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Abstract  

This study focused on the development of electrospun PVA-based nanofibers loaded with 

chitosan-stabilized Pickering emulsions containing encapsulated Mentha piperita L. essential oil. 

The Pickering emulsions were characterized by zeta potential, particle diameter and physical 

stability, whereas mat-forming solutions, prepared with different PVA:emulsion ratios, were 

evaluated for their rheological properties and electrospinnability. These PVA:emulsion ratios 

influenced fiber diameter, mechanical properties, and water resistance. 

Controlled release was modeled in ethanol:water media with different polarities, which 

affected the release profile of the essential oil. Mats loaded with Mentha piperita L. essential oil 

demonstrated good antimicrobial properties against S. aureus, both in vitro and when applied 

to a ham-based food model, supported by ATR-FTIR studies. 

These results suggest that mats loaded with Mentha piperita L. may serve as promising 

candidates for antimicrobial food packaging applications.   

 



 

Introduction 

One of the great challenges today is the production of materials that exhibit varying 

functionalities depending on their intended applications. To address this issue, nanostructures 

with high surface-to-volume ratios have been developed through various techniques to 

enhance material efficiency and responsiveness (Liguori et al., 2022). Among the different 

synthesis methodologies, electrospinning is largely valuable to produce nanofibers. This 

technique applies a high-voltage electric field to a polymeric solution, generating a charged jet 

that undergoes rapid solvent evaporation, leading to the formation of continuous nanofibers 

(Salaris et al., 2022, Lamarra et al., 2020; Liguori et al., 2022). The matrix generated by 

electrospinning can be used in diverse applications, including controlled release of drugs, 

photodynamic therapy, and wound healing, among others (Nadaf et al., 2022). Due to the 

nanometric size of the fibers, their specific surface area and porosity make nanostructured 

materials highly suitable for the encapsulation of active compounds (Nadaf et al., 2022).  

Poly(vinyl alcohol), a widely utilized polymer due to its biocompatibility and film-forming 

properties, is among the leading candidates for fiber formation by electrospinning (Lamarra et 

al., 2020; Morais et al., 2022; Panda et al., 2022) due to their good conductivity and water 

solubility. This biodegradable polymer is composed of vinyl alcohol units, with a proportion of 

residual acetate groups in its structure depending on the degree of hydrolysis (Lamarra et al., 

2022).  

The essential oil Mentha piperita (peppermint) is recognized for its numerous health benefits 

(Taylan et al. 2021). The main benefit relates to its antimicrobial capacity against pathogens 

such as S. aureus, E. coli, and C. tropicalis (Soltanbeigi et al., 2021). More precisely, 

Ashrafudoulla et al. (2023) demonstrated that peppermint essential oil exhibits antimicrobial 

activity against foodborne pathogens, including Vibrio parahaemolyticus, Listeria 

monocytogenes, Pseudomonas aeruginosa, Escherichia coli O157:H7, and Salmonella 

typhimurium, linking this effect to the capacity of menthol to disrupt cell membranes. 

Mentha piperita contains high amounts of menthol and menthone, which were effective in 

inhibiting S. aureus both in vitro and in minced meat (Djenane et al., 2012). Concerning its 



antibacterial properties, Mentha Piperita essential oil was evaluated as an antibacterial agent in 

a chitosan-based packaging system, showing antibacterial capacity against bacteria that cause 

foodborne diseases (Mouhoub et al., 2022). 

The low water solubility, the main limitation associated with the use of essential oils (EO), can 

be solved through the formation of emulsions. Emulsions are characterized by the 

predominance of surface interactions, allowing the coexistence of two immiscible phases, 

forming an oily phase dispersed in water (O/W emulsion) or a water phase dispersed in oil 

(W/O emulsion), achieved through the incorporation of amphiphilic molecules such as 

surfactants. A notable feature of emulsions is their thermodynamic instability (Piorkowski and 

Mc. Clements 2014).  

Recently, the use of solid particles as alternatives to surfactants to stabilize emulsions has 

generated growing interest (Berton-Caratin and Schroen 2015; Fasihi et al., 2023; Ran et al., 

2023). In this type of emulsion, referred to as Pickering emulsions, the nanoparticles located at 

the oil/water interface physically stabilize the dispersed droplets (Berton-Caratin and Schroen 

2015; Sharkawy et al., 2020; Wu and Ma 2016). The advantage of these emulsions lies in the 

formation of a thicker interfacial layer, which enhances the stability of the emulsions compared 

to conventional surfactants (Berton-Carabin and Schroen 2015).  

The nanoparticles used in the synthesis of Pickering emulsions must ensure good physical 

stability and, additionally, introduce extra functionalities such as antibacterial properties 

(Hadidi et al. 2020; Vahedikia et al., 2019). More precisely, one of the polymers that meets such 

requirements is chitosan. This biopolymer, a linear polysaccharide from deacetylated chitin, is a 

pH-responsive weak polyelectrolyte. Its charge density and surface adsorption adjust through 

amino group protonation, making it water-soluble below pH 6.5 and enabling adhesion to 

oppositely charged surfaces. Lai et al. (2021) developed a method to stabilize edible Pickering 

emulsions using silica nanoparticles modified with chitosan oligomers. 

Ahmed et al. (2021) synthesized a stable chitosan-based Pickering emulsion and reported that 

its antibacterial activity against S. aureus increased with chitosan concentration. On the other 

hand, Hadidi et al. (2020) found that chitosan enhanced the antibacterial capacity of clove 



essential oil against strains of S. aureus, E. coli, L. monocytogenes, and S. typhi, indicating a 

synergistic effect between the polymer and the essential oil. 

Among the possible applications of these emulsions, food preservation deserves to be 

mentioned. For example, Fasihi et al. (2023) described a film-based material with Pickering 

emulsions encasing ginger essential oil. This material showed good preservation capacity to 

preserve bread slices and significant antimicrobial activity against Penicillium digitatum. 

Furthermore, Ran et al. (2023) investigated collagen films loaded with Pickering emulsions 

based on cinnamon essential oil, which demonstrated antimicrobial properties against various 

pathogens and extended the shelf life of pork.  

This study focuses on the development of poly(vinyl alcohol) based nanofibers loaded with 

Pickering emulsions encapsulating peppermint essential oil. The resulting Pickering emulsion 

(PE) was characterized by zeta potential, particle size, and physical stability. Rheological 

properties, as well as microstructural characteristics by scanning electron microscopy (SEM), 

were analyzed considering the ratio of PVA to emulsion.  

The mechanical properties of the mats were assessed, and the controlled release of peppermint 

EO was analyzed using food stimulants. Finally, the antimicrobial efficacy of the active matrix 

was assessed against Staphylococcus aureus and Escherichia coli, both through in vitro assays 

and following its application to a ham used as a model food matrix. 

2. Materials and methods  

2.1 Materials 

Chitosan (CH, PMv=6.76x105 Da, with a deacetylation degree of 90%) was supplied by 

Parafarm® (Argentina), whereas poly(vinyl alcohol) (PVA), characterized by a hydrolysis degree 

of 86–89 % and molecular weight range of 50 to 55 kDa, was acquired from Dupont (USA). 

Sodium dodecyl sulfate (SDS, Cicarelli, Argentina) was used as a surfactant agent. Analytical 

grade sodium tripolyphosphate (TPP) was obtained from Anedra (Argentina). Additionally, 

Mentha piperita essential oil (EO) was purchased from Esencias del Bosque (La Plata, 

Argentina). 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-hydrolysis


 

 

2.2 Methods 

2.2.1 Synthesis and characterization of Pickering emulsions  

For the formation of Pickering emulsions, a solution of CH was prepared at a concentration of 

0.75% (w/v) in acetic acid at 0.75% (v/v). This solution was then compatibilized with a poly(vinyl 

alcohol) (PVA) solution at 0.75% (w/v). Sodium dodecyl sulfate (SDS) was incorporated as a 

surfactant to a final concentration of 1g/L. Subsequently, peppermint (Mentha piperita) 

essential oil was added drop by drop, reaching a final concentration of 7.5% (v/v) by 

homogenization at 21500 rpm using an Ultraturrax T-25 (Janke and Kunkel, IKA-Labortechnik, 

Germany) for 10 min. To reduce the droplet size of the pre-emulsion, it was subjected to a 

microfluidization process of 4 cycles at 1000 bar. Following this, sodium tripolyphosphate (TPP) 

was added drop by drop until a concentration of 0.15% (w/v) was reached. The obtained 

Pickering emulsion (PE) underwent 6 additional homogenization cycles, 4 at 1000 bar and 2 at 

1200 bar. As a control, the formulated suspension (S) without the incorporation of essential oil 

was used.  

The synthesized suspension (S) and emulsion (PE) were characterized by zeta potential (ZP) and 

hydrodynamic diameter (Dh) by using a nanoparticle analyzer Horiba Scientific Equipment-

Model SZ-100Z (Horiba, Ltd., United Kingdom). The zeta potential was assessed through carbon 

cells specific to this equipment, whereas the hydrodynamic diameter was determined by 

dynamic light scattering (DLS) using a diode laser (532 nm) and a detection angle of 173o. 

The global physical stability of Pickering emulsions was evaluated using light scattering with a 

vertical scan analyzer (QuickScan, Beckman Coulter, Fullerton, USA) at room temperature 

following a procedure like that outlined by Lamarra et al. (2020). Briefly, synthesized 

suspension (S) and emulsion (PE) were placed into cylindrical test tubes and scanned from the 

bottom to the top with monochromatic radiation at a wavelength of 800 nm, recording the 

backscattering profile over several days.   

2.2.2 Formation of fiber-forming suspensions 



A 16% (w/v) solution of PVA was prepared by dissolving the polymer in water at 90 oC for 5 h. 

Then, the previously formed PVA solution was mixed with different proportions of PE for 3 h at 

room temperature. The resulting fiber-forming solutions were classified based on the PVA/PE 

ratios of 4:1, 3:1, and 2.5:1.  

2.2.3 Rheological properties 

A TA Instruments HR20 rheometer (TA, Instruments, USA) was used to evaluate the rheological 

behavior of the fiber precursor solutions. The tests were conducted with a plate-plate detector 

with a diameter of 40 mm and a gap of 1000 μm. Rheological behavior was mathematically 

fitted by using the Ostwald de Waele model, and in the case of non-Newtonian systems, 

apparent viscosity was calculated at 400 s−1. The viscoelastic behavior of the samples was 

studied through dynamic assays. To determine the linear viscoelasticity range, a stress sweep 

(from 10-9 to 10-4 Pa) at constant frequency (1 Hz) was performed. Additionally, frequency 

sweep tests ranging from 0.01 to 100 Hz were performed under a constant stress of 1 Pa. The 

measured dynamic rheological parameters included the storage modulus (G’), the loss modulus 

(G”), and the damping factor (tan δ), calculated as the ratio G”/G’. Mechanical spectra were 

constructed by plotting G’ and G” against the angular frequency (ω). 

Rotational and frequency sweep tests were carried out on the different samples at 25°C. Each 

rheological test was performed in at least two replicates. 

2.2.4 Nanofiber formation by electrospinning  

The formation of nanofibers was carried out using an electrospinning Spinbox model supplied 

by Bioinicia® (Bioinicia Fluidnatek SLU, Valencia, Spain) operating at 24 kV, a flow of 0.4 mL h-1, 

and a needle-collector distance of 17 cm. The average collection time of the nanostructures 

obtained by electrospinning average time was 18 h.  

2.2.5 Morphological analysis by SEM 

The microstructure of the mats was analyzed by scanning electron microscopy (SEM) using an 

FEI model Quanta 200 microscope (FEI Company, The Netherlands). The specimens were 

examined at an acceleration voltage of 15 kV. Fiber diameters were calculated using the Fiji 

program (Image J, NIH, USA). 



 

2.2.6 Microstructure by ATR-FTIR 

Fourier transform 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−1 by accumulation of 32 scans with a resolution of 4 cm−1 

were analyzed using Omnic 8 software (ThermoScientific). 

2.2.7 Mechanical properties 

The mechanical properties of the mats were evaluated using a TA.XT2i-Stable Micro Systems 

(England) texturometer. The mat probes were stretched with a tension grip system A/TG at a 

constant rate of 0.5 mm s-1. Texture Expert Exceed software was used to record the force curve 

(N) as a deformation function (mm) to calculate elongation at break (ε), maximum tensile 

strength (TS), and tenacity (T). 

2.2.8 Water resistance properties  

The moisture was measured by drying the samples under vacuum at 60 oC until constant 

weight. Water solubility and swelling were evaluated by dipping the mats in water for 1 h. To 

calculate the swelling, the mats were dried with paper and weighed in an analytical balance; 

meanwhile, to evaluate the solubility, the samples were dried under vacuum at 60 oC until 

constant weight.  

2.2.9 Controlled release 

For evaluating the materials as a potential controlled release dispositive, different assays were 

carried out in different simulant media such as 25% ethanol (aqueous media), 50% ethanol 

(partially lipid food media), and 75% ethanol (lipid food simulant media). Mats of 2×2 cm2 were 

cut and placed in the release media. To quantify the amount of EO release, aliquots of 1 mL 

were withdrawn, adding 1 mL of fresh media each time. The EO concentration was quantified 

using a spectrophotometer (Uvmini-1240, Shimadzu) measuring at 237 nm, a wavelength at 

which key monoterpenes such as menthol exhibit characteristic absorbance (Kamatou et al., 

2013).    

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fourier-transform-infrared-spectroscopy


 

2.2.10 Antibacterial properties 

Bacterial strains and culture conditions 

Staphylococcus aureus ATCC 6538 and Escherichia coli ATCC 25922, preserved at -80°C, were 

reactivated in nutritive broth at 37°C for 24 h. Fresh nutritive broth was then inoculated with 

2% (v/v) of the reactivated cultures. After incubation for 18-24 h at 37°C, the cultures were 

centrifuged at 3600 x g and the pellets were resuspended in the same medium. The optical 

density (DO) at 600 nm was measured using a spectrophotometer (Metrolab Argentina), and 

the bacterial suspensions were adjusted to an OD of 0.3, corresponding to approximately 1 × 

107 CFU/mL) for use in the antimicrobial activity assay.  

Antimicrobial activity in vitro 

Three mL of Staphylococcus aureus and Escherichia coli bacterial suspensions (OD = 0.3 in 

nutritive broth) were placed into sterile 3 mL Eppendorf tubes. Mats of 2 cm diameter were 

introduced into the bacterial suspensions and incubated at 20°C and 30°C for 24 h and 48 h. 

After that, serial dilutions in tryptone 0.1% w/v (Biokar, Paris, France) were conducted, and the 

proper dilutions were inoculated in Plate Count Agar (PCA) (Biokar, Paris, France). The plates 

were incubated at 37°C for 24–48 h, and colonies were counted. Results were expressed in CFU 

mL-1. Conditions were assayed in triplicate. Three independent experiments were conducted.  

Antibacterial assay by ATR-FTIR spectroscopy 

ATR-FTIR spectroscopy was used to determine changes in bacterial structure after exposure to 

PVA/S and PVA/PE matrices, applying the film technique described by Naumann (2006) and 

Leung et al. (2016).  

After taking samples for plate counting, PVA/S and PVA/PE mats that had been in contact with 

bacterial suspensions were removed. The cells were collected by centrifugation at 10,000 rpm 

for 10 min in 1.5 mL Eppendorf tubes, and the supernatant was discarded. The cells were then 

resuspended in Milli-Q grade water, and aliquots of 100 μL of the concentrated bacterial 

suspension were spread on the surface of a diamond ATR crystal and dried to obtain 



transparent films. Spectra were acquired, baseline offset correction was performed, and the 

obtained data set was analyzed using OMNIC software. 

Antimicrobial activity challenge: Food application of nanostructured active mat 

A slice of ham (Bocatti, Argentina) obtained from a local store (average weight 3.985 ± 0.175 g) 

was cut into pieces using a sterile cork borer. The ham pieces were placed between two 

nanostructured mats (one on top and another on the bottom), some with EO and without, in 

triplicate. A control with synthetic film (nylon) and a control without any film were also 

included. The pieces without films were then placed in sterile Petri dishes and incubated at 4  °C 

for 48 h. After that, each piece was transferred to sterile plastic bags (Whirl-Pak, USA) and 

homogenized for 1 min at high speed in a Seward Stomacher (Model 400; West Sussex, United 

Kingdom) in a 1:10 dilution with sterile peptone water 0.1 % w/v. Appropriate dilutions of each 

sample were placed on Plate Count Agar (PCA) (Biokar) and Baird Parker agar (Biokar) 

supplemented with 50 mL L-1 of 50% egg yolk-saline emulsion and 10 mL L-1 of 1% potassium 

tellurite solution (Britania, Argentina). The plates were incubated at 37°C for 24–48 h, and 

colonies were counted. Results were expressed in CFU g-1. Three independent trials were 

conducted.  

2.2.11 Statistical analysis 

For the statistical analysis of the results, the statistical InfoStat v2009 software (Argentina) and 

GraphPad Prism 9 (GraphPad Software Company, CA, USA) were applied. Analysis of variance 

was carried out by means of ANOVA procedures followed by Fisher LSD test for simultaneous 

pairwise comparisons. F-tests and differences in means were considered statistically significant 

when p<0.05. Data were expressed as the mean ± standard deviation (SD) unless otherwise 

stated. Assumptions of normality and homogeneity of variances were considered in all 

analyses. 

 

3. Results and discussion 

3.1 Characterization of Pickering emulsion 



Table 1 summarizes the values of zeta potential (ZP) and hydrodynamic diameter (Zav) of the 

Pickering emulsions with peppermint EO (PE) and the suspension without EO (S). 

Table 1. Characterization of systems with Mentha piperita EO (PE) and without EO (S) through 

zeta potential and particle diameter 

Sample ZP (mV) Zav (nm) PI TSI (%) 

S 27±4a 290±38a 0.5a 0.0017b 

PE 63±1b 427±19b 0.5a 0.0008a 

a,b Different superscripts within the same column indicate significant differences between samples (p<0.05). 

The ZP values for both systems were found to be positive, due to the presence of excess 

polycation (chitosan), indicating that both exhibited good stability, as their ZP values exceeded 

+30 mV (Lamarra et al., 2016). The comparison of the suspension and the charged emulsion 

revealed that the addition of peppermint EO resulted in a higher surface charge (p<0.05). This 

result could be explained by findings from Wu et al. (2022), who reported that when forming 

Pickering emulsions based on gliadin for encapsulating methyl jasmonate, the presence of the 

latter increased the surface charge due to the interaction between the active compound and 

gliadin, which prevented flocculation caused by gliadin-gliadin interactions. 

Examining the average diameter (Zav) values presented in Table 1, it was observed that chitosan 

particles complexed with SDS exhibited a size of 290 nm. This finding aligns with the results 

informed by Bezrodnykh et al. (2021), who stated that particle size depends on several factors, 

including molecular weight and anion concentration. Conversely, the Pickering emulsion 

displayed a size of 427 nm, which was larger than that of the nanoparticles. This phenomenon is 

a logical consequence of the requirements for nanoparticles to effectively stabilize emulsions, 

since their diameters must be sufficiently small to cover the surface of the oil droplets (Niu et 

al., 2022). Furthermore, Low et al. (2020) reported a direct proportional relationship between 

the nanoparticle sizes and the diameter of EO droplets.  

3.2 Rheological properties 



Assessing rheological properties is essential for determining electrospinnability, as these 

properties correlate with the morphology characteristics of nanofibers obtained (Javaid et al., 

2022; Wu et al., 2023; Zhang et al., 2023). Viscosity is one of the key flow parameters used to 

evaluate rheological performance (Zhang et al., 2023).  

Table 2 summarizes the values of apparent viscosity determined for the samples studied.  

As can be seen in Table 2, the control sample of PVA 14% w/v exhibited the highest viscosity, a 

phenomenon attributed to the equilibrium configurations of hydrogen bonding interactions 

among the –OH groups along the PVA chains and between polymer chains and water molecules 

(Morais et al., 2023).  

On the other hand, the incorporation of the suspension without EO resulted in a reduction of 

viscosity, suggesting that the interaction between the polymeric chains was disrupted. These 

results correlated with the observations reported by Chen et al. (2022), who evaluated the 

effect of chitosan concentration on PVA solubilized in different solvents. These authors 

informed that the addition of chitosan produces a decrease in viscosity, thus affecting the fiber-

forming capacity during the electrospinning process. Additionally, the functionalized emulsion 

with EO in the same proportion produced a moderate increase of 56% in viscosity, possibly due 

to interactions between the poly(vinyl alcohol) matrix and EO (Tampau et al., 2020). Analyzing 

the concentration of the active emulsion (Table 2), an increase in concentration led to a 

decrease in viscosity, a result consistent with our previous studies (Lamarra et al., 2020; 

Lamarra et al., 2023). This phenomenon may be attributed to the dilution of the PVA caused by 

the addition of the active emulsion (assuming affinity between the phases of the system), which 

reduced the entanglement of polymeric chains (Wu et al., 2023). 

The Ostwald de Waele model was used to fit the experimental curves (Morais et al., 2023) 

according to the following Equation: 

 
n

K  =       [1] 

Where τ is the shear stress, K is the consistency index, which measures the liquid´s resistance to 

flow, and n is the flow index, which indicates the degree of deviation from the Newtonian 

behavior. 



 

 

Table 2. Ostwald de Waele parameters and apparent viscosity values of different precursor 

solutions 

a,b Different superscript letters within the same column indicate significant differences between treatments 

(p<0.05). 

 

The consistency index followed a similar trend to that observed in viscosity values. The control 

sample exhibited the lowest n value, corresponding to the highest viscosity value reported. 

These flow index values can provide an estimation of the processing capacity of the samples by 

electrospinning, considering that when n=1, fiber formation did not occur, while an excessively 

low n value may hinder flow. In this context, Zhang et al. (2023) stated that values equal to or 

higher than 0.6 indicate solutions with the potential for electrospinning processing. All samples 

exhibited n values below 1, suggesting shear-thinning behavior, which implies that as the shear 

rate increases, the chain entanglement is less than the disentanglement (Zhang et al., 2023).  

 

 

 

 

Samples 𝜼400 s
-1 (Pa.s) K (Pa.s) n R2 

PVA 4.30e ±0.10 24.0d ±7 0.72a ±0.05 0.9934 

PVA/S 4:1 1.56b ±0.08 4.3b ±0.5 0.84b,c ±0.01 0.9991 

PVA/PE 4:1 2.29d±0.01 7.0b ±1.0 0.80b ±0.03 0.9985 

PVA/PE 3:1 2.07c ±0.02 6.4b ±0.01 0.81b ±0.01 0.9988 

PVA/PE 2.5:1 1.14a±0.02 2.5b ±0.3 0.87c ±0.01 0.9994 
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Figure 1. Dynamic rheology test of the samples: a) PVA, b) PVA/S 4:1 (without peppermint EO), 

c) PVA/PE 4:1, d) PVA/PE 3:1, and e) PVA/PE 2.5:1. 

The flow index trends indicated that there were no significant differences between the samples 

without EO and with EO in the 3:1 proportion. However, an increase in the concentration of the 

active emulsion (2.5:1) led to a rise in this index, indicating a transition toward a more 

Newtonian-like behavior (Morais et al., 2023; Chen et al., 2022). 

Complementarily, a dynamic rheological test was carried out for a more precise rheological 

assessment of the electrospinnable solutions (Figure 1). According to Zhang et al. (2023), when 

a polymer sample is submitted to an electrical field, the application of a periodic force in a 

rheological evaluation can effectively replicate stress and strain behavior.  

As can be observed in Figure 1, the loss or viscous modulus (G´´) exhibited higher values than 

the storage or elastic modulus (G´) across a broad range, indicating the viscoelastic behavior of 

samples with a predominance of viscous flow (Zhang et al., 2023). This observation was also 

reflected in the loss factor (tan (δ)), which establishes a relationship between G´´and G´. Similar 

results were reported by Liu et al. (2015), who explained that both the viscous and elastic 

moduli showed an increase in response with rising angular frequency. According to Liu et al. 

(2022) and Liu et al. (2015), the approximation of the elastic and viscous moduli or the 

existence of crossover points between G′ and G″ is an indicator of a solution's 

electrospinnability. Thus, it reflects the presence of a sufficiently stable entanglement network 

(Liu et al., 2022). In polymer solutions, viscoelastic behavior is largely governed by such 

networks or by similar topological constraints. 

When the tan(δ) value is greater than 1, the material shows a viscous flow, while a value lower 

than 1 indicates a predominantly elastic behavior. If tan(δ) equals 1, the system reaches the gel 

point, a state between solid and liquid. Two critical characteristics for processing the samples 

are associated with the working, which must ensure viscous flow behavior and distance from 

the gel point (Zhang et al., 2023). As noted by Serpelloni et al. (2024), a predominance of liquid 

behavior over elastic behavior is desirable to produce uniform fibers. This suggests these 

samples are promising candidates for electrospinning. 

3.3 Microstructure by SEM 



Figure 2 depicts the SEM micrographs of different samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. SEM micrographs of nanofibers formulated with a) PVA, b) PVA/S 4:1, c) PVA/PE 4:1, 

d) PVA/PE 3:1, and e) PVA/PE 2.5:1. Magnification and average diameters (with the 

corresponding standard deviation) are indicated in the micrographs. 
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As can be seen in Figure 2, the PVA matrix exhibited homogeneous fibers without the 

appearance of beads in their structure, with an average diameter of 330 nm. The uniformity of 

these fibers resulted from the effective entanglement of polymer chains (Wu et al., 2023). In 

contrast, the inclusion of the suspension without EO produced wider fibers, with an average 

diameter of 511 nm, indicating an increase in this parameter compared to the control matrix, 

despite a reported decrease in viscosity. A similar fact was explained by Jiang et al. (2024), who 

indicated that the inclusion of silver and zinc nanoparticles led to higher drawing resistance due 

to the interactions between the nanoparticles and the polymeric matrix at the interphase level, 

increasing the fiber diameter. Additionally, it is important to highlight that the decrease in 

conductivity observed in the absence of EO (sample PVA-S 4:1) resulted in an increase in fiber 

diameter, which can be explained by insufficient jet elongation (de Oliveira Mori et al., 2014). 

An increase in solution conductivity with higher EO proportions leads to a reduction in fiber 

diameter, attributed to the greater surface charge density on the jet, which enhances the 

elongational force acting during its trajectory toward the collector. 

The conductivity plays a critical role in the electrospinning process, as higher conductivity 

allows the solution to carry more electric charges. This improvement induces greater stretching 

of the polymer jet under the electric field, which typically results in thinner, more uniform 

fibers with reduced bead formation (Erdem & Akalın, 2015).  

The addition of active emulsion in different proportions produced matrices with diameters 

statistically similar to the control (p>0.05). However, an increase in emulsion proportion caused 

an increase in the number of beads, a phenomenon linked to the reduction in viscosity of the 

system, which may be attributed to a plasticizing effect from the incorporation of EO (Unalan et 

al., 2019).  

3.4 ATR-FTIR analysis 

The ATR-FTIR spectra were analyzed to achieve a microstructural study of the obtained mats. 

Two spectral regions were considered, which exhibited characteristic peaks of the base polymer 

(PVA). The first spectral region, ranging from 3700 to 3000 cm-1 (Figure 3a) contains the band 

associated with the stretching of –OH groups. In the presence of EO, it resulted in a red shift, 

suggesting the formation of more intense or more numerous hydrogen bonds (Tu et al., 2008). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. ATR-FTIR spectra of electrospun matrices functionalized with diverse proportions of 

Mentha piperita essential oil showing different regions: a) 3600 -3000 cm-1, b) 3000-2700 cm-1, 

and, c) 1150-950 cm-1. 

 

Additionally, the spectral region between 3000 and 2700 cm-1 was examined (Figure 3b). In this 

window, the vibrational mode related to the stretching of methyl groups was identified 

(Lamarra et al., 2022). The presence of peppermint EO caused the emergence of peaks around 

2850 and 2860 cm-1, which are associated with the essential oil encapsulation within the matrix.  

 

a  b  

c   



At 1414 cm-1, the signal indicative of the interactions between the PVA and chitosan affected 

the C-H vibrational motion of the PVA band (Perez-Calderon et al., 2023). Similarly, a 

modification in the band at 1144 cm⁻¹, attributed to the C–O stretching of the crystalline 

sequence of PVA, was observed, along with the appearance of shoulders at 1044 and 1021 cm-1 

(Figure 3c). 

3.5 Mechanical properties 

Table 3 summarizes the tensile strength, percentage of elongation, and tenacity of different 

electrospun matrices. 

 

Table 3. Mechanical properties of different electrospun matrices of PVA-based electrospun 

mats formulated without (PVA/S 4:1) and with Mentha piperita essential oil (PVA/PE)  

Sample 

Tensile strength 

(MPa) 

Elongation 

(%) 

Tenacity 

(J) 

PVA 4.4a±0.9 12c±2 0.028c±0.006 

PVA/S 4:1 5.2a±0.9 15d±1 0.037d±0.007 

PVA/PE 4:1 5.0a±1.0 16d±0.8 0.032d±0.005 

PVA/PE 3:1 6.6b±0.9 4.3a±0.8 0.013a±0.002 

PVA/PE 2.5:1 8.6c±0.9 2.6b±0.6 0.018b±0.003 

a,b,c,d Different superscripts within the same column indicate significant differences between treatments (p<0.05) 

The evaluated mechanical properties, as summarized in Table 3, were influenced by the 

quantity of emulsion used. Initially, the addition of both active emulsions and suspension at the 

lowest ratio (4:1) did not produce significant changes in the tensile strength values compared to 

the control mat, while the elongation increased significantly (p<0.05). Furthermore, an increase 

even greater (3:1 and 2.5:1) in the content of the Pickering emulsion correlated with enhanced 

tensile strength values and the consequent decrease in elongation, which also manifested 

changes in the tenacity values. The observed increase in elongation at the lower percentage of 



emulsion can be attributed to the effective dispersion of the Pickering emulsion within the PVA 

matrix. In contrast, a higher concentration of emulsion may lead to the agglomeration of 

emulsion droplets within the matrix, adversely affecting its mechanical properties (Cheng et al., 

2017). In addition, the increase in interactions, together with the synergistic effect promoted by 

the higher chitosan and essential oil content, and the greater proportion of emulsion, 

contributed to the enhanced properties, further supported by the cross-linking or reinforcing 

role of Pickering emulsions. 

These effects due to hydrogen bonds may be attributed to interactions between PVA and EO as 

demonstrated by ATR-FTIR spectra. The tenacity decreased with increasing emulsion content, 

indicating that the presence of active emulsion and, therefore, EO led to diminished energy 

dissipation at the breaking point (Milanesi et al., 2021). This was linked to the reduced 

elongation of these samples compared to the control.  

In this sense, Das et al. (2023) reported that an increase in the concentrations of 

hydroxypropyl-β-cyclodextrin and atrazine complexes in PVA mats led to higher strength and 

elastic modulus but lower elongation. This phenomenon was attributed to strong hydrogen 

bonding interactions between the complex and PVA. These bonds restricted polymer chain 

mobility and reduced average elasticity. Based on the mechanical performance, the sample 

PVA-PE 4:1 was selected to study water affinity properties and for food matrix application of 

this material, while the PVA-S 4:1 sample was used as a control.  

3.6 Water-resistance properties 

Table 4 summarizes the water-resistance properties of electrospun mats with and without EO. 

As can be seen in Table 4, moisture values between mats with and without EO were not 

significantly different. On the other hand, low moisture content is crucial to retard the bacterial 

growth (Gaikwad et al. 2019). The mat containing EO exhibited significantly lower solubility 

values compared to those without the active agent, with statistically significant differences 

observed between samples (p<0.05). This behavior could be due to interactions between the 

PVA matrix and chitosan (Garavand et al., 2022; Çay et al., 2014). In addition, the findings 

obtained could be explained by the inclusion of hydrophobic compounds, thereby preserving 

the mat's structure in an aqueous environment (Kong et al., 2022).  



Similarly, the swelling percentage decreased with the inclusion of the EO-loaded emulsion, 

which may be due to the hydrophobic nature of EO and the improved structural integrity of the 

matrix (Kavoosi et al., 2014; Ardekani et al., 2019). According to Gahruie et al. (2017), the 

network strengthening can be induced by extensive hydrogen bonds between the polymer 

backbone and polar head groups of surfactant molecules present at the interface of dispersed 

nanodroplets. 

Table 4. Water-resistance properties of PVA-based electrospun mats formulated without 

(PVA/S 4:1) and with Mentha piperita essential oil (PVA/PE 4:1)  

Sample Moisture (%) Solubility (%) Swelling (%) 

PVA/S 4:1 6.3a±0.2 61.3b±0.5 233b±45 

PVA/PE 4:1 6.4a±0.8 18.7a±0.6 119a±8 

a,b Different superscripts within the same column indicate statistically significant differences between samples 

(p<0.05) 

3.7 Controlled release  

Figure 4 depicts the controlled release of the active agent in various solvents. The medium 

containing equal amounts of ethanol and water exhibited the highest release percentage, while 

the more hydrophilic medium (ethanol-water 25:75) demonstrated the lowest dosage release. 

Similar results were reported by Lamarra et al. (2020) for systems with comparable 

characteristics, indicating that the highest release percentage in the 50% ethanol medium 

resulted from a combination of two processes, the peppermint EO solubility was favored by its 

affinity for ethanol and by swelling of the matrix, which was attributed to the hydrophilic 

nature of the polymers that constitute the system. Overall, the release percentage was 

relatively low, with the maximum being 20%. This observation contrasted with the findings of 

Costa et al. (2019), who affirmed that controlled release in the electrospun matrix is significant 

due to the large specific surface area characteristic of this type of matrix. Additionally, the 

lower controlled release percentage may be attributed to intermolecular interactions between 

the PVA matrix and the essential oil, as described in the ATR-FTIR results. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Controlled release of Mentha piperita essential oil in media with different percentages 

of ethanol: 75% (blue color), 50% (red color), and 25% (black color). 

Data are the mean ± SD. of three repetitions (n = 3). References: Full-color symbol: 

experimental data, color solid line: Gallagher–Corrigan model fit. 

 

According to Wang et al (2011), the incorporation of chitosan may decrease the amount of 

released oil due to interactions between the essential oils and the polymeric matrix. 

To elucidate the mechanism of EO release, several semiempirical models were applied to 

experimental data. One of the most useful models to fill out this objective is the one proposed 

by Korsmeyer and Peppas (Peppas and Korsmeyer 1987), which describes the following 

equation: 

nt tk
M

M
=

         [2] 

Where Mt represents the amount of EO released at time t, M∞ is the quantity of EO at infinite 

time, k is a transport constant (min-1), and n is an adimensional parameter that describes the 
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mechanism type. It is noteworthy that this model is only applicable in the time interval where 

the amount released was lower than 60%.  

Table 5 summarizes the parameter values of the semi-empirical model proposed by Korsmeyer 

and Peppas. In this model, the constant k provides an estimation of the amount of active 

compound released from the polymeric matrix into the respective medium, reflecting a trend 

similar to that shown in Figure 5. Furthermore, this model facilitates an estimation of the 

transport process through the n constant, which depends on the geometry of the matrix 

(Peppas and Korsmeyer 1987; Siepmann and Peppas 2011). For cylindrical matrices, if n<0.45, 

the process is characterized as Fickian transport; if 0.45<n<0.89, it indicates non-Fickian 

transport, and if n>0.89, the predominant mechanism is erosion matrix. In the case of the 

matrix exposed to the 50% ethanol medium, the n value was found to be 0.68, while for media 

with 25% and 75% ethanol, n value was 0.52. This indicates that, in all instances, the release 

mechanism was governed by a dual mechanism that combined the Fickian diffusion and the 

matrix swelling. 

To calculate the diffusion coefficient associated with controlled release, for a non-steady state,  

a trigonometric series was used (Lamarra et al., 2016).  
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being, Mt the total quantity of the substance that is released in time t, and M∞ the 

corresponding quantity at an infinite time, D represents the diffusion coefficient, and delta is 

the electrospun mat thickness.  

The analysis of the diffusion coefficient calculation revealed, as shown in Table 5, that this 

parameter significantly decreased when the solvent exhibited greater hydrophilicity. This 

observation suggested that the "burst" phase was governed by the polarity of the solvent, 

highlighting the critical role of the solubility of the EO in the media.  



Table 5. Korsmeyer and Peppas model values, and diffusion coefficients of Mentha piperita in 

simulant media with different proportions of ethanol:water (Et-W) 

Medium 

(ethanol-water) 

Korsmeyer-Peppas Diffusion coefficients 

K (min-1) n R2 D (cm2 s-1×10-10) 

75:25 0.12 0.52 0.9462 2.4 

50:50 0.17 0.68 0.9469 2.3 

25:75 0.037 0.52 0.965 0.25 

 

The Gompertz model is an empirical exponential model, not deduced from any kinetic basis 

(Paarakh et al., 2018), where a and b are determined empirically by fitting the model to 

experimental data.  

 )tlogb(expaexp
M

M t −=


      [4] 

where, Mt/M∞ is the percent of active agent released 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. 

The Gallagher and Corrigan model is one of the most suitable for describing the release 

mechanism in nanocomposite systems (Lamarra et al., 2020). This model proposes a 

combination of two phenomena, diffusion and degradation, which are detailed in the following 

equation: 
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where Ft is the dosed amount of active compound at time t, Kb is the burst rate constant, Fb is 

the fraction of the active compound released in the burst phase, tmax is the time for maximum 

rate, and k is the rate constant of the polymer degradation phase.  

Table 6 summarizes the parameters of different models. 

Table 6. Parameters of the Gompertz and Gallagher-Corrigan models for controlled release of Mentha 

piperita in simulant media with different ethanol:water ratios obtained from the fitting of experimental 

data  

 

 

 

 

 

 

 

Since the Gompertz model includes the b parameter as an indicator of the polymer dissolution 

rate over time, an increase in the medium´s polarity led to an increase in this parameter 

(Viscusi et al. 2023). These results were supported by the hydrophilicity of the primary polymer 

used in the matrix, which was PVA. 

The dosage process was modeled employing a suitable kinetic model to describe the release 

behavior. In this sense, the model proposed by Gallagher and Corrigan was used, from which 

the parameters Kb and k were obtained. As shown in Table 6, this model provided a good fit for 

the experimental data. When examining the “burst” constant (Kb), the immersion media 

containing 50% and 75% ethanol did not exhibit significant differences (p<0.05). Conversely, the 

release in the solvent with greater hydrophilicity showed a significantly lower value (p<0.05). 

This result was supported by earlier discussions, reinforcing the hypothesis that the release 

during the "burst" phase was dependent on the polarity of the solvents. Focusing on the rate 

constant of the polymer degradation (k), the medium with 50% ethanol presented a higher 

Medium 

(ethanol-water) 

Gompertz Gallagher and Corrigan 

a b R2 Kb (h-1) k R2 

50:50 0.1760 0.2201 0.9730 2.2±0.3 0.6±0.3 0.9802 

75:25 0.163 0.1967 0.9537 2.0±0.3 0.4±0.3 0.9556 

25:75 0.0714 0.4880 0.9789 0.8±0.1 0.2±0.1 0.9713 



value for this constant, reaffirming that both solvent polarity and matrix swelling play crucial 

roles in polymer dissolution. Similar results were reported by Fan et al. (2023), who investigated 

chitosan/gelatin films functionalized with zein-based Pickering emulsions loaded with cinnamon 

essential oil. These authors worked with two solvents (95% and 50% ethanol) and revealed that 

media with equivalent proportions of ethanol and water resulted in the highest concentration 

of EO released, suggesting that this medium disrupts the bilayer structure due to the polymer 

swelling. Thus, the biphasic release behavior described by the Gallagher and Corrigan model 

indicates that when Kb>k, the process is initially dominated by the EO diffusion during the burst 

phase, while the slower second phase is governed by swelling or relaxation of the polymeric 

electrospun matrix, enabling the sustained release of the entrapped active compound. 

3.8 In vitro antimicrobial activity and spectroscopic insights 

When S. aureus cultures were incubated at 20 °C in the presence of PVA/S or PVA/PE, 

statistically significant differences in microbial growth were observed between PVA/PE and 

PVA/S, as well as between PVA/PE and the control (p<0.05), with a lower number of 

microorganism in the presence of the PVA/PE mat at both 24 h and 48 h (Table 7).  

In contrast, when E. coli cultures were incubated at 20 °C under the same conditions, no 

significant differences were found between PVA/S and PVA/PE at 48 h, although a trend 

(p=0.07) toward reduced growth was observed at 24 h with PVA/PE compared to PVA/S and the 

control. 

In summary, statistical analysis evidenced that the differences among treatments were 

significant (p<0.05), as well as those observed between the evaluated times (p<0.05). Likewise, 

a significant interaction between treatment and time was detected (p<0.05), indicating that the 

effect of the treatments depends on the evaluation time, as can be seen in Table 7. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Bacterial count of E. coli (a) and S. aureus (b) incubated with electrospun mats (PVA/S 

and PVA/PE 4:1) at 30°C for 24 and 48 h. Data are presented as mean ± SD (n = 3), *p < 0.05. 
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Table 7. Antimicrobial activity of PCA/S and PCA/PE on S. aureus and E. coli at 20 °C for 24 and 

48h. Data are presented as mean ± SD (n = 3) 

 N° of bacteria (log CFU ml-1) 

 
S. aureus  E. coli 

 
24 h 48 h  24 h 48 h 

Control 8.37c ± 0.01 8.59d ± 0.01  8.44c ± 0.05 8.28b,c ± 0.03 

PVA/S 8.31c ± 0.07 8.32c ± 0.06  8.34b,c ± 0.14 8.29b,c ± 0.11 

PVA/PE 7.40b ± 0.12 6.70a± 0.01  7.54a ± 0.28 8.19b ± 0.06 

a,b,c Different superscript letters within the same column indicate significant differences among the combinations 

of treatments (the tested films) and contact time with microorganisms (p < 0.05). 

 

When assays were conducted at 30 °C, both strains reduced growth when bacteria were 

incubated with PVA/PE for 48 h (p<0.05) (Figure 5a and b), compared to PVA/S and control. 

Indeed, S. aureus showed a significant decrease at 24 h of incubation both in the presence of 

PVA/PE and PVA/S mats (p<0.05) (Figure 5b). 

Several studies demonstrated that Mentha sp. has an antimicrobial effect on bacteria (Muntean 

et al, 2019; Mahboubi and Haghi, 2008; Silva et al., 2022). According to Kong et al. (2022) and 

Acevedo-Fani et al. (2015), the compounds present in the EO can disrupt the proteins 

structured in the membrane of microbial cells through hydrophobic interactions, altering 

membrane permeability. The major sensibility of S. aureus to the antimicrobial action of 

Mentha essential oil was reported previously (Muntean et al., 2019; Mahboubi and Haghi, 

2008), related to differences in membrane composition that could produce different 

hydrophobic interactions. 

 Indeed, the results showed that antibacterial capacity increased with the temperature for both 

strains. This fact could be due to the increase in the active compound diffusion because of an 

increase in molecular kinetic energy (Xi et al., 2023). 



The molecular interactions between the electrospun mats and bacterial strains were analyzed 

by ATR-FTIR (Figure 6). To interpret the complex biological material spectra, they can be divided 

into six spectral windows (Wi). W1.-3500–3100 cm-1 window corresponds to the presence of 

OH and NH, attributed to hydration of bacterial cells. W2.- 3000–2800 cm-1 exhibits the 

vibrations corresponding to C–H in the functional groups CH3 and CH2 (Naumann 2006).  

W3.- 1800–1500 cm-1 called Amide I and II. W4.- 1300–1500 cm-1 involves functional groups 

present in lipids, proteins, carbohydrates, and nucleic acids. W5.-1200–900 cm-1, dominated by 

symmetric stretching of the PO2 group attributed to nucleic acids (1080 cm-1) and 

phospholipids, and peaks due to various oligo and polysaccharides (Naumann 2006). W6.-900–

750 cm-1 is the fingerprint region. In response to the stress induced by treatment with mats, the 

ATR-FTIR spectra of microorganism cells exhibited changes across several spectral windows, 

encompassing multiple of the aforementioned regions.  

Modifications in the W1 and W2 regions were accompanied by a loss of definition of the peaks 

as can be observed in bands at 3600 and 3060 cm-1, indicating cellular membrane disruption 

(Cheng et al., 2023; Hayles et al., 2024). The amide II band at 1540 cm-1, attributed to the N–H 

bending coupled to the C–N stretching of cell protein, became less sharp only in the case of S. 

aureus, remaining quasi-intact for E. coli incubated with mats without EO. Intensity reductions 

in this peak indicate modifications in the structure of transmembrane proteins (Zlotnikov et al., 

2023). 

Among spectral changes observed, signals associated with membrane phospholipids were 

identified. The peaks at 1235 cm-1 and 1076 cm-1, reflecting asymmetric and symmetric 

phosphate stretching vibration, respectively, were altered after incubation of both 

microorganisms with PVA-based mats. Alterations in these bands may also indicate 

conformational changes in nucleic acids with modifications resulting from DNA damage and 

disruption of RNA functionality (Hayles et al., 2024). 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. ATR-FTIR spectra of microorganisms incubated with electrospun mats at 20°C and 

30°C for 24 hs: (a) EC control, without Mentha piperita PVA/S 4:1, and with Mentha piperita 

PVA/PE 4:1; (b) SA control, without Mentha piperita PVA/S 4:1, and with Mentha piperita 

PVA/PE 4:1. E. coli (EC), S. aureus (SA). 
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The modifications observed in the ATR-FTIR spectra are associated with the disruption of the 

bacterial membrane, which was more pronounced in S. aureus, Gram-positive bacteria that lack 

the outer membrane barrier found in Gram-negative bacteria. Although a similar trend was 

observed in both bacterial strains, S. aureus showed greater sensitivity to the electrospun mat. 

These facts could be sustained based on their bacterial classification: S. aureus is a Gram-

positive bacterium, meanwhile E. coli is a Gram-negative bacterium with a double membrane 

with an outer layer composed of lipopolysaccharides, which prevents the penetration of active 

compounds (Unalan et al., 2019; Al-Sudani et al., 2024). 

In addition, the effect of EO was linked to the menthol compound with the capacity to 

penetrate the bacterial membranes due to its hydrophobic character (Trombetta et al., 2005; 

Unalan et al., 2019; Vepštaitė-Monstavičė et al., 2023). 

In addition, Hu et al. (2007) reported that the main alteration in the fatty acid region of the 

spectra of bacteria incubated with nanoparticles Ag/TiO2 resulted in a reduction in the intensity 

of the peaks at 2872 and 2852 cm-1. 

After 48 h, the same trend was observed with major modifications in the presence of the EO, 

which was concordant with the count results. 

3.9 Antimicrobial challenge: Food application of nanostructured active mat 

The incorporation of EO into packaging containers to ensure and extend product shelf-life is 

referred to as active packaging (Kong et al., 2022). In this sense, the assays corresponding to 

the application of the material to ham samples showed that microbial growth inhibition was 

observed under the optimal growth conditions of microorganisms. Given that the inhibitory 

effect against S. aureus was promising and persisted up to 48 h, we proceeded to test the films 

in a real food application system. Ham was selected as the model food matrix because S. aureus 

is part of its typical microbiota. Incubations were performed at 4 °C, the standard storage 

temperature for ham. 

After 48 h of incubation of the ham with the mats at 4 °C, a significant inhibition of S. aureus 

tellurite-positive growth was observed in the presence of  PVA/PE  mats compared to synthetic 

films (nylon) (p<0.05) (Figure 7). These findings suggest that the incorporation of chitosan may 



dose the amount of released oil due to interactions between the essential oils and the 

polymeric matrix, thereby maintaining a relatively high concentration of active compounds 

within the system and consequently enabling the prolonged maintenance of its antimicrobial 

activity (Wang et al., 2011). 

 

 

 

 

 

 

 

 

 

 

Figure 7. Bacterial count of S. aureus after 48 h of incubation of ham pieces with mats with and 

without Mentha piperita EO (PVA/PE 4:1 and PVA/S 4:1) at 4 °C, showing S. aureus tellurite-

positive growth compared to synthetic films. * Means significant differences between 

treatment and control (p < 0.05). 

 

It is noteworthy that PVA/S did not show significant differences when compared to the 

synthetic film (Figure 7).  

Based on these results, the antibacterial activity the ham against S. aureus could be due to EO 

diffusion. These results were consistent with those reported by Djenane et al. (2012), who 

evaluated the bacterial growth of E. coli and S. aureus in minced beef against Mentha piperita 

EO, indicating a considerable reduction in log count of S. aureus. On the other hand, Šojić et al. 
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(2020) evaluated the antibacterial capacity of peppermint essential oil against Listeria 

monocytogenes (a Gram-positive bacterium) in cooked pork sausages, reporting a drastic 

reduction in bacterial count, indicating that this EO could replace the nitrite addition in this 

food.  

CONCLUSIONS 

Electrospun PVA-based nanofibers loaded with chitosan-stabilized Pickering emulsions 

encapsulating Mentha piperita essential oil were developed. The adequate rheological 

properties of the polymer solution provided predictive insight for evaluating its potential in the 

electrospinning process. The presence of the essential oil modified the microstructure, 

solubility, and mechanical properties of the PVA matrix.  

Likewise, the polarity of release media influenced the liberation profile of the active agent. 

Diffusion and swelling mechanisms governed the liberation of Mentha piperita. The presence of 

the EO reduced the microbial count of S. aureus both in vitro and when applied to a ham-based 

food model, confirmed through ATR-FTIR studies. These results suggest the potential of these 

active materials as antimicrobial systems for food packaging, helping to enhance food safety 

and extend shelf-life. 

 

 

 

 

 

 

 

 

 

 



Figure Captions 

Figure 1. Dynamic rheology test of the samples: a) PVA solution, b) PVA/S 4:1 (without 

peppermint EO), c) PVA/PE 4:1, d) PVA/PE 3:1, and e) PVA/PE 2.5:1. 

Figure 2. SEM micrographs of nanofibers formulated with: a) PVA, b) PVA/S 4:1, c) PVA/PE 4:1, 

d) PVA/PE 3:1, and e) PVA/PE 2.5:1. Magnification and average diameters (with the 

corresponding standard deviation) are indicated in the micrographs. 

Figure 3. ATR-FTIR spectra of electrospun matrices functionalized with different proportions of 

Mentha piperita essential oil showing different regions: a) 3600 -3000 cm-1, b) 3000-2700 cm-1, 

and, c) 1150-950 cm-1. 

Figure 4. Controlled release of Mentha piperita essential oil in media with different percentages 

of ethanol: 75% (blue color), 50% (red color), and 25% (black color). 

Data are the mean ± SD. of three repetitions (n = 3). References: Full-color symbol: 

experimental data, color solid line: Gallagher–Corrigan model fit. 

Figure 5. Bacterial count of E. coli (a) and S. aureus (b) incubated with electrospun mats (PVA/S 

and PVA/PE 4:1) at 30°C for 24 and 48 h. Data are presented as mean ± SD (n = 3), *p < 0.05. 

Figure 6. ATR-FTIR spectra of microorganisms incubated with electrospun mats at 20°C and 

30°C for 24 hs: a) EC control, without Mentha piperita PVA/S 4/1, and with Mentha piperita 

PVA/PE 4:1; b) SA control, without Mentha piperita PVA/S 4/1, and with Mentha piperita 

PVA/PE 4:1. E. coli (EC), S. aureus (SA). 

Figure 7. Bacterial count of S. aureus after 48 h of conservation of ham pieces with mats with 

and without Mentha piperita EO (PVA/PE 4:1 and PVA/S 4:1) at 4 °C, showing S. aureus tellurite-

positive growth compared to synthetic films. *Means significant differences between treatment 

and control (p < 0.05). 
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