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Fungal contamination is a major cause of food 
spoilage, resulting in significant financial losses 
[Aslan et al. 2023]. Controlling the fungi Penicillium 
italicum and P. digitatum, which cause blue and green 
mold on fruits and vegetables, is challenging due to 
their high spore production and resistance to chemi-
cal fungicides [Papoutsis et al. 2019]. As a result, 
controlling food pathogens and improving food hy-

giene and safety have become pressing concerns for 
consumers. It has led to a growing interest in using 
natural plant materials, particularly essential oils, 
as an alternative to chemical fungicides. Chemical 
fungicides have been found to have adverse effects, 
such as the emergence of fungal resistance and the 
presence of chemical residues in food [Lehotay et al. 
2008, Wu et al. 2017, Baibakova et al. 2019, Palfi et 
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ABSTRACT 

Nanoencapsulation of essential oils is a promising strategy for extending their antifungal activity and 
addressing evaporation and decomposition in unfavorable environmental conditions. This research aimed 
to synthesize and compare the physical properties of solid lipid nanoparticles (SLNs) containing peppermint 
essential oil (PE) during 12 months of storage at various temperatures (4°C, 25°C, 27°C with 60% relative 
humidity, 37°C, and 40°C with 75% relative humidity), and to investigate their antifungal activity compared 
to free PE. The SLN formulations were prepared using high-shear homogenization and ultrasound techniques 
and were analyzed using a particle size analyzer, differential scanning calorimetry, transmission electron 
microscopy, and microscopic images of fungal mycelium to assess encapsulation efficacy. The results showed 
that the PE-SLNs had a size of 164.2 ±5.8 nm, a PDI value of 0.176 ±0.01, a zeta potential value of –11.3 
mV, and an encapsulation percentage of approximately 75 ±0.5%. Overall, the physical properties of the 
formulations showed a slight and acceptable increase over the 12-month storage period at all investigated 
temperatures. Furthermore, the in vitro inhibition percentage of free PE at a concentration of 2000 μL L–1 
against Penicillium italicum and P. digitatum was 66.7% ±2.6 and 66.8% ±0.8, respectively, while for PE-
SLNs it was 88.8% ±0.9 and 89.9% ±1.4. These results demonstrate the potential of SLNs as an effective 
carrier for sustained delivery of PE with improved antifungal activity during storage.
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al. 2019, Ons et al. 2020, Senosy et al. 2020, Khorram 
and Ramezanian 2021]. The biological effects of es-
sential oils, particularly their antifungal properties, 
have been the focus of numerous studies [Palfi et al. 
2019, Shahbazi 2019, Tariq et al. 2019, Pongsumpun 
et al. 2020]. However, their application is limited due 
to evaporation, decomposition, and instability in un-
favorable environmental conditions, such as humi-
dity, light, oxygen, and pH [Gundewadi et al. 2018, 
Antonioli et al. 2020, Kelidari et al. 2021]. To address 
these issues, nano-encapsulation of essential oils has 
been identified as a potential solution and a way to 
apply new technology in food products [Campos et 
al. 2015, McDaniel et al. 2019, Mirtalebi et al. 2020, 
Kelidari et al. 2021].

One effective method for nanoencapsulation 
involves using solid lipid nanoparticles (SLNs) com-
posed of solid, biodegradable, and physiological li-
pids [Lingayat et al. 2017]. These SLNs act as contro-
lled-release carriers for lipophilic bioactive substan-
ces, protecting them from chemical degradation. They 
possess several desirable characteristics, including 
low toxicity, small size, large surface area, high drug 
loading, prolonged drug release, and high effective-
ness [Lingayat et al. 2017, Talarico et al. 2021, Yu et 
al. 2023]. These properties make SLNs suitable for 
various food products, such as desserts, beverages, ju-
ices, creams, yogurts, sauces, and soups [McClements 
and Rao 2011, Yu et al. 2023]. However, the stability 
of SLN formulations is dependent on several factors, 
including storage temperature, types and amounts 
of solid physiological lipids and emulsifiers, which 
can lead to particle growth and subsequent gelation 
[Freitas and Müller 1998, Radomska-Soukharev 
2007, Wu et al. 2011, Bagul et al. 2018, Shetta et al. 
2019, Pongsumpun et al. 2020].

Compritol® 888 ATO is a mixture of different es-
ters of behenic acid (CH3(CH2)20COOH) and gly-
cerol [Chawla and Saraf 2011]. Compritol® 888 
ATO is listed in both European Pharmacopoeia and 
United States Pharmacopoeia. The US Food and Drug 
Administration accepts Compritol® 888 ATO as a food 
additive and considers it generally recognized as safe 
[Aburahma and Badr-Eldin 2014]. Polysorbate 80 is 
a non-ionic emulsifier [Nielsen et al. 2016] that can 
effectively spread at the oil-water interface and com-
bine polar and non-polar groups [Jin et al. 2008, Tang 

et al. 2014]. Due to its non-ionic nature, this emulsi-
fier can stabilize solid lipid nanoparticles (SLNs) by 
creating steric repulsion [Mirtalebi et al. 2020]. The 
Food and Drug Administration (FDA) states poly-
sorbate 80 is approved as a food additive [U.S. Food 
and Drug Administration 2021]. It is a surfactant and 
lubricant in various food items, including ice cream. 
In ice cream, polysorbate 80 is added in concentra-
tions of up to 0.5% to enhance its softness and prevent 
quick melting [Lu et al. 2014].

Peppermint (Mentha × piperita L.) is a perennial 
plant from the Lamiaceae family, known for its medi-
cinal and aromatic properties. Its essential oil (E) has 
been extensively researched for its potential antifun-
gal activity [Plavšić et al. 2017 and Vakili-Ghartavol 
et al. 2022]. In addition, it has been traditionally used 
as a food flavoring and has shown promising biolo-
gical effects such as antioxidant, antimicrobial, and 
antiviral properties [Mahendran and Rahman 2020]. 
There is limited understanding of how different tem-
peratures and relative humidities during storage af-
fect the physical stability of solid lipid nanopartic-
les (SLNs) incorporating peppermint essential oil. 
Therefore, the purpose of this study was to synthesize 
and compare the physical properties of SLNs con-
taining peppermint essential oil (PE) for 12 months 
at various temperatures (4°C, 25°C, 27°C with 60% 
relative humidity, 37°C, and 40°C with 75% relative 
humidity). Additionally, the study aimed to investi-
gate the correlation between the physical characteri-
stics of the SLNs, specifically particle size, particle 
distribution, and surface charge. Furthermore, the 
antifungal activity of the PE-SLN formulations was 
compared to the free form of the essential oil against 
Penicillium italicum and P. digitatum.

MATERIAL AND METHODS

Essential oil characterization. Identification and 
quality-quantitative analysis of PE were carried out 
using gas chromatography/mass spectrometry (GC/
MS), as previously described by Vakili-Ghartavol et 
al. [2022]. It involved comparing their retention index 
(RI) to a series of n-hydrocarbons and using computer 
matching against the NIST library [Adams 2007]. The 
analysis used a gas chromatograph (Finnigan-Thermo) 
coupled with a mass spectrometer (Trace DSQ Mass 
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Spectrometer) detector and a splitless injector. A fused 
silica capillary HP-5MS column (30 m × 0.25 mm, film 
thickness of 0.32 μm; J and W Scientific) was used for 
the analysis. The oven temperature was programmed to 
increase from 60°C to 220°C at a rate of 3°C/min, and 
the transfer line temperature was set at 250°C. Helium 
was used as the carrier gas at a 1 mL/min flow rate. 
A sample volume of 1 μL was injected at a split ra-
tio 1:100, and electron impact MS was operated at 70 
eV [Vakili-Ghartavol et al. 2022]. Table 1 displays the 
most prominent compositions of PE.

Fungal microorganisms. The fungal isolates 
Penicillium italicum and P. digitatum were obtained 
from the Nikooraee® Company. Then, these isolates 
were cultured on Potato Dextrose Agar (PDA, Zona 
Industriale 64026, and Roseto Degli Abruzzi, Italy) 
and stored at a temperature of 25 ±3°C.

Preparation of SLN. SLNs with or without PE were 
prepared using high-shear homogenization and ultra-
sound methods, as previously described by Sarhadi 
et al. [2020], with slight modifications. In summary, 
the lipid phase, consisting of Compritol® 888 ATO 
(Gattefossé, France; 5%) and polysorbate 80 (Sigma, 
Germany; 2.5%), and the aqueous phase, consisting of 
double-distilled water up to 100%, were separately he-
ated in a Ben Mai at 80–85°C. Once the lipid had mel-
ted, the essential oil was added to the Lipid Falcon to 
prevent evaporation. The hot aqueous and molten lipid 
phases were combined at the same temperature. The 
mixture was homogenized using a Diax 900 homoge-
nizer (Heidolph, Germany) for 4.5 minutes. Next, the 
resulting emulsion was ultrasonicated using a probe 

sonicator (Bransonic, USA) in 5 cycles of 60 seconds 
of sonication with intervals of 15 seconds. Finally, the 
emulsion was cooled to room temperature, and SLN 
solutions were obtained. SLNs without PE were also 
synthesized using the same techniques (see Table 2 for 
details).

Encapsulation efficiency. The actual concentra-
tion of menthol in PE-SLNs was calculated by taking 
the mean area under the GC/MS calibration curve of 
menthol, which serves as an indicator for PE, at vario-
us concentrations ranging from 2 to 100 µg/ml. The 
concentration of menthol encapsulated in the PE-SLN 
formulations was measured using GC-MS after purifi-
cation. To do this, 500 μL of the PE-SLN dispersions 
were centrifuged at 10 000 rpm for 30 minutes using 
an Amicon (Ultra-15, PLHK Ultracel-PL Membrane, 
100 kDa, Millipore). A suitable dilution with chlo-
roform : methanol (2 : 1 v/v) was then prepared for 
GC-MS analysis, with one μL injected [Nasseri et al. 
2016]. The encapsulation efficiency was calculated 
using the following equation:

Size, PDI, and Zeta Potential analyses.The ave-
rage diameter (nm), polydispersity index (PDI), and 
zeta potential (mV) of SLNs were assessed using a na-
noparticle analyzer based on dynamic light scattering 
(DLS), ZetaSizer Nano-ZS; Malvern Instruments Ltd., 
United Kingdom [Torrisi et al. 2021].

𝐸𝐸𝐸𝐸% = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑀𝑀𝑀𝑀𝑀𝑀𝑎𝑎ℎ𝑜𝑜𝑎𝑎 𝑎𝑎𝑜𝑜𝑀𝑀𝑎𝑎𝑀𝑀𝑀𝑀𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑜𝑜𝑀𝑀 𝑐𝑐𝑀𝑀 𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑀𝑀
𝑐𝑐𝑀𝑀𝑠𝑠𝑎𝑎𝑎𝑎 𝑀𝑀𝑀𝑀𝑀𝑀𝑎𝑎ℎ𝑜𝑜𝑎𝑎 𝑎𝑎𝑜𝑜𝑀𝑀𝑎𝑎𝑀𝑀𝑀𝑀𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑜𝑜𝑀𝑀  × 100 

 

Table 1. Main ingredients of the peppermint essential oil as determined by GC-MS 

Component Retention time (RT) Quantity (%) 

l-Menthone 11.51 27.7 

Isomenthone 11.74 4.2 

γ-Terpineol 11.82 5.5 

d-Menthol 12.08 36.4 

Pulegone 13.78 5.9 

Carvone 13.94 2.2 

Menthyl acetate 15.07 11.2 

Caryophyllene 18.56 2.1 
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Stability tests. Samples of PE-SLN were stored 
in 2 ml tubes covered with aluminum foil at different 
temperatures and humidity levels (4°C, 25°C, 27°C 
with 60% relative humidity, 37°C, and 40°C with 75% 
RH) for 12 months. The purpose of this study was to 
assess the stability of the samples by measuring their 
Z-average diameter (nm), polydispersity index (PDI), 
and zeta potential at fixed intervals (24 hours, 6 mon-
ths, and 12 months after synthesis), with slight mo-
difications to the method used by Montenegro et al. 
[2017].

Differential Scanning Calorimetry (DSC). DSC 
studies were conducted on bulk lipid, PE-SLN formu-
lations, and free PE using a Mettler DSC 822e from 
Mettler Toledo in Gießen, Germany [Fazly Bazzaz 
et al. 2018]. Approximately 5 mg samples were we-
ighed into standard aluminum pans, with an empty 
pan used as a reference. The samples were then heated 
under specified thermal conditions, ranging from 20 to 
220°C at a heating rate of 10°C/min, under an 80 ml/
min nitrogen atmosphere to determine their melting 
points.

Transmission Electron Microscopy (TEM). The 
morphological characteristics of PE-SLN formula-
tions were evaluated using TEM equipment, CEM 
902A; Zeiss, Oberkochen, Germany [Khameneh et al. 
2015]. To begin, diluted samples were coated onto a 
carbon-coated copper grid and left for 1 minute. The 
excess water was then removed using filter paper. 
Next, 2% uranyl acetate in 20 μl of water was added to 
the samples for 1 minute, followed by another round 
of excess water removal with filter paper. After drying 
the grids at room temperature, the TEM equipment ob-
served the samples.

Antifungal activity investigation. The antifungal 
activity of free PE, PE-SLNs, and SLN without PE 
was evaluated in vitro against P. italicum and P. digita-
tum using the agar diffusion method on PDA medium 
at different concentrations of 0, 750, 1000, 1500, and 
2000 μL L–1 [Barros Gomes et al. 2019]. The samples 
were mixed with the PDA medium at 40–45°C and po-
ured into 10 cm diameter plates. After solidification, a 
2 mm disc of fungal mycelium from each isolate was 
placed in the center of the plates and incubated at 25 
±3°C. The radial growth of each fungal colony was 
measured daily using two orthogonal axes. This expe-
riment was done with three replications for each treat-
ment. The percentage of mycelium growth inhibition 
(IP) was then calculated using the following equation:

IP % = [(dc – dt)/dc] × 100, where dc is the myce-
lium growth diameter in the control plate, and dt is the 
mycelium growth diameter in the treated plate.

Statistical analysis. The statistical analysis was 
performed using SPSS 24.0 software. Duncan’s mul-
tiple range test (P = 0.05) was used to compare means, 
while Spearman’s correlation test was employed for 
non-normally distributed data. Microsoft Excel 2013 
was used to generate the figures. The data was presen-
ted as the mean ± standard deviation (SD).

RESULTS

Characterizations of SLN formulations.The results 
of the DLS analysis indicated that the PE-SLN for-
mulations had a size of 164.2 ±5.8 nm, a PDI value 
of 0.176 ±0.01, and a –11.3 mV Zeta-potential value 
after just one day of production. However, after 12 

Table 2. The ingredients of PE-SLNs and Reference SLNs without PE* 

Formulation Ingredients % (wt/wt) 

PE-SLNs 

Compritol® 888 ATO 
Peppermint essential oil 

Polysorbate 80 
water 

5 
0.1 
2.5 

92.4 

SLNs without PE 
Compritol® 888 ATO 

Polysorbate 80 
water 

5 
2.5 

92.5 

* SLN and PE indicate solid lipid nanoparticles and peppermint essential oil, respectively 
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months of storage at different temperatures, there was 
a significant increase in the average particle size and 
a slight increase in the PDI values of the PE-SLN for-
mulations. The sizes were smaller than 300 nm and the 
PDI was below 0.28 (P ≤ 0.01, Tab. 3). Additionally, 
the average Zeta-potential value of the PE-SLNs in-
creased slightly and remained negative. Overall, the 
results suggest that all tested temperatures, particular-
ly 4°C, are suitable for long-term storage of SLN for-
mulations with satisfactory physical properties.

Encapsulation efficiency. The PE-SLNs exhibited 
an encapsulation efficiency (EE) of 75 ±0.5% (n = 3), 
with menthol, the selected index component, being the 
predominant ingredient in PE. 

Crystallinity of SLN. Thermal analyses were con-
ducted on PE-SLNs, SLNs without PE, bulk lipids 
used in SLNs (Compritol® 888 ATO), and PE to deter-
mine the crystallinity of the formulations using DSC 
(Fig. 1). The results showed that the melting peak of 
PE-SLNs, SLNs without PE, Compritol® 888 ATO, 
and PE occurred at 68°C, 66°C, 71°C, and 171°C, re-
spectively (Fig. 1, D, C, B, and A). The DSC diagrams 
revealed a slight shift towards lower temperatures for 
the melting peak of PE-SLNs compared to the bulk 
lipid. Furthermore, no peak was observed at 171°C for 
any PE-SLN formulations.

Transmission Electron Microscopy (TEM). The mi-
croscopic pictures of the PE-SLNs nanoparticles show 

Table 3. Z-average diameter (nm), polydispersity index (PDI), and zeta potential of the formulations analyzed using DLS over 
12 months at different temperature conditions* 

 Temperatures (°C) 
Relative humidity 

(%) 
After 24 hours After 6 months After 12 months 

Z-average 
diameter (nm) 
 

4 – 164.2 ±5.8g 168.8 ±0.1g 176 ±2f 

25 – 164.2 ±5.8g 196.5 ±1.3e 232.1 ±2c 

27 60 164.2 ±5.8g 220.46 ±2d 253.77 ±0.7a 

37 – 164.2 ±5.8g 232.1 ±2c 248.7 ±1.3ab 

40 75 164.2 ±5.8g 234.6 ±0.2c 246.73 ±0.6b 

PDI (intensity) 

 

4 – 0.176 ±0.01f 0.183 ±0.001f 0.181 ±0.002f 

25 – 0.176 ±0.01f 0.281 ±0.002a 0.279 ±0.002ab 

27 60 0.176 ±0.01f 0.269 ±0.003b 0.286 ±0.001a 

37 – 0.176 ±0.01f 0.197 ±0.001e 0.234 ±0.004d 

40 75 0.176 ±0.01f 0.244 ±0.001d 0.255 ±0.001c 

Zeta potential 
(mV) 

4 – –11.3 ±0.05h –18.1 ±0.1i –9.1 ±0.07f 

25 – –11.3 ±0.05h –8.03 ±0.01e –6.84 ±0.02c 

27 60 –11.3 ±0.05h –8.05 ±0.03e –11 ±0.0g 

37 – –11.3 ±0.05h –4.7 ±0.01b –4.4 ±0.05a 

40 75 –11.3 ±0.05h –7.6 ±0.03d –6.9 ±0.01c 

* Mean comparisons of various parameters (such as Z-average diameter (nm), polydispersity index (PDI), and zeta potential at specific intervals) 
were conducted individually. Treatments labeled with distinct letters showed statistically significant differences based on Duncan’s multiple 
range test (P = 0.01) 
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(a)

(b)

(c)

(d)

Fig. 1. Differential scanning calorimetry (DSC) thermograms: A) PE, B) Compritol® 888 ATO bulk, C) SLNs without PE, D) SLNs 
Containing PE, prepared by high shear homogenization and ultrasound technique. 2 mg of each sample was used in each run
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that they were primarily round and uniform, with a 
size varying from 100 to 400 nm (Fig. 2). It is suppor-
ted by the information in Table 3, which presents the 
particle size analysis data.

The correlation of the physical characteristics of 
SLN formulations

At the 0.01 level, a significant positive correlation 
was found between the physical properties of the PE-
SLN formulations (Tab. 4). Specifically, as the average 
particle size increased, the zeta potential and particle 
dispersion values also increased.

In vitro antifungal activity. Figure 3 illustrates the 
mycelial growth of fungi in response to various con-
centrations of treatments after 15 days of storage at 25 
±3°C. The different isolates showed varying levels of 

mycelial growth when exposed to the treatments (PE, 
PE-SLNs, and SLNs without PE) at different concen-
trations. As the concentration of treatments increased, 
there was a decrease in fungal mycelium growth. The 
results revealed that the in vitro inhibition percentage 
of free PE at a concentration of 2000 μL L–1 against P. 
italicum and P. digitatum was 66.7% ±2.6 and 66.8% 
±0.8, respectively. In comparison, the PE-SLN for-
mulations showed a higher inhibition percentage of 
88.8% ±0.9 and 89.9% ±1.4 (Tab. 5; p < 0.05). These 
findings indicate that the SLN formulations had si-
gnificantly improved antifungal activity compared to 
free PE during this period. The fungal pathogens sho-
wed no sensitivity to formulations without essential 
oils (Tab. 5).

(a) (b)

Fig. 2. The transmission electron microscopy (TEM) images of PE-SLNs. a) a size of 200 nm, and b) a size of 100 nm

Table 4. Spearman’s correlation coefficients of the SLN physical characteristics 

  Z-average Zeta potential PDI 

Z-average 1    

Zeta potential 0.765** 1   

PDI 0.807** 0.622** 1 

** Correlation is significant at the 0.01 level (2-tailed) 
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Table 5. The results of the mean comparison of the effect of various concentrations (μL L–1) and various formulations (PE, 
PE-SLN, SLNs without PE, and control) on the inhibition percentage of the growth of the fungi pathogens 

Formulation 
Concentration 
(μL L-1) P. italicum P. digitatum 

Control 0 0 ±0 k 0 ±0 k 

SLN without PE 0 0 ±0 k 0 ±0 k 

PE 

750 23.7 ±2.1 i 16.46 ±1.7 j 

1000 28.2 ±2.8 h 22.4 ±2.2 i 

1500 43.9 ±2.6 g 48.6 ±1.9 f 

2000 66.7 ±2.6 c 66.8 ±0.8 c 

PE-SLNs 

750 56.2 ±2 e 51.2 ±1.7 f 

1000 69.5 ±1.9 c 60.6 ±2.8 d 

1500 76.1 ±1.4 b 74.1 ±4 b 

2000 88.8 ±0.9 a 89.9 ±1.4 a 

Above columns indicate significant differences according to Duncan’s multiple range tests at P ≤ 0.05 

 
DISCUSSION

The essential oil contained several components, with 
menthol as the primary component. It is consistent with 
the findings of Mahboubi and Kazempour [2014] but 
differs from the results of Yadegarinia et al. [2006], who 
found that α-terpinene and pipertitinone oxide were the 
dominant compounds in the essential oil. These varia-
tions in the chemical composition of the essential oil 
may be attributed to factors such as the plant’s geo-
graphic location during harvest, developmental stages, 
and environmental conditions [Li et al. 2020]. To deter-
mine the encapsulation percentage, menthol was used 
as the standard composition of the essential oil.

To address the challenges associated with the insta-
bility of PE and its practical use as a natural antifungal, 
antioxidant, and food flavoring in the food industry, re-
searchers have turned to nano-encapsulation of PE in 
SLNs [Rolim and Ramalho 2020, Tavassolirajaee et al. 
2022]. This method has shown an encapsulation effica-
cy of 75 ±0.5%, considered high and acceptable. This 

success can be attributed to the high lipophilicity of the 
essential oil and its strong affinity with lipids [Bashiri et 
al. 2020, Naseri et al. 2020].

The size and distribution of particles are crucial 
factors that affect the physical stability, delivery ef-
ficiency, and bioavailability of poorly soluble drugs 
[Bahari and Hamishehkar 2016, Danaei et al. 2018, 
Kolluru et al. 2021]. The results showed that after 12 
months of storage at various temperatures, the average 
particle size and PDI values of the PE-SLNs increased 
slightly but significantly, remaining below 300 nm and 
0.28, respectively. It is consistent with the findings of 
Lai et al. [2007], who reported that SLNs formulated 
with Arborescens arborescens and Compritol® 888 
ATO lipid were highly efficient in entrapping essential 
oil, with a PDI value lower than 0.350 and only a mini-
mal increase in the average particle size after two years 
of storage. A PDI of 0.3 or lower indicates an optimal 
dispersion and homogeneous distribution of SLNs 
[Shah et al. 2014, Vijayakumar et al. 2017]. Piran et 
al. [2017] also found that lower particle size was asso-
ciated with higher clarity and a slower sedimentation 
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rate, while larger particle sizes had the opposite effect. 
These results demonstrate the formulations’ narrow 
particle size distribution and high physical stability. 
Another critical factor that affects physical stability is 
the zeta potential, which reflects the surface charge of 
the particles and the level of repulsion between par-
ticles with the same charge in the formulation [Shah 
et al. 2014, Yu et al. 2019]. Our results showed that 
the zeta potential of the PE-SLNs ranged from –4.4 
to –11.3 mV, indicating a negative charge. This shift 
in zeta potential value could be attributed to changes 
in the emulsifier composition and particles at the oil
-in-water interface [Milsmann et al. 2018]. A higher 
zeta potential indicates less particle aggregation due to 
stronger electric repulsion, resulting in increased sta-
bility of the formulation [Chawla and Saraf 2011]. The 
negative zeta potential in our formulations could be 
attributed to the anionic group (-COO-) of the lipids, 
Compritol® 888 ATO, which has an ester chemical 
structure [Chawla and Saraf 2011], as well as the anio-
nic groups of essential oil compounds [Ghodrati et al. 
2019] such as menthol, menthone, and other compo-
unds in our study. It prevented particle aggregation in 
the SLNs by creating electrostatic repulsion [Salminen 
et al. 2016, Pereira et al. 2018]. Polysorbate 80, due 
to its non-ionic nature, can stabilize SLNs by creating 
steric repulsion [Liu et al. 2007, Mirtalebi et al. 2020].

Based on the DSC diagrams, the bulk lipid mel-
ting peak was observed at 7°C, while the PE-SLN 
formulations produced with this lipid shifted to a lo-
wer temperature of 68°C. These changes in the lipid 
melting peak in the formulations were consistent with 
previous studies [Keck et al. 2014, Naseri et al. 2020], 
which could be attributed to the different forms of li-
pids, their interaction with drugs, or both [Fouad et al. 
2015, Nahr et al. 2018]. The PE-SLN formulations did 
not exhibit a melting peak for the essential oil, which 
may be due to the incorporation of the essential oil 
into the lipids in the SLN formulation. These lipids 
act as a suitable protection system for the essential oil 
[Nasseri et al. 2016, Dzulhi et al. 2018, Nahr et al. 
2018]. The TEM image of the PE-SLN formulations 
showed spherical particles of approximately 200 nm, 
which was consistent with the data obtained from the 
particle size analysis (Tab. 3). It was also consistent 
with the results of previous studies [Piran et al. 2017, 
Dzulhi et al. 2018, Kelidari et al. 2021].

We conducted a study to evaluate the effectiveness 
of PE-SLN formulations compared to free essential oil 
on the mycelial growth of the fungal pathogens P. ita-
licum and P. digitatum. The treatments were applied at 
different concentrations, and the mycelial growth was 
measured after 15 days of storage at 25 ±3°C (Fig. 3). 
The fungal pathogens showed varying reactions to the 
treatments, with a decrease in mycelial growth as the 
treatment concentration increased. Our results demon-
strate that the PE-SLN formulations were significantly 
more effective in inhibiting fungal mycelium growth 
than the free PE (Tab. 5). Interestingly, the fungal pa-
thogens showed no reaction to the SLNs without PE, 
indicating that the essential oil in these formulations 
was responsible for the observed distinction (Tab. 5). 
Additionally, the more effective antifungal activity of 
PE-SLNs compared to free PE may be attributed to the-
ir improved accessibility and even distribution of the 
antimicrobial compound, as well as the expulsion of the 
active compounds from the droplet core to the surfa-
ce of the droplets through crystallization of the carrier 
lipids [McDaniel et al. 2019]. Furthermore, the small 
size of nanoparticles and their larger surface-to-volume 
ratio have the potential to increase their antimicrobial 
activity by enhancing mechanisms such as passive cel-
lular absorption, penetration into the cell membrane, 
disruption of the cell membrane, and leakage of intra-
cellular content [Ghodrati et al. 2019, McDaniel et al. 
2019, Vakili-Ghartavol et al. 2024].

Indeed, SLNs possess enhanced antimicrobial acti-
vity due to their solid structure and targeted release of 
active ingredients, potentially extending the biological 
properties of essential oils. When applied as a food co-
ating, they control microbial agents and improve other 
biological aspects of the food. Furthermore, these na-
nocarriers protect active substances from evaporation 
and degradation in unfavorable environments [Zhao et 
al. 2017, Souto et al. 2020, Tavassolirajaee et al. 2022].

CONCLUSIONS

In this study, we successfully encapsulated PE 
within SLNs with high yields. The physical characte-
ristics of PE-SLNs were significantly affected by dif-
ferent temperatures and 12 months of storage, but the 
impact was slight. We observed a positive correlation 
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between the physical characteristics of the SLN formu-
lations. Additionally, the SLN formulations showed si-
gnificantly more effective antifungal activity than free 
PE. It suggests that SLNs can serve as a protective sys-
tem to enhance the effectiveness of essential oils. The 
promising results of this study suggest potential appli-
cations of carrier systems and essential oils in various 
industries, such as pharmaceuticals, flavorings, func-
tional food additives, food, cosmetics, and beverages. 
However, further in vivo studies are needed to evaluate 
the effects of solid lipid nanoparticles containing es-
sential oils on taste and sensory characteristics. 
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