-
searches. For instance, the study performed on this EO revealed its
minimum bactericidal concentrations against E. coli, S. aureus, and

Table 1
The chemical composition of Satureja mutica and Oliveria decumbens essential oil.

Components RI' Area (%) Components RI Area (%) Components RI Area (%)

S. mutica EO (E)-2-Hexenal 850 0.12 (Z)-b-Ocimene 1036 0.097 Carvacrol 1299 64.036
Tricyclene 923 0.024 (E)-b-Ocimene 1046 0.158 Unknown 1324 0.212
a-Thujene 926 0.07 y-Terpinene 1059 6.22 Carvacrol acetate 1374 0.06
a-Pinene 933 0.38 Unknown 1079 0.047 a-Copaene 1376 0.079
Camphene 948 0.257 Terpinolene 1089 0.925 (Z)-Caryophyllene 1408 0.109
Thuja-2,4(10)-diene 953 0.021 Linalool 1099 0.265 (E)-Caryophyllene 1419 0.276
1-Octen-3-ol 977 1.189 n-Nonanal 1105 0.01 y-Muurolene 1476 0.137
Myrcene 991 0.853 1-Octen-3-yl acetate 1112 0.011 Viridiflorene 1494 0.145
3-Octanol 995 0.078 Borneol 1165 0.618 a-Muurolene 1500 0.212
p-Phellandrene 1004 0.341 Terpinen-4-ol 1177 0.304 p-Bisabolene 1509 0.48
p-Mentha-1(7),8-diene 1007 0.063 a-Terpineol 1190 0.069 y-Cadinene 1514 0.22
o-Terpinene 1017 2.027 Methyl chavicol 1198 1.801 §-Cadinene 1523 0.481
p-Cymene 1026 12.105 Carvacrol methyl ether 1244 0.088 a-Cadinene 1537 0.052
Limonene 1029 0.783 Thymoquinone 1254 1.005 Thymohydro quinone 1557 0.729
1,8-Cineole 1031 0.598 Thymol 1291 2.244
Components RI Area (%) Components RI Area (%) Components RI Area (%)

O. decumbens EO a-Thujene 930 0.28 p-Cymene 1024 12.72 a-Terpineol 1188 0.04
a-Pinene 939 0.15 Limonene 1029 5.5 Carvacrol methyl ether 1244 0.31
Camphene 954 0.19 p-Phellandrene 1030 0.41 Thymol 1290 20.32
Sabinene 975 1.9 (E)-p-Ocimene 1050 0.07 Carvacrol 1299 18.77
B-Myrcene 991 0.46 y-Terpinene 1059 25.87 Thymol acetate 1352 0.09
a-Phellandrene 1002 0.02 Terpinolene 1088 0.05 Myristicin 1518 9.89
v-3-Carene 1011 0.04 Terpinen-4-ol 1177 0.15 Elemicin 1557 2.75

! RI: Retention Index.
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Table 2
Antimicrobial activities of Satureja mutica and Oliveria Decumbens essential oil by
broth microdilution method.

Organisms ATCC/  Satureja Mutica Oliveria
CBS EO decumbens EO
MIC' MMC®  MIC MMC
(ul/ (ul/ (ul/ (ul/
ml) ml) ml) ml)
Bacterial Staphylococcus ATCC 4 4 4 8
Strains aureus 25923
Escherichia coli ATCC 2 2 4 4
25922
Pseudomonas ATCC 4 16 8 32
aeruginosa 9027
Fungal Candida ATCC 1 2 2 4
Strains albicans 10261
Candida CBS 0.0625 0.0625 0.125 1
dubliniensis 8501

! MIC: minimum inhibitory concentration;
2 MMC: minimum microbicidal concentration.

P. aeruginosa strains were 8, 2, and 8 pl/ml, respectively (Ghorbanpour
etal., 2016). Another study showed that the MMC values of S. mutica EO
against respective microorganisms were 2, 8, and > 64 pl/ml (Hadian
et al., 2012). In comparison, this survey resulted that S. mutica EO could
kill E. coli, S. aureus, and P. aeruginosa bacteria at concentrations of 2, 4,
and 16 pl/ml, respectively. The slight difference between these results
may be related to the dissimilarity in their composition. In this research,
S. mutica EO contained a remarkable concentration of carvacrol
(64.036%), based on GC-MS results. The pure carvacrol has antimi-
crobial effects against various microorganisms, especially S. aureus and
E. coli. This activity is related to the high hydrophobicity of carvacrol
that leads to the debilitating of the cell membrane (Ben Arfa et al.,
2006). Thus, the lower MIC values of S. mutica compared to other studies
might be related to its higher content of carvacrol. Also, the antibacterial
activities of O. decumbens EO against E.coli and P. aeruginosa were almost
similar to a previous study. (Alizadeh Behbahani et al., 2018).

According to Table 2, both the EOs exhibited potent activity against
Gram-positive and Gram-negative bacteria, although previous re-
searches have shown that EOs have a greater inhibitory effect against
Gram-positive bacteria than Gram-negative strains (Victoria et al., 2012;
Zomorodian et al., 2017). The high bactericidal effect of EOs against
Gram-positive bacteria could be due to the permeability of hydrophobic
molecules through their cell walls. As a result, the phenolic compounds
of essential oils could adversely affect the cell wall and cytoplasmic
contents. Due to the outer membrane of the Gram-negative bacteria,
which results in its relative impermeability, they are more resistant to
EOs. However, the thymol and carvacrol contents of EOs can indirectly
disintegrate the bacterial outer membrane of Gram-negative strains and
bring about its death (Nazzaro et al., 2013).

Altogether, the significant bactericidal activity of S. mutica and
O. decumbens EOs could be attributed to the high phenolic contents
(Table 1). Furthermore, the higher sensitivity of microorganisms against
the S. mutica EO compared to the O. decumbens EO could be related to its
higher concentration of carvacrol. In addition, S. mutica and
O. decumbens EOs showed a strong potential to inhibit the growth of
Candida strains. These antifungal activities could broaden the antimi-
crobial effect of these EOs and inhibit further infections. As a result,
these two essential oils could be used to inhibit the growth of probable
infecting microorganisms, particularly the S. aureus strains that are the
most common cause of wound infection in the world (Dhand et al.,
2017).

3.3. Characterization of core-shell nanofibrous scaffolds

3.3.1. Morphology
Previous studies revealed that the electrospinning of the CS, when

International Journal of Pharmaceutics 597 (2021) 120288

used alone, is difficult because of its low solubility, strong hydrogen
bonds, and polycationic features. To solve this problem, researchers
combined CS with other polymers to become electrospinnable. On the
other hand, single nozzle electrospinning results in burst release of
loaded drugs in drug delivery applications (Yan et al., 2014). In this
research to overcome these problems, the core-shell nanofibrous scaf-
folds composed of CS/PVA/EO as the core and PVP/MD as the shell was
fabricated by the coaxial electrospinning method. First, different core
and shell flow rates were examined to obtain beadless and homogeneous
nanofibers (Table 3). The SEM images of these scaffolds were evaluated
at different magnifications and are shown in Fig. 1. This figure illustrates
that all the nanofibers are unaligned. Previous studies showed that the
unaligned structure of nanofibers promotes O permeation and cellular
proliferation (Lee et al., 2017). Also, the SEM images exhibited little
conglutination of the fibers, which may be related to the fast vapor-
ization of the solvents. According to Table 3, the diameter of primary
samples (S1, S2, S3, and S4) did not show a considerable difference and
were 183 + 43, 216 + 50, 210 + 50, and 222 + 49 nm, respectively. The
relatively thin diameter of the core-shell scaffolds is correlated to the
ionic polyelectrolyte feature of their ingredients. Due to this trait, the
polymer solution had a higher charge density on the tip of the ejected jet
of the electrospinning; therefore, induced higher elongation force and
finally decreased the fiber diameter (Sajeev et al., 2008). The smaller
nanofiber diameter brings about the larger ratio of surface area to vol-
ume (Yousefi et al., 2017). The higher surface area per mass of nano-
fibrous scaffolds is significant because it can provide better release of the
loaded drug (Shokrollahi et al., 2020). Although the S1 nanofiber sam-
ple had the thinnest fiber diameter, it contained beads that restricted its
functionality. As a result, because the S3 nanofiber sample had beadless
and smaller fiber diameters compared to other primary ones, the prep-
aration conditions of this sample were chosen for further investigations
and incorporation with bioactive agents.

According to Table 3, the addition of S. mutica or O. decumbens EO
slightly increased the fiber diameter. This result was the same as the
obtained results by Torabi Ardekani et al. on CS/PVA based nanofibrous
scaffolds loaded with Zataria multiflora EO (Ardekani et al., 2019). The
S$3-10% S. mutica and S3-10% O. decumbens scaffolds had a fiber mean
diameter of 250 + 45 and 225 + 46 nm, respectively. This insignificant
rise in the fiber size of EO loaded scaffolds might be the result of a
change in the viscosity of feed solution due to the addition of EOs. The
diameters of nanofibers were between the range of 50 to 500 nm, which
is the size of collagen fibers of ECM (Choi et al., 2008). Moreover, Fig. 2
demonstrates that the morphology of nanofibrous scaffolds incorporated
with S. mutica or O. decumbens EO was similar to the S3 sample structure.
Therefore, the diameter size, alignment, and smoothness of these scaf-
folds make them suitable for wound dressing applications.

The TEM analysis was carried out to evaluate the core-shell structure
of nanoscale fibers. Fig. 3 shows that the core-shell structure formed
successfully. The interface between these two layers determines that the
shell appropriately encapsulates the core section. The high contrast
difference between the two layers resulted from the unequal density of
the core (CS/PVA) and the shell (PVP/MD) solutions. Thus, the coaxial
electrospinning apparatus properly produced the nanoscale core-shell
fibers.

Table 3
The mean diameter of nanofibrous scaffolds at different core-shell flow rates.

Sample Flow rate (ml/h) Mean diameter (nm)
Core Shell
S1 0.2 0.5 183 + 43
S2 0.1 0.5 216 + 50
S3 0.2 0.6 210 £ 50
S4 0.1 0.6 222 + 49
S3-10% S. mutica 0.2 0.6 250 + 45
S$3-10% O. decumbens 0.2 0.6 225 + 46
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Fig. 1. The SEM images of primary nanofibrous scaffolds at different core and shell flow rates (A, B) S1 sample, (C, D) S2 sample, (E, F) S3 sample, and (G, H) S4

sample. Magnification: A, C, E, and G = 1 kx, B, D, F, and H = 10 kx.

3.3.2. FTIR analysis

The FTIR analysis was performed to investigate the probable in-
teractions among components of the produced scaffolds. The FTIR
spectra of the CS, PVA, PVP, MD, and the prepared nanofibrous scaffolds
are shown in Fig. 4. CS exhibited a peak at 3355 cm ™! revealing the
presence of N-H, O-H, and its relative intermolecular hydrogen forces.
The characteristic peak at 1589 cm ™! was attributed to the amide groups
of CS. In addition, the C-H and C-O bonds were evident from the peaks at
1374 and 1150 ecm™}, respectively (Hadipour-Goudarzi et al., 2014).
The FTIR analysis of MD showed the peaks at 3283, 2888, and 1602
em ™!, which corresponded to the O-H, C-H, and C-O stretching vibra-
tions, respectively. Also, the peaks ranged from 520 to 992 cm ™! showed
the skeletal vibrations of the pyranoid ring (Kang et al., 2019). The FTIR
spectrum of PVA resulted in the O-H, C-H, H-C-OH, and C-O bonds
peaked at the 3330, 2947, 1422, and 1092 cm™?, correspondingly
(Alavarse et al., 2017). The PVP powder was characterized by the C-H,
C=0, and C-N bonds at the respective peaks of 2948, 1652, and 1283
em™! (Tawfik et al., 2020).

The spectra of the S3 scaffold showed that all the utilized polymers
existed in the S3 sample. As evident in Fig. 4, the O-H peak of the S3
sample slightly differed from the other materials and a little broadened.
This change may have resulted from hydrogen bonding occurring be-
tween N-H and O-H groups that existed in CS, PVA, and MD. This result
was in agreement with previous studies (Hadipour-Goudarzi et al.,
2014; Li et al., 2018). The addition of 10% O. decumbens or S. mutica EO
to the core layer of the S3 scaffolds did not produce new peaks. As Fig. 4
indicates, the intensity of O-H and C-H stretching increased due to the
presence of alcoholic components of the EOs. The similar results were
concluded by other researchers (Fonseca et al., 2019; Keawchaoon and
Yoksan, 2011; Lin et al., 2018). This effect was more significant on the
FTIR spectrum of the S3-10% S. mutica than that of the S3-10%
O. decumbens because S. mutica EO contained higher amounts of

phenolic compounds (like thymol and carvacrol). Therefore, the FTIR
analysis proved the appropriate fabrication of the intended scaffolds.

3.3.3 Mechanical strength

The produced nanofibrous scaffold must have sufficient mechanical
strength to be acceptable in tissue engineering applications. The me-
chanical properties of the scaffolds containing 10% S. mutica or
O. decumbens EO were investigated to ensure its performance. In Table 4,
the ultimate tensile strength (UTS), elongation at break (EB), and
Young’s modulus (YM) of the tested scaffolds are presented.

The S3 scaffold showed UTS of 8.92 + 0.1 MPa and YM of 487.81 +
48.9 MPa. These values were higher than the scaffolds composed of CS/
PVA or even cross-linked ones, which were evaluated in previous studies
(Liao et al., 2011). The higher UTS and YM of the S3 sample compared
with un-cross-linked and cross-linked nanofibrous scaffolds suggested
that the shell layer containing PVP/MD could appropriately heighten
the mechanical strength of scaffolds. Previous studies also showed that
the core-shell structure had the potential to heighten the mechanical
properties of nanofibrous scaffolds (Afshar et al., 2019; Chen et al.,
2010). Also, the higher mechanical strength could be related to the
hydrogen bonding of the shell materials with core polymers, as seen in
the FTIR analysis.

Based on Table 4, the UTS and YM of scaffolds loaded with EOs
declined while their EB increased. These changes are because of the
plasticizing effect of herbal extracts and their impact on the hydrogen-
bonding network of nanofiber materials, which was in accordance
with FTIR results (Adeli-Sardou et al., 2019; Almasian et al., 2020). In
addition, Afshar et al. expressed that the rise in the nanofiber diameter
could weaken its tensile strength (Afshar et al., 2019). Since the SEM
results showed the scaffolds loaded with EOs had higher mean diameter,
this might have decreased their UTS and YM properties. Moreover, the
comparison between the mechanical properties of the S3-10% S. mutica
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Fig. 2. The SEM images of (A) $3-10% O. decumbens and (B) S3-10% S. mutica at 20 kx magnification.
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Fig. 3. The TEM images of S3 scaffold (A) 300 nm scale and (B) 150 nm scale.

and the S§3-10% O. decumbens nanofibrous scaffolds demonstrated that
the addition of S. mutica EO more strongly impacted the amounts of UTS,
YM, and EB than O. decumbens EO. This difference might be correlated to
higher carvacrol concentration of S. mutica EO; as Fonseca et al.
concluded that increasing in carvacrol concentration could decline the
elastic behavior of nanofibers (Fonseca et al., 2019). However, the
tensile strength of all the examined scaffolds was between 0.8 and 18
MPa, the range that was suggested for nanofibrous scaffolds to be
compatible for wound dressing applications (Yousefi et al., 2017).

3.3.4. Loading capacity and encapsulation efficiency

Evaluating the amount of LC and EE are essential to confirm and
quantify the encapsulation of essential oils (Osanloo et al., 2020). The
obtained results showed that the LC of S3-10% S. mutica and S3-10%
O. decumbens were 9.14 + 0.42% and 8.99 + 0.28%, respectively. Also,
the EE amounts of S. mutica or O. decumbens EO-loaded mats were 82.90

+ 6.37% and 80.10 + 4.04%, respectively. According to Tampau et al
(2020), the relatively high EE can be correlated with the high viscosity
of solution that restricts emulsion destabilization during evaporation of
the solvent. Besides, the interactions between EOs and PVA in the core
solution help the EOs to be entrapped in the nanofibers (Tampau et al.,
2020).

3.4. Antioxidant activity of scaffolds

The antioxidant activity could play a key role in wound healing by
minimizing reactive oxygen species (ROS) (Sarhan et al., 2016; Than-
gavel et al., 2018). In the current study, the antioxidant capacity of the
scaffolds was investigated using the DPPH assay, and the results are
given in Table 5. The antioxidant activity of the loaded scaffolds with the
EOs was significantly improved compared to the blank scaffold (S3
sample). As indicated in Table 5, 80 mg/ml of the S3-10% S. mutica and
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Fig. 4. The FTIR results of Chitosan, Maltodextrin, PVA, and PVP powders and
S3, $3-10% O. decumbens and S3-10% S. mutica nanofibrous scaffolds.

Table 4
The mechanical properties of the S3 sample and the S3 contained 10% S. mutica
or O. decumbens essential oil. (mean + SD, p-value < 0.05, n = 3).

Sample Ultimate Tensile Elongation at Yong’s
strength (MPa) break (%) modulus (MPa)
s3? 892+ 0.1 2.73 +£0.05 487.81 + 48.9
$3-10% S. mutica® 4.68 + 0.07 3.7 £ 0.06 243.6 + 20.2
$3-10% 7.73 £ 0.08 3.51 +£0.08 405.45 + 34.4
O. decumbens®
Statistic (p-value < a,b and a,c a,b and a,c -
0.05)
Table 5

Antioxidant activities of the electrospun scaffolds measured by the DPPH. The
values are given as mean + SD (p-value < 0.05, n = 3).

Sample Inhibition percentage + SD ICso (mg/ml)
80 mg/ml 40 mg/ml 20 mg/ml + SD

S3 18.07 + 11.35 + 9.41 + -
0.95 1.10 2.06

$3-10% 61.74 + 47.31 £ 28.19 + 46.17 + 2.20

O. decumbens 3.20* 1.54 4.41

$3-10% S. mutica 64.12 + 48.42 + 31.02 + 43.50 + 3.33
5.55* 0.44* 3.59

Quercetin - - - 16.98 + 0.54

uM

" p-value < 0.05

the S3-10% O. decumbens scavenged 64.12 + 5.55% and 61.74 + 3.20%
of the free radicals (p-value < 0.05, n = 3), respectively. Also, the in-
hibition values were enhanced in a dose-dependent manner. This high
antioxidant activity of the scaffolds loaded with EOs was due to the
presence of alcoholic monoterpene and phenolic compounds, which
possess hydrogen and electron donor ability (Aytac et al., 2016). In
addition, the §3-10% S. mutica indicated higher amounts of inhibition
compared to the S3-10% O. decumbens, which might be due to the higher
value of oxygenated monoterpenes (carvacrol and thymol) in the
S. mutica (Abou Baker et al., 2020). Furthermore, the S3-10% S. mutica
and the S3-10% O. decumbens showed the ICsq values of 43.50 + 3.33
and 46.17 + 2.25 mg/ml, respectively.

Consequently, the high antioxidant property of the S3-10% S. mutica
and the $3-10% O. decumbens could make them promising candidates for
wound dressing.
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3.5. Antimicrobial properties of scaffolds

The bactericidal activity of the produced scaffolds was measured
using colony count and compared with control (Fig. 5). The antimicro-
bial results of the nanofibrous scaffolds with and without essential oils
are presented in Fig. 6. The S3 scaffold partially reduced the growth of
bacteria strains, while it did not affect Candida strains (Fig. 6). These
results were almost the same as the others conducted from the study
performed by Torabi Ardekani et al. (Ardekani et al., 2019). The
bactericidal activity of the CS/PVA-PVP/MD scaffold might be related to
its CS content. Previously, other studies showed that the polycationic
trait of CS, which is due to the presence of NH2 groups, induces the
electrostatic attraction between the scaffold and negatively charged
bacterial cell membranes. This action weakens the wall integrity of the
cell and causes its death (Masood et al., 2019; Singh et al., 2018). Also, it
has been reported that the combination of CS and PVA could enhance
the bactericidal activity of nanofibrous scaffolds (Jacob et al., 2019).
Fig. 6 illustrates that the antibacterial activity of the S3 scaffold against
Gram-negative bacteria strains (E. coli and P. aeruginosa) was greater
than Gram-positive (S. aureus). This effect could be related to the elec-
trostatic force between the CS polymer and the cell wall of Gram-
negative bacteria. The amine group of CS strongly bonds to the sur-
face of Gram-negative bacteria and causes cell leakage. However, the
interaction between Gram-positive bacteria and CS could generate a
barrier and restricts nutrient supply to the cell (Yousefi et al., 2017).
Previous researches on the anti-Candida effect of different types of chi-
tosan revealed that the minimum inhibitory concentration of CS should
be at least 1 mg/ml to be effective (Tayel et al., 2010). Since the con-
centration of CS in the culture solutions was lower than that, the little
anti-Candida effect of the S3 scaffold was predictable.

As can be seen in Fig. 6, the addition of S. mutica or O. decumbens EO
significantly heightened the antimicrobial activity of the produced
scaffolds and completely inhibited the growth of microorganism strains.
As mentioned earlier, the microbicidal activity of the EOs is related to
their phenolic compounds. These ingredients affect cell membrane
integrity and cause cell lysis (Nazzaro et al., 2013). Furthermore, it has
been reported that carvacrol (the major component of S. mutica EO)
could disturb the ion and pH equilibria of the cell cytoplasm and induce
a microbicide effect (Fonseca et al., 2019). According to the results of
the LC analysis, the concentrations of EOs in the incubated solutions of
microorganisms with swatches were about 3.9 pl/ml. The higher
microbicidal effect of EOs loaded in nanofibers in comparison to that of
the pure EOs against the tested microorganisms could be related to the
chitosan antibacterial activity. Besides, the combination of chitosan
with EOs might have resulted in a synergistic effect. These results are
accordance with the previous studies that have shown synergistic anti-
microbial activity of chitosan with EOs (Wang et al., 2011; Yuan et al.,
2016).

The antimicrobial results showed that the produced scaffolds con-
taining O. decumbens or S. mutica EO inhibited the growth of both the
Gram-positive and Gram-negative bacteria along with Candida species.
This broad range of antimicrobial effect could protect the wound site
from a probable wound infection.

4. Conclusion

In the current research, CS/PVA-PVP/MD nanofibrous scaffolds
loaded with S. mutica or O. decumbens EO were appropriately electro-
spun to produce the core-shell structure. The mechanical analysis
showed that the properties of the fabricated scaffolds enhanced
compared to the previously produced CS/PVA-based scaffolds by other
researchers. Furthermore, the results of the GC-MS test revealed that
oxygenated monoterpenes were the main components of S. mutica and
O. decumbens EOs. This result may explain the considerable MIC and
MMC values of these EOs, which further resulted in the enhancement of
the antimicrobial activity of CS/PVA-based scaffolds against
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P. aeruginosa, E. coli, S. aureus, C. dubliniensis, and C. albicans. Also, the
addition of the S. mutica or O. decumbens EO to the core-shell nano-
fibrous scaffolds increased the antioxidant activity of nanofibers from
18.07 £ 0.95 to 64.12 + 5.55 and 61.74 + 3.20 percentage at 80 mg/ml
concentration, respectively. In conclusion, the S. mutica and
O. decumbens EO modified the antimicrobial and antioxidant activities of
the CS/PVA-based scaffolds. The core-shell nanofibrous scaffolds loaded
with each of the EOs can be potentially utilized as dressings for dry
wounds because of their suitable mechanical properties, antioxidant
effect, and antimicrobial activities. According to the obtained results, in
future research, nanofibers with stability in aqueous media can be
produced by selecting a suitable cross-linking agent and then, its

properties for the treatment of moist wounds can be investigated.
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