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Abstract

Among the essential oils (EOs), the cabreuva essential oil extracted from the wood of
Mpyrocarpus fastigiatus, is a promising compound for potential applications in the field of
pharmaceuticals and food packaging. To overcome the low solubility of cabreuva EO and to
protect it, a two-step process, emulsion formation compound by chitosan, SDS, and PVA, and
subsequent ionic crosslinking with sodium citrate, was proposed. The formulation containing
0.75% of chitosan and 1% of SDS proved to be the most stable. An alternative to produce
nanostructures and encapsulate the EO is the fiber formation through the electrospinning
method. The system composed by a PVA solution assembled with crosslinked emulsions
modified the viscosity, influencing the morphology of the obtained nanofibers. The advantage
of the electrospun nanofibers was their ability to be an effective carrier of the cabreuva EO and
the capacity of controlling the compound release that proved an effective activity against broad
spectra of micro-organisms (Candida albicans, E. coli, S. aureus, and S. epidermidis).

The Gallagher-Corrigan model, used to fit the release profiles of matrices in contact with
increasing ethanol proportion from 25:75 to 50:50 showed higher Kb in relation to k suggesting
that the polymer swelling played an increasingly prominent role in the EO delivery. The
developed nanostructures would be materials with potential applications in the biomedical

field.
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1. Introduction

In recent years, electrospun nanofibrous scaffolds used for tissue engineering and controlled
drug delivery vehicle [1] have been considered an important group of one-dimensional
nanostructures because of their unique properties such as high surface area, high porosity, and
their high safety in comparison with other nanomaterials [2,3]. Compared to the traditional
encapsulation techniques, the key advantage of the electrospinning process is the absence of
heat, which is important for preserving the structure and achieving high encapsulation efficacy

of the bioactive substances upon processing and storage [4].

The architecture of these nanostructures makes them appropriate for topical applications in
which a network composed of nanofibers is placed directly on healthy skin, wounds or burns to

release the active compound [5].

In particular, electrospinning is interesting for the development of antimicrobial materials by
either the use of inherently antimicrobial polymers or the nanoencapsulation of antimicrobial
substances [6]. Polyvinyl alcohol (PVA) is one of the most common polymers used to attain
nanofibers. Ranjbar-Mohammadi et al. [7] studied the properties of fibers based on tragacanth
gum and PVA functionalized with curcumin produced by electrospinning, obtaining satisfactory
results of cell adhesion. On the other hand, Puttamayutanon et al. [8] developed active fibers of

PVA functionalized with Thai honey with antioxidant and antimicrobial properties.

On the other hand, essential oils (EOs) have been investigated for their potential applications in
the field of pharmaceuticals and food packaging. Among the variety of essential oils, the
cabreuva essential oil is extracted from the wood of Myrocarpus fastigiatus. This EO has been
used by natives for the treatment of diverse affections like asthma, rheumatism, extern and

intern burns, tuberculosis, bronchitis, wounds, among other conditions [9].

EOs are frequently unstable and can be easily degraded in stressful situations because of the
presence of oxygen, temperature and light [10]. In this sense, the nanoencapsulation is

characterized by enhancing the bioavailability of the active compound and protecting them



against the degradation by direct exposure to severe environments or processing effects

reducing their loss of activity [11].

Chitosan, a natural copolymer of N-acetyl-d-glucosamine and d-glucosamine units, is one of the
polysaccharides potentially most suitable as carriers for a large number of active compounds
[12,13]. In this sense, to overcome the problem of the low solubility of cabreuva and to protect
it, a two-step process, emulsion formation based on chitosan and PVA and ionic gelation with

sodium citrate was used.

A strategy to modulate the release of active compounds has been developed through the use of
nanodelivery systems to carry essential oils. The inclusion of EO-loaded chitosan nanoparticles
in an electrospun mat represents a technical innovation and has potential to be utilized as both

a tissue engineering scaffold and a controllable drug encapsulation [2,14]

Notwithstanding the great amount of research to date, the nanoencapsulation of cabreuva
essential oil as a compound with potential use in the design of materials for controlled release
has not yet been studied. In the present study, we aimed to design a model scaffold with

electrospinning technique that allows the diffusion of encapsulated essential oil.

In this context, the synthesized crosslinked nanoemulsions were analyzed from a stability point
of view. Once the crosslinked emulsions were incorporated into the PVA matrix, the rheological
behavior was determined to ensure an efficient electrospinning process. The morphology of the
fibers was examined through scanning electron microscopy (SEM) and confocal laser scanning
microscopy (CLSM). The thermal behavior and microstructural properties of the formed
nanostructures were analyzed. Finally, the antibacterial capacity of the scaffolds was analyzed,

as well as their ability to modulate the controlled release of essential oil in different media.



2. Materials and methods
2.1 Materials

Chitosan from crab shells (deacetylation degree of 85% and molecular weight of 3.2x10° Da)
was purchased by Polymar Ciéncia e Nutri¢do (Fortaleza, Brazil). Polyvinyl alcohol (PVA) was
supplied by DuPont (USA) with a hydrolysis degree of 86-89% and a molecular weight in the
range of 50 to 55 kDa, sodium dodecyl sulfate (Cicarelli, Argentina) was used as a surfactant
agent, the sodium citrate (Cicarelli, Argentina) as a crosslinking agent, and cabreuva essential

oil, supplied by Esencias del Bosque (La Plata, Argentina), as an active agent.
2.2 Methods
2.2.1 Formulation of nanoemulsions

EO-loaded chitosan nanoparticles were prepared by a two-step emulsion-ionic gelation
technique. CH solution 0.75% (w/v) was solubilized in 0.75% (v/v) acetic acid solution for 24 h,

while PVA solution was formed dissolving the polymer in water at 90°C for 3h.

In the first step, the formulation of oil in water emulsion (O/W) was performed following a
similar protocol described by Li et al. [15]. To analyze the effect of chitosan and SDS

concentrations, 4 formulations were evaluated as shown in Table 1.

Concentrations of 0.5y 1 g It of SDS were solubilized in distilled water. Then, the chitosan
solution prepared at a concentration of 0.75% w/v and the PVA solution (0.75% w/v) were
incorporated. After that, the cabreuva essential oil was added by dripping while the system was
homogenized with an Ultraturrax T-25 (Janke and Kunkel, IKA-Labortechnik, Germany) at 21,000
rom for 10 minutes. Finally, to decrease the droplet size and increase the system stability, the
emulsion was treated with ultrasound using Sonics VCX-750 ultrasonic processors (Vibra Cell,

USA) at a power of 750 W and 50% amplitude for 5 minutes.

In the second step, the crosslinking of the emulsions was carried out using sodium citrate at a

concentration of 0.125 % (w/v) through the ionic gelation technique (CE).



2.2.2 Analysis of the emulsions

The hydrodynamic diameter of the nanoparticles was determined by light scattering with a
Malvern Mastersizer 2000E particle analyzer with a Hydro 2000MU dispersion system (Malvern
Instruments Ltd., Worcestershire, United Kingdom). On the other hand, the zeta potential
values (PZ) of the emulsions were performed using Horiba Scientific Equipment-Model SZ-100Z
(Horiba, Ltd.).

The global stability of the emulsions was carried out by light scattering with a vertical scan
analyzer (QuickScan, Beckman Coulter, Fullerton, USA) at room temperature following a
procedure described by Lamarra et al. [16]. Briefly, the formed emulsions were placed in
cylindrical test tubes and scanned from the bottom at the tip of the tube with a
monochromatic light source (A= 800 nm) acquiring the BackScattering profile at different days
(between 10 and 13 days).

Likewise, the morphology of the emulsions obtained was characterized through transmission
electron microscopy (TEM) using a microscope JEM 1200EX Il Jeol (Japan) equipped with a
digital camera (ES500W Erlangshen CCD). A drop of the emulsion placed in a pretreated copper

grid was coated with an amorphous thin carbon film.

2.2.3 Formulation of solutions

PVA solutions prepared at different concentrations: 12, 14 and 16% w/v and were solubilized at

90°C for 3 hours.

Once the concentration of PVA required to obtain continuous and regular fibers was selected
through SEM, the polymeric solution was functionalized assembling cabreuva EO-loaded
chitosan nanoparticles cross-linked with sodium citrate. For this purpose, a PVA solution with
the highest concentration (16% w/v) was assembled with the emulsions in different proportions
until reaching a final concentration that could be electrospun without failures. In this sense, the

PVA: crosslinked emulsion ratio selected was 3:1 (on weight).



2.2.4 Rheological properties of the solutions

To establish and to describe the flow behavior of the polymeric solutions, a Haake
RheoStress600 rheometer (Germany) was used. A dish-plate sensor system with rough surfaces
and a gap between the plates of 1 mm were selected. From the rotational tests, the shear stress

flow curves were obtained as a function of the shear rate.
2.2.5 Nanofibers forming by electrospinning

The experimental equipment used consists of four components: a polymeric solution reservoir
(PVA solution with the emulsion assembled), an infusion pump with syringe PC11UB APEMA
(Argentina) that allowed supplying a flow in the range between 0.3 and 1 ml h' of polymer
solution, a high voltage power supply (up to 30 kV) and a stainless steel collector system. Based
on previous tests, a flow of 0.4 ml h'l, a voltage of 24 kV, a collector-needle distance of 27 cm
and a distance between the electrodes of 29 cm, keeping the horizontal electrospinning setup
were selected. The nanofibers were collected for 5 hours until obtaining a film with a thickness

capable of being unmolded from the collector plate.

From now on, the nomenclature used for the nanofibers will be PVA for electrospun PVA 14%
used as control and (PVA+CE)g for electrospun nanostructures attained from the suspension of

PVA and the crosslinked emulsion.
2.2.6 Morphological analysis of nanostructures by microscopy

The morphological analysis of the nanofibers was carried out through scanning electron
microscopy (SEM) by using of FEI model Quanta 200 microscope (The Netherlands). Specimens
were examined at an acceleration voltage of 15 kV. The diameter of the fibers was calculated by

using Fiji program (Image J, NIH, USA).

Likewise, in the cases of nanostructures functionalized with cabreuva essential oil, the use of
the confocal scanning laser microscopy (Olympus FV300 with an increase of 20X and DAPI filter)

technique was used to visualize the distribution of the cabreuva essential oil in the mat.



2.2.7 Thermal and microstructure studies of nanostructures

DSC analyses were carried out a heating rate of 10°C min™ by using a DSC model Q100
controlled coupled with a TA 5000 module (TA Instruments, New Castle, Delaware, USA)
according to the procedure described by Villarruel et al. [17]. On the other hand, TGA analysis
was carried out in aluminum capsules under a nitrogen atmosphere (flow rate 30 ml min™) with
a Shimadzu DTG-60 (Japan) equipment. The heating ramp was conducted at 10°C min? from

room temperature to 600°C.

To analyze the microstructure of the electrospun fibers, the X-ray diffraction technique was
employed using a XRD Philips PW3710, X’Pert Pro P Analytical ModelPW3040/60 (Almelo, The
Netherlands) at room temperature.

Fourier transforms infrared spectroscopy equipment (Nicolet, iS10 ThermoScientific, Madison,
USA) was used in the attenuated total reflectance mode (Smart iTX accessory). The data
recorded in the range of 400-4000 cm™ by the accumulation of 32 scans with a resolution of 4

cm™ were analyzed using Omnic 8 software (ThermoScientific).
2.2.8 Antimicrobial capacity

Media plates with Mueller-Hinton agar were previously inoculated by dispersion on the entire
surface with 100 pL of bacterial suspension of Staphylococcus aureus, Staphylococcus
epidermidis, Escherichia coli, and Candida albicans obtaining a concentration of microorganisms
of the order of 10’-10® CFU ml™. The preparation of the inocula and the antimicrobial capacity
of the active mats were determined by using the agar diffusion method according to Villarruel et
al. [17]. Discs of mats (1.5 cm in diameter) were used to estimate the inhibition zones after 24
and 48 hours of contact with the media using specific image analysis software (Image J, NIH,

USA).
2.2.9 Release of cabreuva EO
To evaluate the controlled release kinetics of the cabreuva essential oil, squares of 2.5x2.5 cm?

of the electrospun nanofibers were immersed in 50 ml of ethanol: water mixture in different

ratios (75:25, 50:50; 25:75) to modify the affinity of the EO with the solvent. Furthermore, we



assayed different ethanol: water ratios in order to analyze the influence of the affinity of the
active compound with the solvent on the release profile. Samples were withdrawn at different
times and placed into black 96-well plates. The fluorescence emission signal was measured in a
microplate reader exciting at 340 nm and emitting at 420 nm (SYNERGY HT-SIAFRT, Biotek

Instruments, Vermont, USA).

2.3 Statistical analysis
Infostat v2009 software (Cérdoba, Argentina) was used for all statistical analysis. Analysis of
variance (ANOVA), linear and non-linear regressions and Fisher LSD mean comparison test was

applied. The significance level used was 0.05.

3. Results and discussion

3.1 Stability of emulsions

The nanoemulsions were prepared by an ionic crosslinking reaction between the protonated
amino groups of the CH and the groups COO" of the sodium citrate. The electrostatic interaction
allowed the encapsulation of an amount of EOs within the matrix of CH [16].

The selection of the emulsion to be assembled with the PVA solution was achieved by-means of
physical stability studies. A variant is to use polymers that contain specific groups with a high
affinity for oil. Poly(vinyl alcohol) (PVA) is a polymer obtained by partial hydrolysis of polyvinyl
acetate (PVAc) that leaves some residual vinyl acetate groups. These hydrophobic acetate
groups give the molecule its amphipathic character, a condition required to form an emulsion
[18].

Zeta potential values of the formulated emulsions are summarized in Table 1. The change in ZP
values with the addition of chitosan would indicate mainly ionic interactions between the SDS
and amino groups of CH present in the continuous phase of the emulsion [19]. Likewise, the
increase of ZP until reaching high positive values confirmed the presence of chitosan forming
part of the emulsion, as well as free in the system [20].

It is pertinent to clarify that chitosan is a cationic polyelectrolyte that can be assembled forming

a layer or interfacial film on the oil drop coated with SDS anion [13].



In the formulations without chitosan, a creaming process was visualized (Figure 1a and c) since
the droplets tend to migrate towards the upper part resulting in a separation of phases [21].
The presence of chitosan improved the stability of the emulsions thus there was no evident
growth of the droplets or migration of the emulsion (Figure 1b and d).

There was no phenomenon of creaming, although there was a slight decrease in the value of BS
in accordance with Julio et al. [21]. The authors assigned this behavior to increase in the
viscosity of the continuous phase, thus reducing the mobility of the oil droplets combined with
the electrostatic repulsion between them. Other authors sustain that the combination of a
surfactant with a polyelectrolyte induces a significant decrease of the superficial tension due to
the adsorption of the polymer in the interface leading to prevent coalescence of the droplets
promoting greater system stability [22]. SDS molecules reduce the interfacial tension and it is
able to form a protective layer on the oil droplets causing the repulsion between them [23].

On the other hand, the emulsion E; (SDS 0.5 g ) presented the largest-droplet size meanwhile
the addition of chitosan shifts the distribution to minor sizes E; (CH/ SDS 0.5 g I'). A similar
trend was observed for E3 (SDS 1 g I'Y) and E4 (CH/ SDS 1 g I'). Furthermore, the inclusion of a
greater amount of SDS in the formulation that contained chitosan led to a greater reduction in
size, whereas the addition of sodium citrate (0.125 % w/ v) as a crosslinker agent of the
emulsion did not influence the profiles obtained for E; (data not shown). These results
correlated with the trend observed for the ZP, as well as with the emulsion stability analysis,
reinforcing the hypothesis of a decrease or delay in the coalescence process due to the
presence of CH and SDS. Hou et al. [24] informed analogous results working on emulsions of -
carotenes stabilized with soluble soy polysaccharides and chitosan. According to Aoki et al. [25],
the presence of chitosan in emulsions (O/W) prepared with corn oil and SDS as a surfactant
agent induces an increase in the droplet size and favors the bridging flocculation. An opposite
effect was achieved after the application of ultrasound to the emulsions.

The micrographs recorded by TEM confirmed the results previously described, showing sizes in

the range 275-370 nm (Figure 2b-e).



In all images, the presence of a layer of SDS as described by Chatterjee et al. [20] can be
observed. Figure 2b-e shows the changes experienced by the emulsion after the crosslinking
caused by the addition of citrate sodium confirming the ionic interaction.

Table 1 summarizes the variation of values of BackScattering (BS) in the tube region between 10
and 15 mm after 7 days of storage [26]. Confirming the behavior observed in the BackScattering
profiles. The emulsion prepared with the lowest amount of chitosan and without SDS content
showed a significant change (p<0.05) compared to the initial value, while the addition of
chitosan (0.5 g I') led to a less pronounced reduction, although a value of 15% indicates the
occurrence of the creaming process [26]. The emulsion without CH such as E; resulted in large
variations in the values of BackScattering. Table 1 reveals that the emulsion E4 presented a
reduction by 6% after 7 days, which indicated that there was no mechanism of destabilization
[26].

Pursuant to these results, it was proposed the use of the crosslinked emulsion with greater
stability. Therefore, to obtain the nanostructures by electrospinning process, the emulsion
selected to be assembled with the PVA solution was that formulated with a surfactant

concentration of 1 g I and sodium citrate 0.125 % (w/v).

3.2 Rheological behavior of solutions

The adequate selection of the process parameters allows controlling the fiber diameter and its
characteristics. The concentration and the viscosity of polymer solution are factors that
determine the size and morphology of the fiber.

The rheological behavior was adjusted through the Ostwald-de Waele model:

= nv
t k" v Eq.1

where, 7T is the shear stress, v is the shear rate, k, is the consistency index, and n, the flow
behavior index. The apparent viscosity (n) was determined at 500 s™. The estimated rheological
parameters are presented in Table 2.

The individual emulsions presented a Newtonian behavior. Polymeric solutions with and
without emulsion functionalized with cabreuva essential oil exhibited values of the consistency

index lower than 1, reflecting a non-Newtonian behavior consistent with a pseudoplastic flow,



which is required for the electrospinning process [27]. In this case, the existence of a significant
difference in the value of n, between the PVA solution (14%) and (PVA+CE) suspension was
observed. After the assembling of the emulsion with the polymer solution, the value of n,
became closer to 1, because the viscosity of the emulsion was 0.0093 Pa.s. This result was
similar to that obtained by Pal et al. [27] working on polycaprolactone emulsions dispersed in a
continuous phase of PVA.

Table 2 shows a decrease in the apparent viscosity of the solution containing the emulsion due
to the decrease in PVA concentration leading to a lower capacity to form fibers. Phachamud &
Phiriyawirut [28] informed that an increase in viscosity with the increase in polymer
concentration improves the electrospun fiber formation. Similar behavior was reported by
Pangon et al. [29] for blends of chitosan and PVA. The decrease in the viscosity with the increase
of CH proportion was explained considering the higher polymer-solvent interactions due to the

presence of chitosan.

3.3 Fiber morphology

Figure 3a and b show the micrographs of electrospun fibers obtained using PVA solutions
prepared at 12% and 14%, respectively. As can be seen in Figure 3, the PVA 12% sample
presented the appearance of beads in its structure, while the PVA 14% sample showed a
uniform structure free of beads. This phenomenon can be explained by considering the direct
relationship between polymer concentration and the viscosity of the polymer solution [28]. A
smaller diameter of the fibers in the sample PVA 12% could also be observed due to the lower
viscosity of the polymer solution.

Since the formation of homogeneous and continuous fibers without the presence of beads in
their structure is desirable, the concentration of 14% (PVAg) was selected to obtain the control
matrices.

Figure 3c depicts the SEM micrograph of (PVA+CE)r sample. The blend of the polymer with the
emulsion led to a system with lower viscosity, with the formation of beads interrupting the
network of PVA fibers. Similar results were found by Puttamayutanon et al. [8] working on PVA

matrices loaded with honey. Another aspect to be considered is the presence of chitosan as a



component of the emulsion, which generates a modification in the electrospinning process.
Talebian et al. [30] explained the influence of the CH concentration on the morphological
properties of the nanostructures based on PVA. These authors found that a proportion of
chitosan higher than 50% led to the formation of beads in the obtained fibers.

Figure 3a, b and c depicts the histograms showing the distribution of fiber sizes for each of the
formulations obtained through the analysis of the micrographs obtained by SEM.

The sample PVA;, presented a size fiber distribution center mostly at 150 nm (Figure 3 a). The
higher concentration of polymer (PVA) the greater proportion of fibers with diameters centered
at 200 nm was observed (Figure 3 b). On the other hand, the inclusion of the emulsion in the
system caused a reduction in the population of fibers with sizes greater than 200 nm (Figure 3c).
Similar results were observed by Rieger & Schiffman [31] working on fibers based on chitosan

and polyethylene oxide functionalized with cinnamaldehyde.

Likewise, the micrographs obtained by CLSM exhibited a uniform distribution of cabreuva
essential oil because of the inherent fluorescence of the active compound (Figure 4). Lépez-
Cordoba et al. [32] reported similar results working on electrospun PVA matrices loaded with

tetracycline hydrochloride.

3.4 XRD analysis

The X-ray diffraction patterns of the matrices collected after the electrospinning process are
shown in Figure 5.

As was studied in previous work [33], PVA exhibited a typical peak at 26= 19° associated with
the plane (101) of the semicrystalline structure due to the strong hydrogen bridge-type
interactions established between the polymer chains. However, the polymer processed by
electrospinning decreased the intensity of the diffraction peak, a phenomenon that correlated
with the decrease in the crystallinity of the PVA [10]. A similar trend was observed by Basha et
al. [34] and Enayati et al. [35] who reported a significant decrease of PVA crystallinity as a
consequence of the electrospinning process. Pangon et al. [29] found similar results working on
blends of chitosan and PVA cross-linked with different acids. Likewise, Krsti¢ et al. [36]

suggested that this phenomenon can be explained taking into account that the orientation of



the molecules in the direction of the fibers has less time to align with each other, generating a
less favorable packaging. Additionally, these authors remarked that for being a semicrystalline
polymer, the stretching of the chains subjected to high elongation rates does not provide

enough time to form a lamellar crystal structure, which results in a lower degree of crystallinity.

On the other hand, the addition of emulsion to the PVA did not modify the diffraction pattern
compare to the electrospun PVA spectra but generated an increase in the CD. On the other
hand, Enayati et al. [35] informed a satisfactory correlation between CD determined through

DSC and XRD.

3.5 Thermal analysis

Figure 6a shows the thermograms obtained by TGA of the PVAg matrix observing three loss
mass stages: the first event was associated to water loss presents in the matrix (near to 80°C),
the second one attributed to chain decomposition (200-350°C), and the third stage was related
to the degradation of by-products (350-480°C) [32,37]. From de curves, it was not detected loss
mass corresponding to essential oil evaporation (Figure 6b). This result corroborated that the
electrospinning process maintained the structural configuration in which the essential oil was
initially confined.

As can be seen in no differences were observed in the glass transition temperature (Tg) between
the samples of PVAg and (PVA+CE); produced by electrospinning. These results confirmed the
compatibility between the PVA matrix and the emulsion. In this way, Pal et al. [27] reported
similar results working on PVA and poly (g-caprolactone) composite emulsions processed by
electrospinning.

According to Olabisi et al. [38], a change in the crystalline structure can be the result of
polymer-polymer interactions established in the amorphous phase. In accordance with Enayati
et al. [35], the diminution in the crystallinity degree due to the formation of fibers by
electrospinning was explained assuming the short time available to solvent evaporation. The
changes in CD after the addition of emulsion were probably the result of a hetero-nucleation.
Bearing in mind that after electrospinning processing there was a rearrangement of the

structure of the polymer chains, a significant shift (p<0.05) of the endothermic event assigned



to the melting of the crystalline phase towards lower temperatures was observed. However, the
addition of emulsions did not generate statistically significant changes (p>0.05) in this transition.

These results were concordant with the findings observed by means of the XRD technique.

3.6 ATR-FTIR

Deng et al. [39] found that structural changes generated by the electrospinning process can be
detected through ATR-FTIR. Figure 7 shows the FTIR spectra of cabreuva EO, samples of PVA; as
well as (PVA+CE)¢. All samples gave a strong band centered at about 3288 cm™ confirming the
presence of both, strong intra- and intermolecular hydrogen bonding and the free OH groups.
The characteristic bands of PVA were displayed in both, PVAt and (PVA+CE): ATR-FTIR spectra.
The shift of the band located at 3288 cm™ toward 3270 cm™ would result from the formation of
hydrogen bonds between amino groups or hydroxyl groups in chitosan and hydroxyl groups in
PVA [40].

Both, the CH, symmetric and antisymmetric stretching vibration bands were located at 2910
and 2855 cm™. Other stretching vibrational bands appeared at 1660 and 1565 cm™ for C=0 and
C=C groups. At 1141 cm™ a peak, assigned as C—C and C—O—C stretching vibrations correlated to
the polymer crystallinity was not influenced by the presence of the emulsion and remained
unchanged [17]. The observation of this absorption band is a signal of the semicrystalline
character of the PVA.

Some peaks located at 1744, 1240 and 1086 cm™ associated with the stretching vibration of
functional groups carbonyl (C=0), acetyl (O-C-O) and acetal (-C-O-), respectively, were observed.
According to Zahedi et al [41], these peaks correspond to residual acetate groups and are a
consequence of the incomplete hydrolysis degree of PVA chains (86-89 %).

The slight modifications observed in the regions 3000-2800 cm™ and 950-850 cm™ suggest the
chemical interaction between PVA-EO and could be attributed to the presence of cabreuva EO
embedded into the PVA matrix. The encapsulation of the cabreuva EO was supported by the

ATR-FTIR spectra since the PVA chemical structures remained broadly unchanged.



3.7 Antimicrobial capacity of electrospun fibers

The antimicrobial capacity of fibrous nanostructures (PVA+CE)e was evaluated against Candida
albicans, E. coli, S. aureus, and S. epidermidis. The results are summarized in Table 3.

It was observed that the fibers formed exhibited antibacterial capacity against the
microorganisms tested, which could be due to the presence of the essential oil and chitosan in
the samples and to the diffusion of the compound once it had contact with the culture medium.
The mat obtained due to PVA( fiber deposition did not present antibacterial activity against the
microorganism studied. Similar results were observed by Lépez-Cérdoba et al. [32] for tests
carried out against E. coli and S. aureus.

The antibacterial activity against Gram-positive bacteria such as S. aureus and S. epidermidis of
the functionalized fibrous nanostructures was found to be greater than that observed for E. coli.
This phenomenon was attributed mainly to the superficial characteristics of the cells and to the
structural differences of the cell walls of bacteria. This result was also confirmed by Adeli et al.
[41] working on fibrous matrices composite with chitosan, starch, and PVA nanostructured by
electrospinning. These authors observed greater antibacterial capacity against S. aureus

compared to E. coli.

3.8 Cabreuva essential oil release

As was described, the release of cabreuva EO from PVA matrices was performed after the
immersion in the release medium. Different ethanol: water ratios were assayed in order to
analyze the influence of the affinity of the active compound for the solvent on the release
profile. To modify the polarity of the solvent (distilled water), we include alcohol in the
formulation as the release media. According to Sanchez et al. [42] (2020) the ethanol is added
to help release the essential oil more uniformly.

The experimental data were fitted to different kinetic models to determine the mechanism
controlling the cabreuva essential oil release kinetics from the electrospun matrices.

The semiempirical equation proposed by Korsmeyer-Peppas [43], derived from Fick's law, was

used to describe the release kinetics of EO from polymeric nanostructure.



M, Eq. 2

where,

Mi/M.. is the fraction released of active compound at time t, k is the transport constant
(dimension of time™) and n is a parameter representative of the mechanism of transference of
the active agent.

The parameter k indicates the constant active compounds transport that can be seen intuitively
as directly proportional to the active compound release kinetic from the nanostructures.
Bearing in mind this fact, higher k indicated faster cabreuva essential oil release as was the case
of matrices that were in contact with the 75:25 medium. On the contrary, a lower value of k

indicated a slower transport kinetic (Table 4).

The exponent n was near 0.4 for the release in ethanol: water 25:75 medium (Table 4)
indicating that a pseudo-Fickian diffusion controlled the EO release pattern. Since the diffusion
exponent obtained was n = 0.6 in 50:50 medium, the release of the active compound would be
governed by a mechanism combining a diffusion type Fickian and swelling process confirming an

anomalous mechanism in this latter case.

In the case of 75:25 medium, the mechanism interprets that the relaxation of the matrix occurs
when the water control the speed of release (n = 1) due to a swelling process. The model is non-
Fickian (Case Il) in which the EO delivery rate corresponds to zero-order release kinetics and the

mechanism involved is the swelling or relaxation of polymeric chains [43].

Similar results were found by Moydeen et al. [44] working on electrospun poly(vinyl

alcohol)/dextran nanofibers as a carrier for ciprofloxacin (Cipro) as a model drug delivery.

Figure 8 shows the percentage of cabreuva essential oil released in media with different
ethanol: water ratios. At the initial phase, electrospun nanostructures exhibited a marked burst
release, and then the curve tended to a plateau or a gradual release. The increase in the ethanol
content in the medium caused an increase in the amount of active component released

intensifying the burst effect [45], which was demonstrated by the values of the constant Ky



(Table 4). This fact may be due to an increase in the affinity of the essential oil for the medium.
Similar results were observed by Villasante et al. [46] working with films of poly (lactic) acid

charged with a-Tocopherol, a hydrophobic compound.

In ethanol: water 75:25 medium, a rapid burst stage occurred after 6 minutes in which 85% of
the active product was released (Figure 8). This result was similar to that observed by Estevez-
Areco et al. [45] who reported a rapid release of a Rosemary ethanolic extract contained in PVA
fibers obtained by electrospinning. Souza et al. [47] also observed a similar result working with
polylactic acid nanofibers (PLA) used to encapsulate linalool by synthesizing fibers with varying
amounts of terpene, reporting that the amount of linalool on the surface results in the release
of more than 80% in just 30 minutes.

The release of EO in a medium richer in water was slower; therefore, the rate of EO release
depended on the composition of the media in which the diffusion was carried out.

The experimental data were fit by means of the Gallagher-Corrigan model

kt—ktmaox

FT = Fb(1— ™) + (1 = Fb) s

Eq.3

where, Ky, is the burst rate constant, F,, the fraction of the active compound released in the burst
phase, tmax the time for maximum rate and k is the rate constant of the polymer degradation

phase.

The release can also be described by other models known as the Gompertz [48], Weibull, and

Higuchi [49] models as follows:

t

:exp[—axexp(bxlogt)] Eq.4

o0

where, Mi/M.. is the percent of active agent release at time t, a parameter determines the
undissolved proportion at t= 1 described as a location or scale parameter, b dissolution rate per

unit of time describes a shape parameter.

M =1-—ex (t_Ti)b EQ.5
M p g.

d

o0



where, a is a parameter relative to the time process, T; is the lag time, in most cases zero, and b,

the shape parameter and characterizes the release curve shape.

On the other hand, according to da Costa et al. [50] modifications on release profile are induced
by the geometry of matrix and diffusion of active compound along cylindrical structures is

conveniently described by Weibull model.

M 1/2

M; =k, xt Eq.6

where, ky is the Higuchi dissolution constant. The Higuchi model uses pseudo-steady-state
assumptions to describe the release kinetics of the active compound from a porous matrix

based on Fick's law [44].

The properties of the polymeric solution and its interaction with bioactive compounds influence
the distribution of the latter compound in the nanofibers and therefore its release profile [51].
The initial step, related to the burst, was ascribed to the surface-loaded cabreuva EO which had
a weak bound with the nanofiber surface, hence it had a high diffusion trend. The second step
of release could be attributed to the diffusion of the EO molecules from the bulk of the

nanofibers.

As is evident from Table 4, the Gallagher-Corrigan model achieved a better fitting in relation to
Gompertz and Weibull models. Based on Higuchi model, the drug release occurs by diffusion
within the delivery system. In this case, the cumulative amount of the drug released is

proportional to the t2

[44]. Given that Higuchi model considers that the drug release occurs by
diffusion, the results supported that the higher the ethanol proportion in the release medium,

the farther the behavior of the system drifted from a Fickian model.

The fitting parameters for release profiles of matrices in contact with increasing ethanol
proportion from 25:75 to 75:25 showed higher K, concerning k (Table 4) suggesting that the

polymer swelling played an increasingly prominent role in the EO delivery.



Two opposite effects were observed because of the presence of ethanol and water. The
increase in the ethanol proportion led to a greater solubilization of the cabreuva essential oil
and a sudden release in the burst step with Kb>>k. In this case, the immersion of the matrix in
the 75:25 medium led to the second step became practically negligible due to the rapid release
of the active compound. On the other hand, the increase in the water proportion caused a
higher swelling of the hydrophilic matrix based on PVA, and hence this phenomenon and the

diffusion were the main mechanisms that drove the release process with k>Kb.

4. Conclusions

The electrospinning technique demonstrated to be an efficient method to obtain fibrous
nanostructures at a micro and nanometric scale. From the analysis of the rheological behavior
of the solutions based on PVA, it emerged that the formulation of composite systems obtained
assembling a PVA solution with a crosslinked emulsion modified the system viscosity,
influencing the morphology of the obtained nanostructures. New ways of assembly active
compounds into the system through electrospinning technique were performed, allowing the
encapsulation of cabreuva EO through the combination of two-step emulsification and ionic
gelation processes. The encapsulation of cabreuva EO was an effective strategy to achieve the
sustained EO release by tuning the solution composition.

The electrospun fibers based on PVA and CH played a role as a vehicle for the controlled release
of the cabreuva EO and demonstrated to have antimicrobial activities against broad spectra of
micro-organisms (Candida albicans, E. coli, S. aureus, and S. epidermidis). Therefore, the active
compound-loaded PVA nanofibers have great potential to be used as the delivery matrix in the
near future.

Considering the obtained results, the encapsulation of the essential oil coupled with
electrospinning technique constitutes an effective method for active compound delivery and
could further help to achieve the sustained cabreuva essential oil release. Hence, the developed
nanostructures would be materials with potential applications in the biomedical field in the

form of wound care dressing.



Figure captions

Figure 1. BackScattering profiles (%) of the different emulsions: a) E1 (SDS 0.5 g I"); b) E2 (CH /
SDS 0.5g I™"); ¢) E3 (SDS 1 g I'"), and d) E4 (CH / SDS 1 g I'"). The arrow indicates the evolution
over time from t = 0 to more than 8 days.

Figure 2. a) Particle size of formulated emulsions. Images obtained by TEM of the different
emulsions: b) E1 (SDS 0.5 g I™"); ¢) E2 (CH/SDS 0.5 g I™*); d) E3 (SDS1 gl ™), e) E4 (CH/SDS1 gl
and, f) CE (CH / SDS 1 g I'") cross-linked with sodium citrate.

Figure 3. SEM micrographs of electrospun nanofibers obtained by using PVA solutions: a) PVA
12%, b) PVAE, and c) (PVA+CE)g with their respectful fiber size distributions.

Figure 4. CLSM micrograph of (PVA + CE)¢ fibers obtained by electrospinning showing the
distribution of cabreuva essential oil (Myrocarpus fastigiatus).

Figure 5. X-ray diffractograms of electrospun matrices based on PVA.

Figure 6. a) Thermogravimetric analysis curves of different tested samples obtained by
electrospinning of PVA without and with crosslinked emulsion (CE), b) thermograms
corresponding to the second stage of heating of the electrospun nanofibers of PVA without and
with CE.

Figure 7. ATR-FTIR absorption spectra of cabreuva essential oil (Myrocarpus fastigiatus) and
electrospun samples PVAE and (PVA+CE).

Figure 8. Controlled release of cabreuva essential oil in different ethanol: water media: 25:75
(blue color), 50:50 (dark cyan color), and 75:25 (green color). Data are the mean # S.D. of four
repetitions (n=4). References: Full-color symbol: experimental data, Black dash-dot-dot line:

Gallagher-Corrigan model
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Table 1. Components of formulated emulsions; zeta potential values (ZP) and reduction in

BackScattering (BS) for the different emulsions tested after seven days

Concentration X
Emulsi ZP (mV) BS reduction
muision CH PVA SDS EO
0,
Bw/v)  (%wh) @) (%) (%)
E, - 0.75 0.5 7.5 -9.1 (1.4)° 61.2¢
Lamarraetal. Table1  ).75 0.5 7.5 65.8 (0.7)° 15.8"
Es - 0.75 1 7.5 -40.6 (0.4)° 48.7°
Es 0.75 0.75 1 7.5 74.8 (4.0)° 6.13°

" Different letters within the same column indicate significant differences between the samples (p <0.05)



Table 2. Fitting parameters of the Ostwald de Waele model and apparent viscosity determined

at 500 s™* of the crosslinked emulsion (CE), PVA 14% and (PVA+CE)

Sample’ k, n, n (Pa.s) (500 s)
CE - 1.0(0.1)%" 0.0093 (0.002)?
PVA 24.27(0.08)° 0.649 (0.002)° 2.69 (0.03)°
*PVA+CE 5.1(0.1)° 0.820 (0.003)° 1.68 (0.07)°

®The values reported correspond to the upward ramp of the flow behavior curve

" Different letters within the same column indicate significant differences between the samples (p <0.05)



Table 3. Antimicrobial capacity of electrospun nanofibers (PVA+CE)¢ against inocula of 107-108
CFU ml™ of different microorganisms

Patogen Inhibition halo (cm) Picture
Candida albicans 1.9 (0.07)**
Escherichia coli 1.6 (0.06)°
Staphyloccocus aureus 2.1(0.09)°
Staphyloccocus epidermidis 1.8 (0.10)*°

" Different letters within the same column indicate significant differences between the samples (p <0.05)



Table 4. Parameters obtained from the Korsmeyer-Peppas, Gallagher-Corrigan, Gompertz, Weibull, and Higuchi models for
controlled release of cabreuva essential oil in media with different ethanol: water ratios

#Release Korsmeyer-Peppas Gallagher-Corrigan Gompertz Weibull Higuchi
(Eq.2) (Eq. 3) (Eq. 4) (Eq. 5) (Eq. 6)
medium
n k(minn R® Ky(h?) k R? a b R? a b R? a R?
)
25:75 0.37 0.013 0.965 0.086 2.13 0.986 2.10 0.61 0968 7.72 046 0938 0.10 0.908
50:50 0.65 0.010 0.997 0.255 2.64 0.999 1.69 0.73 0979 521 0.48 0.953 0.14 0.912
75:25 1.0 0.059 0.930 4.726  0.009 0.971 0.19 1.53 0950 045 0.67 0.897 *na na

#Release medium:
*na: not applicable

ethanol: water



Highlights

Cabreuva essential oil (EO) emulsions were included in a PVA electrospun matrix

Electrospun active matrix was effective against a broad spectrum of microorganisms

Electrospun nanoestructure demonstrated capacity to control the cabreuva EO release

Electrospun nanoestructure could be applied as topical dressings in biomedical field
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