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A B S T R A C T   

A nanostructured device based on poly(vinyl alcohol) (PVA) loaded with a cross-linked chitosan (CH) emulsion, 
soy lecithin, and peppermint essential oil (Mentha piperita) was designed for topical applications using an elec
trospinning instrument coupled to a rotary drum collector. Different suspensions were obtained by varying the 
PVA to emulsion ratio (PVA:Em) 87.5:12.5, 82:18, and 75:25, using a PVA solution as a control. ATR-FTIR 
spectra confirmed the interactions among the components of the system. Scanning electron microscopy (SEM) 
of the mats evinced that the aligned fiber diameter decreased with higher proportions of emulsion while dynamic 
mechanical analysis (DMA) revealed a decrease in the storage modulus. 

The entrapment of the functionalized emulsions not only improved the elongation of the matrices but also 
provided them with greater structural integrity compared to the single PVA matrix. The most favorable 
formulation in terms of mechanical properties was found to be the 82:18 ratio. 

After 1 h of close contact between the 82:18 matrix and a porcine skin explant, the latter was examined by 
confocal microscopy, which revealed the localization of the essential oil mainly on the surface of the stratum 
corneum (SC).However, after 7 h of contact, the distribution of the peppermint EO throughout the viable 
epidermis was observed, which was further supported by ATR-FTIR studies. 

Tailored electrospun matrices would have potential applications as devices for topical or transdermal treat
ments due to their vehiculization role that allows the diffusion of peppermint essential oil as a skin penetration 
enhancer.   

1. Introduction 

Within the field of nanotechnology, the design of nanostructures has 
been extensively explored. Specifically, the electrospinning technique is 
one of the most versatile methods to obtain nanofibers facilitating the 
nanoencapsulation of active compounds [1–3]. 

The nanofibers obtained by electrospinning technique have a high 
loading capacity of active compounds and a high surface area to volume 
ratio and large number of inter/intra fibrous pores resulting in a mate
rial with low density [4]. On the other hand, the electrospun nanofibers 
present important advantage from biomedical point of view due the 
fiber can mimic the extracellular matrix [5]. 

There are reports in literature focusing on the generation of hybrid 

nanofibrous scaffolds for tissue engineering, wound dressing, drug de
livery systems and enzyme immobilization, among the most relevant 
applications [6]. Given the versatility of fibrous nanostructures as car
rier materials, the role of electrospun nanofibers as a controlled and 
sustained delivery system of an active compound has been extensively 
studied and has demonstrated enhanced therapeutic efficacy and 
reduced toxicity [7]. 

The assembly of an active compound by the electrospinning tech
nique can be helpful in the fabrication of different hierarchical struc
tures. This can be done by various strategies, such as adding the active 
compound to the polymer nanofiber as nanoparticles, formulating a 
composite system, or encapsulating the drug in the electrospun nano
fibers [7]. 
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In this technique, the voltage application produces a Taylor cone 
generating a jet with the consequent solvent evaporation. Upon reaching 
a collector, a thin film is produced conformed by micro and nanofibers 
[8]. 

The polymeric solution flows through a needle connected to a 
voltage source that simultaneously is connected to a collector [9]. The 
collector is another crucial component in electrospinning (E-spin). 
Various types of collectors are available, such as drum collectors, plate 
collectors, parallel plate collectors, cocoon collectors, and disc collec
tors, among others. The selection of an appropriate collector primarily 
depends on the intended application of the fabricated nanofibers. In 
laboratory-level experiments, drum collectors are commonly employed 
to obtain well-aligned and nanosized fibers. 

The configuration of the rotating drum allows for controlled and 
organized fiber deposition, contributing to the production of desired 
nanofiber characteristics giving like results aligned nanofibers but 
without obtaining thick mats [9,10]. 

There are two geometries for the collector used in the electro
spinning technique, a metallic plate, or a rotating metallic collector. The 
conventional flat plane collectors produce nanofibers with randomly 
oriented distribution, while rotating rods and rotating drums can be 
used as a ground platform to collect aligned fibers [9]. 

The ability to control fiber alignment is greatly sought after to pro
duce anisotropic mats due to the broad range of properties and biolog
ical effects that can be achieved in various fields, including tissue 
engineering [11], cell growth [12], drug delivery [13], and other 
biomaterial applications [14]. 

Several variables play a role when the electrospinning process is 
carried out, such as modification of intrinsic parameters of the polymer 
solution (average molecular weight, viscosity, surface tension, and 
conductivity of the solution) [1–3]. 

One of the environmentally friendly polymers used in the develop
ment of functionalized nanofibers is the poly(vinyl alcohol) (PVA). It is a 
non-toxic, biocompatible, hydrophilic synthetic polymer with good 
chemical, thermal, and mechanical stability which has found extensive 
applications in the preparation of various biomaterials, including films, 
membranes, hydrogels, scaffolds, and nanofibers [15,16]. PVA contains 
residual vinyl acetate groups that give it an amphiphilic character, 
demonstrating its ability as a surfactant agent [17]. 

In the pharmaceutical field, PVA is used in topical and ophthalmic 
formulations, serving as a stabilizing agent for emulsions and enabling 
sustained release formulations for oral use. In addition, PVA has proved 
to be an ideal material for the production of electrospun nanofibers 
loaded with active ingredients [18]. 

Diverse active compounds such as antiparasitic compounds [19], 
antioxidants [15], antibiotics [16], and essential oils [1] can be sup
ported in an electrospun matrix. Applications of essential oils (EO) are 
an emergent area of research and innovation to develop active materials 
[20]. 

Essential oils have been used in the production of cosmetics and 
pharmaceuticals mainly due to their antioxidant and antimicrobial 
properties [21]. Because of their high content of terpenes, EOs are used 
as penetration enhancers of the active agents through the skin. 

Peppermint essential oil (Mentha piperita) consists mainly of menthol 
and menthone along with several other minor constituents, including 
menthofuran, 1,8-cineole, and limonene. The active compound has been 
used as an anti-inflammatory, analgesic, antifungal, and antimicrobial 
agent [22]. It also has been applied for wound dressing, food preser
vation, and pharmaceuticals [23,24]. 

Two main methods have been developed as strategies to protect EOs: 
direct encapsulation of the essential oil through fiber formation by 
electrospinning [25,26] or entrapment of the essential oil after the for
mation of the fibers [27]. While the direct incorporation of essential oils 
(EO) into a hydrophobic matrix may seem straightforward and elimi
nates the need for additional synthesis steps, it has some drawbacks. One 
of these drawbacks is the requirement of organic solvents such as 

dimethylformamide (DFM) and chloroform, which can release toxic 
vapors that can be harmful to human health [28]. A more effective 
approach is the use of hydrophilic emulsions, which allow the encap
sulation of essential oils within a hydrophilic matrix [1,29]. This alter
native approach provides advantages in terms of safety and enables the 
controlled release of the essential oil. 

Soy lecithin has the role of acting as a stabilizer by rapidly adsorbing 
on the droplet surface, reducing the O/W interfacial tension between the 
oil and water phases, and imparting a negative surface charge, resulting 
in high repulsive force interactions against the destabilization processes 
[30]. One of the most common strategies to produce a stable emulsion is 
to combine it with stabilizers as chitosan [31]. 

Chitosan (CH) is a cationic polyelectrolyte that can be assembled to 
form a layer or interfacial film on the oil drop promoting better system 
stability [1,32]. It is a biodegradable and biocompatible polymer, which 
contains amino groups in its structure [33]. These amino groups can be 
protonated at acidic pHs, which confers to this polymer the highest 
reactivity, allowing its use as an encapsulation agent [5,34]. 

Regarding the use of chitosan as a biopolymer for the encapsulation 
of essential oils, different authors have reported the encapsulation ca
pacity of Valeriana officinalis essential oil [35] and Thymus vulgaris 
essential oil [36], among others. In previous work, the synthesis of a 
crosslinked emulsion based on chitosan and PVA to encapsulate cab
reuva essential oil was reported by Lamarra et al. [1]. The positive 
charge of chitosan allows the preparation of nanoparticles by interaction 
with anions, such as sodium citrate, faciliting the entrapment of the 
hidrophobic essential oil in a hydrophilic film. 

To the best of our knowledge, there is hardly any study about the 
development and characterization of eco-friendly aligned electrospun 
mats of PVA with Mentha piperita essential oil stabilized in a crosslinked 
chitosan-based emulsion and their application as a functionalized 
wound dressing. Considering that chemical components of essential oils 
have high volatility, low water solubility, and are susceptible to degra
dation from temperature, light, oxygen, and moisture, this research was 
focused on the encapsulation of the essential oil-based emulsions within 
nanostructures formed using chitosan, poly(vinyl alcohol), and soy 
lecithin, studying the size particle and the zeta potential. Once the 
appropriate crosslinked emulsion was selected, matrices consisting of 
oriented nanofibers were formed using the electrospinning technique, 
with poly(vinyl alcohol) serving as the supporting material in various 
proportions. An in-depth study of the entrapment of the encapsulated 
emulsions on the morphological, structural, and thermomechanical 
properties of nanostructures obtained by electrospinning was also 
examined. Furthermore, the diffusion of the EO from the electrospun 
mat upon contact with a porcine skin explant was analyzed by confocal 
microscopy taking advantage of the Mentha piperita fluorescence, and its 
penetration into the stratum corneum was confirmed by ATR-FTIR 
studies. 

2. Materials and methods 

2.1. Materials 

Chitosan (CH) with 85 % of deacetylation degree and Mw = 3.2 ×
105 Da was supplied by PolymarCiencia and Nutricao (Fortaleza, Brazil) 
while poly(vinyl alcohol) (PVA) with a hydrolysis degree of 86–89 % 
and molecular mass range between 50 and 55 kDa was acquired from 
Dupont (USA). Soybean lecithin was purchased from Parafarm 
(Argentina), sodium citrate was supplied by Cicarelli (Argentina), and 
Mentha piperita essential oil was acquired from Esencias del Bosque (La 
Plata, Argentina). 

2.2. Methods 

2.2.1. Formulation and characterization of O/W encapsulated emulsions 
In the first step of the experimental procedure, a similar method 
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proposed by Lamarra et al. [1] was followed to formulate an oil-in-water 
emulsion (O/W). The emulsion was prepared using two polymers, 
polyvinyl alcohol (PVA) and chitosan (CH) which were mixed in a 1:1 
ratio (v/v). 

To prepare the chitosan solution, the biopolymer was dissolved in a 
0.75 % (w/v) acetic acid solution 0.75 % (v/v)for 12 h. On the other 
hand, the PVA used as a stabilizing agent for the emulsion was solubi
lized in water at 90 ◦C for 16 h to obtain a 0.75 % (w/v) solution. 

To form the emulsions, different quantities of soybean lecithin (1 %, 
5 %, and 10 % w/w) were added to the composite solution of PVA and 
CH. Lecithin is a zwitterionic phospholipid that reduces the surface 
tension between two phases. The soybean lecithin used, defatted and 
enriched in phosphatidylcholine, has the role of acting as a stabilizer. 
This resulted in three different emulsion formulations: Em1, Em5, and 
Em10, where the subscript indicates the lecithin concentrations relative 
to the total emulsion weight. 

After the addition of the peppermint essential oil at a concentration 
of 7.5 % (v/v), the system was subjected to homogenization using an 
Ultraturrax T-25 to form the emulsion (Janke and Kunkel, IKALa
bortechnik, Germany) operating at 21,000 rpm for 10 min to achieve a 
uniform distribution of the essential oil within the emulsion. To further 
reduce droplet size and enhance system stability, the emulsion was 
subjected to an ultrasound treatment using Sonics VCX-750 ultrasonic 
processors (Vibra Cell, USA) for 10 min at 20 % amplitude. 

In the second step of the process, the emulsions were crosslinked 
using sodium citrate at a concentration of 0.125 % (w/v). The cross
linking was performed through the ionic gelation technique, which in
volves the formation of a gel network through the interaction between 
the polymer and the crosslinking agent. 

The zeta potential (ZP) and hydrodynamic diameter (DH) of the 
active crosslinked emulsions were found to be simple techniques that 
could be used to study the surface charge of NPs and their hydrodynamic 
size, respectively. These determinations were performed using a Mal
vern Zeta Sizer Nanozs (Malvern Instruments Ltd., UK). 

Size measurements were performed by dynamic light scattering 
(DLS) using a 4 mW He–Ne laser at a wavelength of 633 nm and a 
detection angle of 173◦. The size distribution profiles were obtained by 
analyzing the correlation function in the instrument software. In this 
sense, the intensity of the scattered light was used to calculate the mean 
hydrodynamic diameter (Z-average mean). For each sample, the data 
average was calculated from a minimum of five measurements. 

2.2.2. Preparation of fiber-forming suspensions 
Film-fiber suspensions to be submitted to the electrospinning process 

were obtained mixing PVA 16 % and O/W Em10 emulsion (described in 
2.2.1) for 24 h. To obtain the composite suspensions, the PVA solution to 
emulsion ratio were 87.5:–12.5, 82:18, and 75:25 (Supplementary ma
terial Table S1). A solution of PVA prepared at 16 % (w/v) was used as a 
control (PVA). 

2.2.3. Rheological characterization of fiber-forming suspensions 
To study the rheological behavior of polymeric solutions, flow ex

periments were carried out in a TA instrument controlled stress 
rheometer ARG2 (New Castle, Delaware, USA). The determinations 
were conducted on fiber-forming suspensions at 25 ◦C using the parallel 
plate of rough surfaces with a gap between the plates of 1 mm, evalu
ating the apparent viscosity at 500 s-1. 

2.2.4. Preparation of fibrous matrices by electrospinning 
The formation of fibers was carried out by using homemade equip

ment (Supplementary material, Fig. S1), with a voltage source operating 
at 18 kV, an injection pump at a constant flow rate of 0.4 ml/min [1], 
and a distance from the needle tip to the collector of 10 cm. The used 
collector was a rotating drum working at an angular velocity of 1300 
rpm. The average time of the electrospinning process was 16 h. 

2.2.5. Scanning electron microscopy (SEM) 
A FEI Quanta 200 electronic microscope (SEM) operated with an 

acceleration voltage of 15 kV was used to analyze the morphology and 
diameter of the fibers. The fiber diameter distribution was measured 
using the Fiji program (Image J, NIH, USA).age J, NIH, USA). 

2.2.6. Contact angle 
The contact angle was determined with an EasyDrop Standard 

Goniometer model FM140 (KRÜSS GmbH, Hamburg, Germany) equip
ped with a camera. To determine the water contact angle, the Drop 
Shape Analysis SW21 (DSA1) software was used. A minimum of 6 rep
licates of each sample were analyzed. 

2.2.7. Thermal analysis 
The study of thermal behavior was conducted by two techniques: 

differential scanning calorimetry (DSC) and thermogravimetric analysis 
(TGA). By using a DSC Q2000 (TA Instruments, USA), different endo
thermic and exothermic signals were recorded by the application of a 
heating scan from -50 ◦C to 250 ◦C at a speed scan of 10 ◦C min-1 under 
an inert atmosphere of N2. On the other hand, the TGA analysis allowed 
evaluation of the weight loss by using equipment TA Q500 (TA In
struments, USA). The samples were determined between 30 and 600 ◦C 
under an inert atmosphere (N2) with a scan of 10 ◦C min-1.The thermal 
behavior study was performed using two techniques: differential scan
ning calorimetry (DSC) and thermogravimetric analysis (TGA). Using a 
DSC Q2000 (TA Instruments, USA), various endothermic and 
exothermic signals were recorded by applying a heating scan from -50 ◦C 
to 250 ◦C at a scan speed of 10 ◦C min-1 under an inert N2 atmosphere. 
On the other hand, the TGA analysis allowed the weight loss to be 
evaluated using the TA Q500 device (TA Instruments, USA). The sam
ples were determined between 30 ◦C and 600 ◦C under an inert atmo
sphere (N2) with a scan of 10 ◦C min-1. 

2.2.8. Mechanical properties 
The mechanical properties of the electrospun mats were evaluated by 

tension tests in a Qtest 1/L Elite equipment by using a 100 N load cell at 
room temperature. The initial length was 10 mm and the elongation rate 
was settled at 10 mm min-1. To carry out the assays, rectangle specimens 
of 10 mm in length and 5 mm in width were cut from the matrix. Strain 
and stress were calculated. 

2.2.9. Dynamic mechanical analysis (DMA) 
Dynamic mechanical spectra of the matrices were obtained with 

DMTA Mettler DMA 861e using tension clamps, which allow the analysis 
of the relaxations of the material, working at 1, 3, 10, and 30 Hz with an 
amplitude of the applied force of 15 μm. 

2.2.10. ATR-FTIR 
The electrospun matrices functionalized with Mentha piperita essen

tial oils were analyzed by using Fourier transforms infrared spectroscopy 
equipment in the attenuated total reflectance mode by using a spec
trometer ATR- FTIR (Nicolet, iS10, ThermoScientific, Madison, USA). 
The data were recorded in the range 4000–400 cm− 1 with a resolution of 
4 cm− 1. 

2.2.11. Diffusion of peppermint EO by CLSM and ATR-FTIR 
The diffusion of peppermint essential oil was determined using 24 

mm diameter disks of ear porcine skin (provided by a butcher shop) 
following a similar procedure to that described by Izquierdo et al. [37]. 
The surface of the specimen was cleaned and stored in polyethylene bags 
at − 20 ◦C until use. A Saärbruken device, which operates under non- 
occlusive conditions, was used for the ex-vivo assay [38,39]. A filter 
disk embedded in PBS buffer was placed at the bottom of the cavity of 
the dispositive on which a porcine skin explant was located. A specific 
weight (10 g) was used to ensure optimal and close contact between the 
explant and the nanofiber matrix. 
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The diffusion tests were carried out in an ambient atmosphere of 100 
% and a temperature of 37 ◦C. Essential oil diffusion was evaluated at 
two different times, 1 and 7 h. The selected sample to carry out the tests 
was 82:18 due to its optimal mechanical properties and the significant 
proportion of active emulsion in relation to the PVA matrix. To assess 
the diffusion of the active compound through the skin, explant slices 
previously frozen at − 80 ◦C, were cut into 20 μm histological sections by 
using a Thermo-Shandon-Cryotome (FSE) Microtome. The observation 
was carried out by confocal laser microscopy (Olympus FV-1000) with a 
DAPI filter. On the other skin specimen sample, incubated with a func
tionalized film, optical sectioning was performed, taking images in the 
Z-axis every 10 μm. The intensity of the DAPI-specific fluorescence 
signals was analyzed using the Fiji-Image J software. 

Complementary studies through ATR-FTIR spectroscopy were car
ried out on the porcine skin explants subjected to diffusion tests, 
analyzing the spectral region between 3000 and 2800 cm-1 to evaluate 
the penetration of the essential oil or the active emulsion, either as 
compounds assembled on an electrospun matrix after close contact with 
the skin explant. 

2.2.12. Statistical analysis 
Statistical analysis was performed by using the InfoStat Software 

(Version 2008) (InfoStat Group, Argentina). Analysis of variance 
(ANOVA), linear regressions, and Fisher LSD mean comparison test were 
applied. The significance level used was 0.05. 

3. Results and discussion 

3.1. Emulsion characterization 

The functionalized emulsions were characterized through hydrody
namic diameter (DH) and zeta potential (ZP) studies. 

As can be seen in Table 1, all formulations presented a positive ZP 
value, characteristic of suspensions formed from a polycationic com
pound such as chitosan [40]. The decrease in the ZP values was corre
lated with the lecithin concentration, which could be attributed to the 
negative charges of phosphate groups in the structure of the surfactant 
agent [41]. Regarding the ZP values, the formulated emulsions could be 
considered stable in terms of colloidal interactions that prevent coales
cence, since they showed values greater than +30 mV [40]. The hy
drodynamic diameter (DH) of all formulations presented a relatively low 
value of the polydispersity index, which is a good indicator of the 
dispersion degree of the drops. On the other hand, the formulation with 
the highest concentration of soy lecithin (Em10, at 10% w/w) presented 
the lowest DH value. Consequently, this was the formulation selected to 
assemble with the PVA matrix to obtain the electrospun nanofibers. The 
decrease in the drop size with increasing lecithin concentration might be 
due to the emulsifying properties of this compound which can induce 
both, hydrophilic and hydrophobic interactions with the essential oil 
[41]. Andrade et al. [42] explain that lecithin with the highest content of 
phosphatidylcholine produces liposomes with homogeneous mem
branes due to a large number of groups with hydrophilic heads, which 
promote the spontaneous formation of these vesicles. 

Based on these results, the formulation with the best performance 
was chosen for the electrospinning process. 

3.2. Rheological behavior of polymeric solutions 

By selecting the appropriate process parameters, it is possible to 
control the diameter and properties of the fibers. The concentration and 
viscosity of the polymer solution are key factors that have the most 
significant influence on the size and morphology of the fibers. In this 
sense, the viscosity of the solution determines the extent of the solution 
stretching. In addition, the blending of nonionic polymers with a 
cationic polymer as the chitosan helps the electrospinning process [43]. 

The flow curves of all film-forming emulsions showed non- 
Newtonian and shear thinning behavior with n values ranging from 
0.82 to 0.88, which were fitted to the Ostwald-de Waele model. 

τ = kv γ̇n (1)  

where, τ is the shear stress, γ is the shear rate, kv is the consistency index, 
and n the flow behavior index. The apparent viscosity (η) was deter
mined at 500 s− 1. The estimated rheological parameters are shown in 
Table S2 (Supplementary material). 

The value of n < 1 indicated the required shear thinning behavior 
necessary for electrospinning. The interactions between the two phases 
led to the viscoelastic behavior of the suspensions and, consequently, to 
the formation of uniform fibers during electrospinning [44]. Further
more, the apparent viscosity of the PVA solution which was 2.75 Pa.seg 
at 500 s-1 experienced a reduction with increasing emulsion entrapment 
(Table 2). As stated by Higashi et al. [45], the typical viscosity range for 
electrospinning is generally less than 5 Pa⋅s. 

According to Pal et al. [42], it has been shown that the flow of an 
emulsion subjected to high voltage by electrospinning processing causes 
the dispersed droplets to show a tendency to move inward during the 
flow and form the core of the fiber, while the sheath is formed by the 
continuous phase would act as wall material. 

The results obtained suggest that the entrapment of the emulsion at 
the tested concentrations, although it decreased the viscosity compared 
to PVA control, did not change the flow behavior within the range of the 
analyzed shear rates. Similar results were reported by Fonseca et al. [46] 
who observed a decrease in the apparent viscosity of potato starch upon 
the inclusion of thyme essential oil. The authors attributed this phe
nomenon to the interactions between the components of the polymeric 
matrix and the essential oil. In a previous study [1], we explained that 
the presence of chitosan enhanced the polymer-solvent interactions and 
decreased the viscosity of the medium as can be seen in Table S2 
(Supplementary material). 

3.3. Size and morphology of the fibers examined by SEM 

The size and morphology of the fibers, which determine the prop
erties of the formulated materials, were analyzed by SEM. The unifor
mity and fineness of fibers produced during electrospinning of blends of 
PVA and oil-in-water emulsions were influenced by the viscoelastic 
behavior of the emulsion and the chain entanglements which is a rele
vant parameter that also governs the microstructure and morphology of 
the fibers [44]. By incorporating an appropriate amount of polymer PVA 
into the continuous phase, the dispersed oil phase droplets were effec
tively trapped, facilitating the stretching and orientation in both phases. 

Table 1 
Characterization of emulsions functionalized with Mentha piperita EO using zeta 
potential (ZP) and hydrodynamic diameter (DH).  

Emulsion ZP (mV) DH (nm) PDI 

Em1  52.3b  432.5c  0.218c 

Em5  52.5b  386.9b  0. 122a 

Em10  46.7a  354.2a  0.176b  

a Different super index in the same column indicates significant differences 
among samples (p < 0.05). 

Table 2 
Thermal properties of electrospun PVA-based matrices functionalized with 
Mentha piperita EO obtained by DSC and TGA.  

Sample Tm(◦C) ΔHpeak1(J/g) ΔHm(J/g) Хc(%) 

PVA 213±1a – 48.2 ± 0.5b 29.8 ± 0.3b 

87.5:12.5 211.9 ± 0.1a 3.62 ± 0.07a 47.0 ± 1b 29.1 ± 0.8b 

82:18 211.7 ± 0.2a 5.48 ± 0.02b 41.0±3a 26.0 ± 2a,b 

75:25 213.3 ± 0.1a 8.9 ± 0.5c 40.0±1a 24.6 ± 0.7a  

a Different super index in the same column indicates significant differences 
among samples (p < 0.05). 
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Fig. 1 shows a more aligned pattern of electrospun nanofibers with 
increasing amounts of emulsion included in the PVA matrix. A trend of 
decreasing diameter upon the addition of higher concentrations of 
emulsion was also observed, with a distribution centered at 300 nm for 
the 82:18 formulation, showing a nanostructure more homogeneous 
than other fiber mats. In contrast, the 75:25 sample presented a distri
bution centered in the range of 300–400 nm, due to the appearance of 
fused fibers and the formations of ducts, with a lower contribution of the 
fiber population above 500 nm. These phenomena were probably a 
consequence of the decrease in viscosity due to the high proportion of 
emulsion [1]. 

According to Hadipour-Goudarzi et al. [43], an increase in the vis
cosity of the fiber-forming solution leads to greater entanglement of 
polymer chains and higher resistance of the solution to stretching. 

3.4. Contact angle 

To evaluate the surface hydrophilicity of the samples, the contact 
angle was analyzed as shown in Fig. 2. 

The contact angle of the PVA control had a value characteristic of 
hydrophilic surfaces. With the addition of the emulsion the mat 
conserved its hydrophilic feature but with a shift to more hydrophobic 
character. Specifically, the 75:25 mat showed an increase in the contact 
angle giving the highest value compared to the PVA control (p < 0.05). 
This phenomenon would indicate the presence of soy lecithin and/or the 
essential oil on the surface of the fibers. Similar findings were reported 
by Tang et al. [47], who evaluated the contact angle of a gelatin film 
loaded with thymol and lecithin, while Hu et al. [48] explained that the 
increase in the contact angle may be due to a heterogeneous distribution 
of the hydrophobic compound within a hydrophilic matrix. 

Mouro et al. [49] reported that O/W emulsion presented a hydro
philic character due to inherent hydrophilic nature of both PVA and CH. 
However, the incorporation of the EO became the electrospun fiber mats 
to a more hydrophobic feature. 

3.5. Thermal analysis 

Fig. 3 a shows the thermograms with the different thermal events 
associated performed by DSC. 

As can be seen in Fig. 3a, samples functionalized with the active 
emulsion presented an endothermic event around 150 ◦C, the ΔH value 
of which is shown in Table 2. Increasing the emulsion content in the 
formulation led to an increase in the enthalpy value. This endothermic 
event could be associated with the loss of essential oil or loss of water 
bound to chitosan, a component of the emulsion. Finally, the endo
thermic event at around 211 ◦C ascribed to the melting of the crystalline 
phase of PVA was identified [1,50]. In Table 2, the crystallinity degree 
was calculated from the ΔH melting values by using the equation 
informed by Kubo et al. [51] and Xing et al. [52] 

χc =
ΔHm

ΔH0
m
× 100 (2)  

Where χc is the degree of crystallinity, ΔHmis the melting enthalpy 
related to the crystalline phase of the polymer sample, andΔH0

mis tlhe 
enthalpy associated with 100 % crystalline PVA, the value of which is 
161.6 J/g [52]. As can be seen in Table 2, with the addition of 12.5 % of 
the emulsion no significant differences were observed in the χcvalues (p 
> 0.05) compared to the control sample PVA indicating that the as
sembly of active emulsion in this proportion did not produce changes in 
the crystalline phase of the PVA. On the contrary, greater additions of 
active emulsions caused a decrease in the melting enthalpy and a 
consequent a decrease in the crystallinity degree. This fact showed that 
the greater inclusion of emulsion produced an impediment to the in
teractions between the PVA chains [51]. 

The thermal stability of the samples was also examined by TGA 

analysis. Fig. 3b and c depicts the TGA curves and DTGA profile of the 
samples, respectively. The TGA of PVA film showed three different 
weight loss stages; the first weight loss was ascribed to the remotion of 
water characteristic of the hydrophilicity of the polymers, while the 
second stage, with a percentage of 80.0 % (Supplementary material 
Table S3), was assigned to the formation of acetaldehyde and acetic acid 
due to the deacetylation process [53,54]. The next weight loss event 
located at 420◦-550 ◦C had a percentage of weight loss of 8.8 %. Two 
hypotheses could explain the latter stage; the first could be the degra
dation of a compound of low molecular weight obtained from the scis
sion of the main chain and the other, the degradation of the heavier 
compounds obtained in the first degradation stage [55]. 

The addition of the active emulsion produced a significant change in 
the weight loss profiles. The weight loss in the range of 100◦-200 ◦C 
(Fig. 3b) and the maximum in DTG curves (Fig. 3c) observed by all 
samples functionalized with essential oil could be related to the transi
tion observed by DSC. Shetta et al. [56] reported that peppermint 
essential oil has a weight loss at around 160 ◦C attributed to the evap
oration of volatile compounds of essential oil. It is worth noting that the 
decomposition of composite matrices began at a higher temperature 
than those observed for single PVA films, probably due to the 
improvement in the thermal stability of the PVA:emulsion materials. In 
detail, the weight of PVA:emulsion was approximately 70 % in a tem
perature range of 200–420 ◦C. This effect could be explained by the soy 
lecithin presence whose carbonyl groups interact with the PVA chains 
[50]. This same effect was explained by Cristancho et al. [57], who 
affirmed that the presence of carbonyl generated a reinforcing effect in 
the PVA matrix owing to an increase in the activation energy. According 
to Estevez-Areco et al. [58], this result indicates that EO addition 
delayed the thermal degradation of PVA, suggesting chemical interac
tion between rosemary components and PVA side chains, supporting the 
theory that PVA encapsulated and thermally stabilized the EO compo
nents. Finally, the inclusion of the emulsion in the nonwoven electro
spun matrices caused an increase in the percentage of weight loss, which 
could be elucidated by the presence of strong interactions between the 
carbonyl groups of lecithin and the decomposition products obtained at 
lower temperatures [49]. 

3.6. Mechanical properties 

Fig. 4a and b summarize the mechanical properties (tensile strength 
and percentage of elongation) of the nanostructured matrices, 

As shown in Fig. 4a, the control film demonstrated the highest tensile 
strength value (10 MPa), and the mat incorporated with the highest 
amounts of crosslinked emulsion showed the lowest value, which were 
in general agreement with Li et al. [59]. The assembly of crosslinked 
emulsion weakened the hydrogen bonding of the PVA, thus disordering 
the internal network and cohesiveness of the matrix, which resulted in a 
decrease in stress values, suggesting that the flexibility of these films was 
much higher than that of the control film (Fig. 4a and b). The lower 
stress and strain values of the 75:25 formulation could be explained at 
the microstructure level by the existence of thinner fibers, which 
correlated with a lower solution viscosity. 

The highest strain values were obtained for the 82:18 electrospun 
matrices with an intermediate content of crosslinked active emulsion, 
probably due to the combined action of the system components and the 
contribution of both the essential oil and lecithin to intercalate into the 
PVA chains. Similar explanations were reported by Li et al. [60]. 
Consequently, the interactions between the components of the emulsion, 
essential oil, lecithin, and/or chitosan, facilitated the sliding of the 
polymeric chains producing an increase in the elongation [50]. In line 
with these results, Lan et al. [61] observed that high proportions of 
limonene in electrospun PVA matrices produced an increase in elonga
tion, indicating a plasticizing effect by the active compound. 

The profiles depicted in Fig. 4c showed that an increase in emulsion 
content resulted in a fiber matrix with higher elongation values, up to a 
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Fig. 1. SEM micrographs of electrospun matrices with different proportions of emulsion: a) PVA, b) 87.5:12.5, c) 82:18, d) 75:25.  
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concentration of 25 %. At this concentration, a change in the mechanical 
behavior was observed, likely due to an excess of emulsion content. 

An alternative way to evaluate the mechanical properties of mate
rials was to examine the SEM images of the matrices after they were 
subjected to mechanical testing (Fig. 5). 

SEM images enabled the observation of an orientation pattern of the 
fibers in the direction of tension [60]. Additionally, the assays caused an 
increase in fiber fineness. Similar results were reported by Leones et al. 
[62], who worked with polylactic acid (PLA) matrices obtained by 
electrospinning. 

According to Tarus et al. [63], the mechanical profiles of the func
tionalized mats, an initial stage of breaking of the adhesion points be
tween the nanofibers upon application of tensile load and a subsequent 
lid in which the nanofibers slide over each other after all adhesion points 
have been broken. The authors proposed that the mats composed of 
thinner non-beaded fibers should have more inter-fiber contact points 
per unit volume and consequently different mechanical behavior. 

The higher adhesion tensile at the inter-nanofiber junctions due to 
the reduced diameter could explain the increase in the elongation 
values. In this sense, after the tensile test, it was observed that the fibers 
of the matrices with a higher proportion of crosslinked emulsion 
exhibited a marked waviness. 

3.7. Dynamic mechanical analysis 

Fig. 6 shows the results obtained by DMA analysis, which facilitate 
the detection of phase transitions and relaxation processes by measuring 
the solid-state rheological properties of viscoelastic materials as a 
function of frequency and temperature parameters. 

For all formulations tested, the storage modulus values (Fig. 6a) 
decreased with increasing temperatures. Two characteristic transitions 
of PVA could be observed: 1) an event located in the range between − 4 
and 30 ◦C associated with the β transition, explained by moisture 
adsorption [64], 2) α relaxation transition identified in the range be
tween 50 and 100 ◦C ascribed to the glass transition temperature. The 
increase in the emulsion content generated a decrease in the modulus 
over the entire temperature range. This fact would be explained by 
different factors such as modifications in the radius of the fibers which 
would generate a decrease in the module [64] and/or the disruption of 
the PVA chain packing structure due to the presence of emulsion [65]. 
On the other hand, the curves of the tan δ for PVA and 87.5:12.5 samples 
showed a peak corresponding to Tg located at about 100 ◦C while for 
samples with the highest emulsion content, the curves after Tg exhibited 
a shoulder explained by the presence of a second phase enriched in 
emulsion components (PVA and chitosan). According to Giannakas et al. 
[66], this result confirmed the presence of certain immiscibility between 
the phases without total phase separation among components. 

To elucidate the molecular interactions between different com
pounds of the electrospun matrix, ATR-FTIR spectra were studied. 

Different regions of the ATR-FTIR spectrum of PVA are shown in 
Fig. 7a and b. The absorption maximum centered at 3299 cm-1 (Fig. 7a) 

is associated with the stretching of -OH groups characteristics of PVA. 
Meanwhile, the bands located at 2854 (νAS) and 2920 (νS) cm-1 were 
assigned to symmetric and anti-symmetric CH2 vibrations of the hy
drocarbon chain [67,68]. As can be seen in Fig. 7b, the maximum related 
to the stretching of carbonyl groups evidenced absorption peaks at 1425 
cm-1 and the band due to the vibrational deformation of the C–H bond 
is located at 1322 cm-1, the stretching of the C–O group at 1090 cm-1, 
and the vibration of the C-O-C ring at 932 cm-1 [1,51,69]. 

Fig. 2. Contact angle of electrospun matrices based on PVA with different 
proportions of emulsion (PVA:Em): a) PVA, b) 87.5: 12.5, c) 82:18, d)75:25. 
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Fig. 3. Thermal analysis of different electrospun matrices functionalized with 
Mentha piperita EO showing: (a) thermograms obtained by DSC, (b) weight loss 
curves obtained by TGA, and (c) differential weight loss by DTG. 
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The addition of the functionalized emulsions with Mentha piperita EO 
produced modifications of vibrational bands, specifically a shift of the 
peak associated with the stretching of -OH to a higher wavelength 
indicating the increase in hydrogen bridge-type interactions [70] 
(Fig. 7a). On the other hand, the changes in the 3000–2800 cm-1 region 
were evident. These modifications could be attributed to the presence of 

lecithin on the surface of the fibers. Also, the appearance of a new peak 
located at 2856 cm-1, intensified with the increase of the proportion of 
the emulsion, was consistent with the absorption peak of the soy leci
thin. This finding would indicate its presence on the surface of nano
fibers in concordance with contact angle results. Fig. 7 shows that the 
increase in the emulsion content correlated with the increase in the in
tensity of the absorption band at 1742 cm-1 ascribed to C––O stretching 
vibration of carbonyl groups of phosphatidylcholine, and 1234 cm− 1 

(P=O stretching vibration) linked to the presence of lecithin on the 
surface [50]. After the formation of the composite emulsion, the peak at 
1234 cm-1 (P=O) was shifted to 1248 cm-1. This phenomenon could be 
due to the interactions between the chitosan and the P––O bond of 
phospholipids during the formation of complexes [71]. All results would 
indicate that the essential oil was completely encapsulated. 

Spectral window 12009–00 cm-1 associated with the fingerprint of 
the polymer did not undergo modifications with the addition of the EO. 

Emulsions were prepared using chitosan, PVA (polyvinyl alcohol), 
and lecithin functionalized with peppermint essential oil. The emulsions 
were crosslinked with sodium citrate. The optimization process 
considered the zeta potential and size of the nanoparticles. The best 
results were obtained for Em10, which was prepared using 10 % (w/w) 
soy lecithin. 

The concentration of lecithin capable of emulsifying peppermint 
essential oil was selected to obtain cross-linked emulsions with sodium 
citrate. The influence of the cross-linked emulsion ratio on the rheo
logical properties, thermal behavior, mechanical properties, and fiber 
morphology was comprehensively analyzed in detail. In this sense, 
precise control of the emulsion properties is required to achieve the 
desired result of the nanofibers for wound dressing application. 

In summary, the selected emulsion (Em10) was mixed with 16 % PVA 
in different proportions to produce fiber-forming suspensions (Supple
mentary material, Fig. S2). The ratios used were 87.5:12.5, 82:18, and 
75:25. The fiber-forming suspensions were processed by electrospinning 
using a rotating drum which allowed the production of aligned fibers 
(Supplementary material, Fig. S2). 

The polymer concentration and the incorporation of oil-in-water 
emulsions were adjusted to obtain fibers with customized diameters 
and with different degrees of adhesion and interconnection between 
nanofibers, which had an impact on mechanical behavior. 

As is well known, PVA is an environmentally friendly material with 
good rheological and mechanical properties capable of forming mats by 
electrospinning. 

Different properties of the electrospun matrices were evaluated to 
select the best mat for topical applications. The interactions between the 
components were evinced using ATR-FTIR (attenuated total reflectance 
Fourier transform infrared spectroscopy) observing the appearance of 
peaks and shifts as a result of the assembly of cross-linked emulsions. 

The close interactions established would be confirmed through 
thermal analysis where the appearance of a single Tg indicated 
compatibility since the appearance of separate phases could not be 
observed for 87.5:12.5 sample while for samples with the highest 
emulsion content, the curves underwent a splitting due to the appear
ance of two phase, one rich in the emulsion and the other in PVA. A 
broadening of the alpha relaxation as well as a shift of the beta towards 
lower temperatures were also observed. TGA analysis unveiled the 
thermal protection and stabilization of the PVA in the emulsion func
tionalized with peppermint EO. 

The composite matrices retained their hydrophilic character, which 
is desirable for topical application as dressings, but with a slight increase 
in hydrophobicity due to the presence of the lecithin and the essential oil 
as was observed by contact angle. 

Mechanical tests were conducted to evaluate the properties of the 
electrospun matrices. Despite the inclusion of emulsions, the PVA 
maintained or improved its elasticity due to the influence of fiber 
orientation. 

Based on the evaluation of the results, the 82:18 ratio of PVA to Em10 
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was selected for its high EO content. This formulation was deemed 
suitable for subsequent skin release studies. 

3.8. Diffusion of peppermint EO by CLSM and ATR-FTIR 

To conduct the experiments of diffusion, porcine skin explants were 
put in close contact with 82:18 samples for 1 and 7 h. Then, based on the 
intrinsic fluorescence of the peppermint EO, its diffusion in the porcine 
explant was monitored by using CSLM at 275 nm, generating a 
maximum emission near 341 nm. To analyze the penetration of essential 
oil through the skin, histological slices were examined. Fig. 8a shows the 
image of the control skin without any contact with the EO, revealing no 
fluorescence signal. Therefore, the ear porcine skin showed no inter
ference in the signal. The histological section of the sample after 1 h of 
contact (Fig. 8b) put in evidence the location of the essential oil mainly 
on the surface of the stratum corneum (SC). 

On the other hand, after 7 h of contact with the matrix containing the 
EO, the distribution of the drug throughout the viable epidermis was 
observed (Fig. 8c). 

These results were supported by 3D images obtained by optical 
sectioning (Supplementary material, Fig. S3a and b), showing the dis
tribution of the essential oil distribution across the different layers of the 
skin. These results agreed with previous studies reported by Lamarra 
et al. [38]. The authors observed that the penetration of cabreuva 
essential oil increased over time, indicating the penetration ability of 
this essential oil which could be related to the chemical structure of 
trans-nerolidol, the main compound of cabreuva essential oil. 

After contact with the skin specimen for 7 h, functionalized elec
trospun retained its ability to release the EO. Menthol, the major con
stituent of peppermint, permeates the epidermis which would improve 

the accessibility of other drugs [72]. According to Kamatou et al. [73], 
limonene and menthol are effective transdermal penetration enhancers. 
These compounds enhance the percutaneous absorption by reversibly 
perturbing the permeability barrier of the SC. Fox et al. [74] suggested 
disruption of the hydrogen bonding network at the ceramid heads as a 
likely mechanism for enhancing the permeation of the drug through the 
skin. 

Three mechanisms would explain the enhancement in drug perme
ation through the skin. These include the increase in drug diffusivity in 
the SC, disruption of the ordered lipid structure of the SC, and the in
crease in the electrical conductivity of tissues [73]. 

Studies conducted showed that menthol prompts the disruption of SC 
lipid assembly comparable to that caused by heat, demonstrating that it 
can act as a fluidizer [75]. 

In addition, phospholipids have structural and chemical properties 
that can also alter lipid packing in the SC and can therefore be used in 
skin permeability applications. Phospholipids can easily intercalate into 
packed lipids or promote hydrogen bonding with polar head groups 
acting as fluidizers with minimal adverse effects on skin structure [75]. 

Fig. 8d and e summarizes the ATR-FTIR spectra of the control skin 
explants (without treatment) along with the skin sample measured after 
1 h of impregnation with the EO or the emulsion and after 1 and 7 h of 
close contact with electrospun mats, respectively. 

Fig. 8d shows the spectral region between 3000 and 2800 cm-1, 
where the peaks at 2850 cm-1 and 2920 cm-1 were attributed to the 
presence of long alkyl chains that are components of cholesterol, 
ceramides, and fatty acids, which are the main components of the 
stratum corneum [21]. The addition of essential oil produced a shift in 
the peak associated with the symmetric stretch from 2850 cm-1 to 2870 
cm-1, while the maximum associated with the antisymmetric stretching 

a b 

c d 

Fig. 5. SEM micrographs of the matrices functionalized with Mentha piperita EO submitted to tension tests: a) PVA, b) 87.5: 12.5, c) 82:18, and d) 75:25.  
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also showed a shift towards higher wavenumbers. 
This shift was associated with an increase in the disorder of the 

lipophilic chains present in the SC [21,76], indicating an enhancement 
in the fluidity of the lipid membranes. According to Ma et al. [68], the 
red shift in these vibrations indicates a conformational change from 
gauche to trans, while Boncheva et al. [77] reported that this change 
corresponds to the structural modification of the string arrangement 
from an orthorhombic or hexagonal to a liquid crystal-like phase. A 
change in wavenumber was also observed for samples in contact with 
the emulsion, but to a lesser extent than for samples in direct contact 
with the EO. On the other hand, a localized peak at 3000 cm-1 was 
visualized, attributed to the presence of lecithin. 

Fig. 8e compares the untreated control explant and the skin samples 
after 1 and 7 h of close contact with the functionalized 82:18 electrospun 
mat. The sample in close contact with the electrospun matrix for 1 h did 
not show any significant differences concerning the control, while after 
7 h, an attenuation of the signals with a widening of the peaks was 
observed. According to the explanations provided by several authors, 
this behavior could be explained by the extraction of lipids from the SC 
[76,78]. On the other hand, the broadening of the peaks gave signals of 
structural disorganization of the lipophilic chains [79]. 

4. Conclusions 

The electrospinning technique was adequate to obtain a nonwoven 
PVA-based matrix capable of including an emulsion composed of chi
tosan and peppermint essential oil (Mentha piperita) as an active agent, 
establishing interactions between the components as supported by ATR- 
FTIR technique. The electrospinning instrument coupled to a rotary 
drum collector allowed the fabrication of aligned nanofibers. Although 
the incorporation of the functionalized emulsion, the mechanical 
properties and the structural integrity were preserved in relation to the 
single PVA matrix. 

The diffusion of the active agent from the 82:18 electrospun matrices 
to porcine skin explants was detected by confocal microscopy taking 
advantage of the fluorescence of the Mentha piperita. The EO caused a 
structural disorganization of the lipophilic chains of the stratum cor
neum as supported by ATR-FTIR. Specifically, the presence of menthol 
prompted a disorder of SC lipid assembly demonstrating that it can act as 
a fluidizer. 

Tailored electrospun matrices would have potential applications as 
devices for topical or transdermal treatments due to their vehiculization 
role that allows the diffusion of peppermint essential oil as a skin 
penetration enhancer. 
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C. Mattoso, Obtaining poly (lactic acid) nanofibers encapsulated with peppermint 
essential oil as potential packaging via solution-blow-spinning, Int. J. Biol. 
Macromol. 230 (2023), 123424, https://doi.org/10.1016/j.ijbiomac.2023.123424. 

[25] S. García-Salinas, M. Evangelopoulos, E. Gámez-Herrera, M. Arruebo, S. Irusta, 
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[50] J. Andrade, C. González-Martínez, A. Chiralt, The incorporation of carvacrol into 
poly (vinyl alcohol) films encapsulated in lecithin liposomes, Polymers 12 (2) 
(2020) 497, https://doi.org/10.3390/polym12020497. 

[51] S. Kubo, J.F. Kadla, The formation of strong intermolecular interactions in 
immiscible blends of poly (vinyl alcohol) (PVA) and lignin, Biomacromol. 4 (3) 
(2003) 561–567, https://doi.org/10.1021/bm025727p. 

[52] C. Xing, X. Xu, L. Song, X. Wang, B. Li, K. Guo, β-Cyclodextrin-based poly (vinyl 
alcohol) bibers for sustained release of fragrances, Polymers 14 (2022) 2002, 
https://doi.org/10.3390/polym14102002. 

[53] Z. Peng, L.X. Kong, A thermal degradation mechanism of polyvinyl alcohol/silica 
nanocomposites, Polym. Degrad. Stab. 92 (6) (2007) 1061–1071, https://doi.org/ 
10.1016/j.polymdegradstab. 2007.02.012. 

[54] J. Lamarra, S. Rivero, A. Pinotti, Functionalyzed biomaterials based on poly (vinyl 
alcohol) and chitosan as a vehicle for controlled release of cabreuva essential oil, 
Polym. Eng. Sci. (2022), https://doi.org/10.1002/pen.26062 (621-16). 

[55] J. Andrade, C. González-Martínez, A. Chiralt, Effect of carvacrol in the properties of 
films based on poly (vinyl alcohol) with different molecular characteristics, Polym. 
Degrad. Stab. 179 (2020), 109282, https://doi.org/10.1016/j.polymdegradstab. 
2020.109282. 

[56] A. Shetta, J. Kegere, W. Mamdouh, Comparative study of encapsulated peppermint 
and green tea essential oils in chitosan nanoparticles: encapsulation, thermal 
stability, in-vitro release, antioxidant and antibacterial activities, Int. J. Biol. 
Macromol. 126 (2019) 731–742, https://doi.org/10.1016/j.ijbiomac.2018.12.161. 

[57] D. Cristancho, Y. Zhou, R. Cooper, D. Huitink, F. Aksoy, Z. Liu, H. Liang, J. 
M. Seminario, Degradation of polyvinyl alcohol under mechanothermal stretching, 
J. Mol. Model. 19 (8) (2013) 3245–3253, https://doi.org/10.1007/s00894-013- 
1828-6. 

[58] S. Estevez-Areco, L. Guz, R. Candal, S. Goyanes, Release kinetics of rosemary 
(Rosmarinus officinalis) polyphenols from polyvinyl alcohol (PVA) electrospun 
nanofibers in several food stimulants, Food Packag. Shelf Life 18 (2018) 42–50, 
https://doi.org/10.1016/j.fpsl.2018.08.006. 

[59] C. Li, X. Luo, L. Li, Y. Cai, X. Kang, P. Li, Carboxymethyl chitosan-based 
electrospun nanofibers with high citral-loading for potential anti-infection wound 
dressings, Int. J. Biol. Macromol. 209 (2022) 344–355. 

[60] X. Li, X. Yang, H. Deng, Y. Guo, J. Xue, Gelatin films incorporated with thymol 
nanoemulsions: physical properties and antimicrobial activities, Int. J. Biol. 
Macromol. 150 (2020) 161–168, https://doi.org/10.1016/j.ijbiomac.2020.02.066. 

[61] W. Lan, X. Liang, W. Lan, S. Ahmed, Y. Liu, W. Qin, Electrospun polyvinyl alcohol/ 
d-limonene fibers prepared by ultrasonic processing for antibacterial active 
packaging material, Molecules 24 (4) (2019) 767, https://doi.org/10.3390/ 
molecules24040767. 
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