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Abstract: This study investigates the antifungal potential of encapsulated essential oil (EO) from
Baccharis dracunculifolia and nerolidol (NE) within Pluronic® F-127 nanoparticles (NPs). The EO,
containing nerolidol, 3-caryophyllene, and x-pinene as major bioactive compounds, exhibited su-
perior antifungal activity compared to NE. The NP-EO formulations demonstrated high efficacy
against Botrytis cinerea, with inhibition rates ranging from 29.73% to 87.60% and moderate efficacy
against Rhizopus sp., with inhibition rates from 11.81% to 32.73%. In comparison, NP-NE showed
lower antifungal activity. Both formulations effectively inhibited spore germination, with NP-EO
showing greater inhibition compared to NP-NE. The encapsulation efficiency was significantly higher
for NP-EO (80.1%) as compared to NP-NE (51.1%), attributed to the complex composition of EO
facilitating better encapsulation and retention. Stability studies indicated that both NP formulations
were stable at 25 °C for at least 15 days and exhibited changes in particle size and the formation
of smaller particle populations at other temperatures (4 °C and 37 °C). Hemolytic activity was low
across all NPs, suggesting their safety for food applications. The findings underscore the efficacy and
applicability of EO-encapsulated NPs in extending food shelf life and maintaining product quality.
The controlled and prolonged release of active compounds, coupled with their antifungal activity and
safety, suggests that these NPs represent a promising and innovative approach for food preservation
and active packaging development.
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1. Introduction

Filamentous fungi are microorganisms of greatest concern for food safety as lower
eukaryotic heterotrophic organisms that rely on external carbon sources [1]. These mi-
croorganisms are responsible for several plant diseases and cause the spoilage of fruits,
vegetables, and grains, resulting in huge economic losses [2]. After spore germination, the
fungi directly penetrate the plant epidermis through natural openings or wounds, as well
as through specialized structures such as appressoria. They either attach to the fruit surface
for penetration or use enzymes to degrade the plant cell walls [3]. Two of the recurrent
filamentous fungi responsible for fruit spoilage are Botrytis cinerea and Rhizopus sp., which
cause significant losses, particularly in strawberry, tomato, and grape cultivars [4]. There
are few alternatives for controlling fungi in food due to either chemical residues or chal-
lenges in application. Therefore, it is essential to develop innovative solutions to reduce
fungal contamination in fresh produce, substrates, and food products [4,5].

The natural antimicrobials currently receiving attention are the essential oils (EOs) [6,7].
EOs are derived from natural plant-based raw materials through various extraction pro-
cesses, including mechanical (citrus fruits, orange, lemon, bergamot, lime, tangerine, and
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grapefruit), physical (aromatic plants, basil, and thyme), and chemical methods (fragile
components of flowers, not separable by heat), as well as dry distillation (woods, barks,
roots, or gums). Steam distillation is the most common extraction method, and it has
been employed for obtaining several EOs, such as herbal leaves, mint, oregano, and tea
tree [8]. EOs contain a complex mixture of natural polar and non-polar substances, volatile
compounds, terpenes, including monoterpenes and sesquiterpenes, aromatic compounds
(such as methoxy derivatives, aldehydes, alcohols, and phenols), and terpenoids [4,9].

The plant Baccharis dracunculifolia (Figure 1) belongs to the Asteraceae family and
the Baccharis genus, which includes approximately 500 species. It is widely distributed
in South America, particularly in the southern region of Brazil, and in countries such
as Argentina, Uruguay, Paraguay, and Bolivia [10,11]. This plant is culturally regarded
as a source of natural compounds and is traditionally used in the treatment of various
diseases [6,11]. Moreover, it has been demonstrated that its secondary metabolites possess
antimicrobial, antioxidant, antiparasitic, anti-inflammatory, and antiviral activities [11-15].
The natural sesquiterpene alcohol nerolidol (3,7,11-trimethyl-1,6,10-dodecatrien-3-ol) is
the main compound found in the EO of B. dracunculifolia and is permitted by the US Food
and Drug Administration (FDA) as a safe flavoring agent in foods [12,16]. Nerolidol has a
wide range of pharmacological and biological activities attributed to it, such as antioxidant,
antibacterial, antibiofilm, insecticide, and antiparasitic properties, being of great interest in
the field of agriculture and medicine [16].

RN
i

Figure 1. Adult specimen (A), leaves (B), and flowers (C) of Baccharis dracunculifolia DC. Reproduced
from Gazin et al. doi: 10.3389/fphar.2022.1048688 [11], under the terms of the Creative Commons
Attribution License (CC BY).

There has been a growing demand from consumers for foods without synthetic ad-
ditives and preservatives [17]. The food industry has significant interest in EOs and their
constituents, as the use of these bioactive compounds as natural antimicrobial agents has
been described in various studies [18-20]. However, the interaction of pure EO with the
food matrix can cause undesirable organoleptic effects when added in quantities sufficient
to provide an antimicrobial effect [21]. In this context, nanoencapsulation appears among
the alternatives for delivering natural antimicrobials [22]. Therefore, applying EOs in the
form of nanoparticles can mask the sensory attributes of the EOs and their components,
enhancing apparent solubility and stability while reducing interaction with the food ma-
trix. This approach has the potential to increase biological activity, bioaccessibility, and
bioavailability [22,23].

Among the polymers used in nanotechnology, the triblock copolymer Pluronic® F-127
appears as an interesting material in developing nanoparticles with antibacterial activity
against foodborne bacteria [24,25], being effective in encapsulating geraniol to control
enteric bacterial pathogens on spinach surfaces [26]. It is an inexpensive polymer with
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high biocompatibility and low toxicity, approved by the FDA for use in various pharma-
ceutical applications, including oral products [24,27]. However, its application for the
delivery of natural compounds with activity against food spoilage fungi has been poorly
explored [28,29]. Therefore, the aim of this study was to evaluate the inhibition of B. cinerea
and Rhizopus sp. using Pluronic® F-127 nanoparticles loaded with EO from B. dracunculifolia
and its major compound, nerolidol (NE).

2. Materials and Methods
2.1. Chemicals

The B. dracunculifolia EO was obtained from Harmonia Natural (Canelinha, Brazil).
Nerolidol (98%, mixture of cis and trans), Pluronic® F-127 (powder, BioReagent, suitable for cell
culture), 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azino-bis-(3-ethylbenzothiazoline)-
6-sulfonic acid (ABTS) radicals, and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox) were purchased from Sigma Aldrich (St. Louis, MO, USA). Tetrahydrofuran
(THF) and Potato-Dextrose agar (PDA) were obtained from Merck (Darmstadt, Germany).
Polysorbate 80 (Tween 80®) was acquired from Synth (Diadema, Brazil). Capric/caprylic
triglyceride was provided by Delaware (Porto Alegre, Brazil). Ultrapure water was obtained
using a Milli-Q purifier (Millipore, Burlington, MA, USA). All other reagents were of
analytical grade, and ultrapure water was used to prepare all solutions.

2.2. Microorganisms

The filamentous fungi Botrytis cinerea and Rhizopus sp. were isolated from grape and
tomato, respectively. The strains were obtained from the culture collection of the Laboratory
of Toxicology (ICTA-UFRGS, Porto Alegre, Brazil). Fungal identification was performed
as described elsewhere [30] based on macroscopic and microscopic morphological criteria
and molecular analyses of the internal transcribed spacer (ITS) region and part of beta-
tubulin gene. PDA plates were inoculated and incubated at 25 °C for 7 days or 15 days for
mycelium and spore analyses, respectively [31]. The isolates were maintained on PDA agar
plates under refrigeration (7 °C) and subcultured in a fresh plate prior to each experiment.

2.3. Characterization of the EO

The manufacturer provided the chemical characterization and quantification of the EO
compounds. The analysis was performed through gas chromatography coupled with mass
spectrometry using Agilent MSD5977B equipment (Agilent, Santa Clara, CA, USA). Com-
pounds were separated using a DB-5MS capillary column (30 m x 0.25 mm x 0.25 um).
The injector and detector temperatures were set at 280 °C and 260 °C, respectively. The
oven temperature gradient was as follows: an initial temperature of 60 °C (2 min) with a
rate of 4 °C/min to 200 °C, and then a rate of 6 °C/min to 260 °C (10 min). The ionization
source temperature was 280 °C, and the acquisition mode was scan. A 1.0 uL aliquot
was injected using the split mode (split ratio, 1:20). Compound identification was based
on the comparison of mass spectra of peaks with those in the NIST17.L library (NIST
Chemistry WebBook), with the similarity degree of each identification presented in the
results table. The relative percentage area of each peak was calculated based on the sum of
the areas of all peaks eluted from the column and originating from the analyzed sample,
including peaks identified as “unidentified compounds” due to similarity values below
reliable identification thresholds.

2.4. Antifungal Activity of EO and NE
2.4.1. Agar Contact Method

Antifungal activity was assessed using the direct contact method on agar [31] with
modifications. The EO or NE was added to PDA (containing 0.05% Tween 80) at concentra-
tions of 0, 1, 5, 10, 20, and 25 mg/mL. Then, 15 mL of the PDA solution was poured into
sterile Petri dishes (90 mm in diameter). A mycelial disc (3 mm in diameter) was removed
from 7-day-old cultures on PDA plates using a punch and placed in the center of each
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Petri dish. The Petri dishes were incubated for 7 days at 25 & 2 °C, with measurements of
mycelial growth taken at 72 h, 5 days, and 7 days in two perpendicular directions (diameter
in mm). Comparison of the obtained dimensions with those of the controls allowed for
the calculation of the percentage of inhibition (IP %) at the end of the incubation period,
according to Equation (1):

—-T)
C
where C: average colony diameter (mm) in the control; T: average colony diameter (mm) in
the treatment.

1P (%) = €

x 100 (1)

2.4.2. Exposure to Volatiles

The antifungal activity of the volatiles from the EO and NE was also evaluated as
described elsewhere [32]. Volumes of 5, 10, 20, and 25 pL were applied to filter paper discs
(16 mm in diameter), which were then fixed to the center of the inner lid of Petri dishes
containing solidified PDA. The plates were sealed with Parafilm to ensure a controlled
environment. The volatiles were released from the impregnated paper discs into the dish
during an incubation period of 7 days at 25 & 2 °C. The pathogen inoculation, incubation,
and growth measurement procedures were the same as those described for the direct
contact method.

2.5. Preparation of Nanoparticles

The organic phase of the nanoparticle (NP) solution consisted of Pluronic diluted 1:1
(w/w) in EO or NE, followed by the addition of this solution to tetrahydrofuran (THF) at
a ratio of 16% (w/w). The mixture was emulsified using a probe-type ultrasonic device
(Unique OF S500, Unique, Americana, Brazil) operating at frequency 50 kHz, power 250 W,
for two cycles of 5 min each with 2-min intervals [26]. The aqueous phase of the solution
consisted of sterile ultrapure water. The organic phase was then added to the aqueous
phase by the nanoprecipitation method at a 1:10 (w/w) ratio, followed by sonication for
three additional cycles of 5 min with 2-min intervals to ensure complete dilution (Figure 2).
The NP solution was subsequently placed under a hood for 20 h with moderate agitation to
remove the THF. The NPs were collected, filtered through 0.22 pm membranes (Millipore,
Billerica, MA, USA), and stored in sterilized glass containers at 25 °C before further use.
In addition to the NPs containing EO (NP-EO) or NE (NP-NE), control formulations were
prepared by replacing the EO/NE with caprylic/capric acid triglycerides (NP-B).

Polypropylene oxide

(hydrophobic)

N

Polyethylene =
oxide (hydrophilic)

Pluronic® F-127

Dissolve in THF + Gt‘ Ultrapurg water + o
Ultrasonic homogenization o /o Ultrasonic homogenization
§ %™

@ Essential oil or Nerolidol

(hydrophobic)

Figure 2. Schematic representation of the nanoparticle preparation process using Pluronic® F-127,
Baccharis dracunculifolia essential oil, or nerolidol.

2.6. Characterization of the Nanoparticles

2.6.1. Particle Size and Zeta Potential

To determine the size (average diameter), polydispersity index (PDI), and zeta po-
tential (), the NP suspensions were diluted in ultrapure water (1:10, v/v). The size was



Foods 2024, 13, 3403

50f 16

measured using Dynamic Light Scattering (DLS) with a goniometer (BI200SM, A = 632.8 nm,
75 mW He-Ne laser, and BI 9000 correlator; Brookhaven, Nashua, NH, USA) at a fixed angle
(6 =90°). Data processing was performed using the NNLS. The cumulant method was used
for PDI determination. The zeta potential was measured by electrophoretic mobility using
a ZetaPALS Potential Analyzer (Brookhaven Instruments, Nashua, NH, USA) at 25 °C.

2.6.2. Encapsulation Efficiency

Encapsulation efficiency (EE%) was determined in triplicate using the centrifugation
filtration technique [33]. To determine the EE, it was necessary to identify the wavelength
of maximum absorbance (Amax) for the EO and NE and to construct the standard curve.
The Amax values were obtained by diluting the EO in methanol, followed by scanning with
a UV/VIS spectrophotometer, where the maximum absorbance was detected at A = 293 nm
and A = 262 nm for EO and NE, respectively. The standard curve was generated by diluting
the EO or NE to concentrations of 0.0015, 0.003, 0.006, 0.012, and 0.025 mg/mL in methanol.
The correlation coefficient (r?) was 0.9919 with the equation y = 2.9797x + 0.0011 for EO,
and r? was 0.9966 with the equation y = 3.78084x — 0.0054 for NE.

For the determination of EE, 500 uL of the NP suspension was added to centrifuge
filters (Ultrace1®—3k, Merck Millipore Ltd., Tullagreen, Ireland), followed by centrifugation
at 10,000x g for 30 min at 4 °C. After centrifugation, the supernatant was diluted in
methanol, and absorbance was measured using UV /VIS spectrophotometry at 293 nm and
262 nm for EO and NE, respectively, and quantified using the standard curve. The EE was
calculated using the following Equation (2):

NP -S

EE(%) = —55p— % 100 )

where NP is the total amount of EO or NE used in the preparation of the NPs (mg/mL),
and S is the total amount of EO or NE in the supernatant (mg/mL).

2.6.3. Determination of pH

The pH of the NP suspensions was measured using a benchtop pH meter (Model HI
2221; Hanna Instruments, Smithfield, RI, USA), calibrated with standard buffer solutions of
pH 4, 7, and 10. The NPs were dispersed in ultrapure water to ensure sample homogeneity.
The pH meter probe was immersed in the NP solution, and readings were taken after the
pH value stabilized to minimize interference or fluctuations.

2.6.4. Scanning Electron Microscopy

The shape of the NPs obtained was analyzed using scanning electron microscopy
(Zeiss EVO MA10 SEM, Oberkochen, Germany). The colloidal suspension (10 uL) was
deposited in stubs, followed by 24 h air-drying. After total solvent evaporation, samples
were coated with a 5 nm Au/Pd layer by sputtering. The microscopy conditions were set
as follows: a working distance (WD) of 8.5 mm, magnification of 20,000 %, an ion probe
current (I Probe) of 20 pA, and examination at an accelerating voltage of 10 kV.

2.7. Antifungal Activity of Nanoparticles
2.7.1. NP Contact Method

The antifungal activity of the NPs was determined using the direct contact method
on in vitro agar. This method was similar to that described in the “Agar Contact Method”
Section 2.4.1, with the free compounds being replaced by the NP-EO and NP-NE.

2.7.2. Spore Germination Assay

To evaluate the effect of NPs on spore germination, the method described by Zhao
et al. [34] with modifications was followed. Spores of B. cinerea or Rhizopus sp. were
suspended in 1 mL of Tween 80 (0.05%) using a Drigalski loop and collected in a sterile
microtube. The spore concentration was 1 x 10° CFU/mL, quantified using a Neubauer
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chamber. The spores were incubated in Potato-Dextrose broth containing NP-EO or NP-NE
at concentrations that showed the best antifungal activity against the mycelium (10, 20, and
25 mg/mL) and incubated for 72 h at 25 °C. At least 100 spores were counted to calculate
the germination rate.

2.8. Storage Stability Analysis

To evaluate the storage stability of NP-EO or NP-NE under temperature stress condi-
tions, the NPs were prepared as described in the “NP Preparation” section. The prepared
NPs were then stored at different temperatures (4 °C, 25 °C, and 37 °C) at pH 7.0. Samples
were collected on days 0, 3, 5, 7, 10, 13, and 15 for size analysis using a Nanotrac NPA150
(Microtrac Inc., York, PA, USA) DLS-based device.

2.9. Hemolysis Assay

Hemolytic activity was evaluated essentially as described previously [33]. The NPs
were mixed at a 1:1 (v/v) ratio in heparinized sheep blood (4%, v/v in PBS, pH 7.4). The
aliquots were incubated (60 min at 37 °C) and then centrifuged at 3000x g for 10 min. One
mL of the supernatant was taken for reading on a spectrophotometer at 540 nm. Triton
X-100 (0.1%, v/v) and PBS were used as positive and negative controls, respectively [35].
Hemolytic activity was determined with Equation (3):

AS — AN)

Hemolytic activity (%) = EAP—AN) x 100 3)

where AS: sample reading, AN: negative control, AP: positive control.

2.10. Statistical Analysis

Experimental data were expressed in the form of mean + standard deviation. The
analysis software used was GraphPad Prism (Version 6.0, GraphPad Software Inc., Boston,
MA, USA). For comparisons between two groups, the t-test was applied. For comparisons
between three or more groups, one-way analysis of variance (ANOVA) was performed,
followed by Tukey’s multiple comparisons post hoc test to identify significant differences.
In all analyses, p-values lower than 0.05 were considered statistically significant.

3. Results
3.1. Essential Oil Characterization

The chromatographic profile of the B. dracunculifolia EO is detailed in Table S1. Neroli-
dol (NE) was the major compound in the EO, with a relative area of 12.80%. Other major
compounds present in the EO (>3.00% in area) included: biciclogermacrene (12.40%),
-pinene (10.91%), spathulenol (10.07%), p-caryophyllene (8.29%), trans-x-bergamotene
(6.73%), x-pinene (3.56%), and d-cadinene (3.29%). Minor compounds in the EO had relative
areas ranging from 0.23% to 2.99%. With 28 identified compounds, the total relative area of
the identified peaks amounted to 97.61%. Sesquiterpenes constituted a major portion of the
total compounds (60.71%), followed by monoterpenes (21.43%), sesquiterpenoids (10.71%),
monoterpenoids (3.57%), and sesquiterpenoid esters (3.57%).

3.2. Antifungal Activity of EO and NE
3.2.1. Agar Contact Method

The antifungal activity of free EO and NE against B. cinerea after 7 days of growth is
presented in Figure 3A. For EO, the highest inhibition percentages were 80.3 & 4.2% and
97.5 £ 4.3% at concentrations of 20 and 25 mg/mL, respectively. Similarly, NE at the same
concentrations achieved IP values of 78.4 & 0.8% and 85.2 + 4.3%.



Foods 2024, 13, 3403

7 of 16

>

Botrytis cinerea IP (%)

Concentration (mg/mL)

Rhizopus sp. IP (%)

N S & = ST SR
Concentration (mg/mL)

Figure 3. Antifungal activity of free EO and NE against B. cinerea (A) and Rhizopus sp. (B) after
7 days of growth at concentrations ranging from 1 to 25 mg/mL. Results are the means =+ standard
deviations of three independent experiments. Different letters over the bars indicate significant
differences (p < 0.05).

The antifungal activity of free EO and NE against Rhizopus sp. after 7 days of growth is
shown in Figure 3B. For all concentrations tested, EO showed higher IP values as compared
with NE. The IP increased from 69.2 & 3.7% to 84.1 £ 0.6% when the EO concentration
varied from 5 to 25 mg/mL. In the same concentration range, the maximum inhibition of
NE was 72.5 & 0.9% at 25 mg/mL.

These results demonstrate substantial antifungal activity for both EO and NE, with
higher antifungal activity at higher concentrations, particularly against B. cinerea (p < 0.05).
In contrast, NE was effective against Rhizopus sp. but showed lower inhibition even
at the highest concentration tested. These findings suggest that EO is more effective
than NE, particularly against Rhizopus sp., and that both exhibit concentration-dependent
antifungal activity.

3.2.2. Exposure to Volatiles

The results of B. cinerea and Rhizopus sp. exposure to EO and NE volatiles revealed
variability in efficacy across different concentrations (Figure 4). For B. cinerea, EO demon-
strated increased inhibitory activity with higher concentrations, ranging from 28.2 4= 1.8%
to 63.2 & 3.4% at concentrations ranging from 5 to 25 pL. In contrast, NE exhibited lower
efficacy, with a maximum inhibition of 38.4 £ 5.2% at 25 puL. Regarding Rhizopus sp., EO
also showed superior efficacy, with an inhibition percentage of 50.5 £ 0.5% at the lowest
concentration (5 pL), reaching 64.8 = 1.4% at 25 puL. While less effective, NE showed an
increase in inhibition, ranging from 14.6 & 3.6% to 29.3 £ 2.8% at the same concentrations.
These results suggest that EO volatiles exhibit more pronounced antifungal activity com-
pared to NE volatiles, particularly against Rhizopus sp., with a more effective response as
the concentration of volatiles increases.
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Figure 4. Antifungal activity of volatile fractions of EO and NE against B. cinerea (A) and Rhizopus sp.
(B) after 7 days of incubation in different concentrations. Results are the means + standard deviations
of three independent experiments. Different letters over the bars indicate significant differences
(p <0.05).

3.3. Characterization of Nanoparticles

The NPs were characterized in terms of particle size, PD], zeta potential (¢), EE, and pH
(Table 1). NP-EO exhibited an average diameter similar to the control nanoparticle (NP-B),
while NP-NE showed a larger average size. Despite these observed differences in size, they
were not statistically significant. The polydispersity of NP-NE was similar to that observed
for the control NPs (NP-B), but the PDI values were significantly different from NP-EO.
Moreover, the histograms of size distribution (Figure S1) showed that the formulations had
a monomodal distribution profile and 90% (Dy ) of the NPs presented diameters smaller
than 200 nm. NP-NE exhibited a more negative zeta potential compared to NP-EO and
NP-B (p < 0.05), indicating higher surface charge, although all formulations maintained
relatively low zeta potential values. The encapsulation efficiency was significantly higher
for NP-EO compared to NP-NE. In terms of pH, NP-EO and NP-NE presented higher pH
values than NP-B. Finally, SEM analysis revealed that the NPs were spherical in shape,
consistent with the particle size estimates obtained by DLS (Figure 5).

|—|1um

Figure 5. Scanning electron microscopy (SEM) images of Pluronic® F-127 nanoparticles loaded with
EO (A) and NE (B) at 20,000 x magnification. Bar = 1 pum.
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Table 1. Physicochemical characteristics of nanoparticle suspensions containing B. dracunculifolia
essential oil (NP-EO), Nerolidol (NP-NE), and the control (NP-B) *.

Nanoparticle Mean Size (nm) PDI ¢ (mV) pH EE (%)
NP-EO 11490 +£0.172 0.303 £0.04° —4.01+130? 6.64 £0.08 2 80.09 £1.23°
NP-NE 123.07 £1092 0.234 +0.08° —16.35 + 0.04 P 595+ 0.382 51.07 £0.78

NP-B 113.23 £0912 0.258 4 0.03 P —0.165 £ 0.18 ¢ 5.47 +0.04P -

>

Botrytis cinerea IP (%)

100+

(=]
o
1

(2]
o
1

»H
o
1

N
o
1

o
1

* Different letters in columns indicate significant differences (p < 0.05). Abbreviations: EE, encapsulation efficiency;
PDI, polydispersity index; ¢, zeta potential.

3.4. Antifungal Activity of NP-EO and NP-NE
3.4.1. Agar Contact Method

The NPs were assessed for their antifungal activity against B. cinerea, with concentra-
tions ranging from 1 to 25 mg/mL, as shown in Figure 6A. NP-EO demonstrated antifungal
activity, with inhibition increasing significantly from 29.7 &= 8.3% at 1 mg/mL to 87.6 £ 5.3%
at 25 mg/mL, showing a clear dose-dependent effect. NP-NE also exhibited considerable
antifungal activity, with inhibition ranging from 28.7 &= 7.5% to 78.4 & 2.0%. Overall, both
NP-EO and NP-NE formulations showed enhanced antifungal activity as the concentra-
tion increased, with clear differences between the lowest and highest concentrations for
each formulation.

B

@l NP-EO . 100 @ NP-EO
9 @8 NP-NE
~ 80+
o
% 604
[72]
3 404 ;
8 5 i b,c b, b
£ - c 3
@ 204 ¢ ¢
0-
N ) O D o N ° ) D ®
Concentration (mg/mL) Concentration (mg/mL)

Figure 6. Antifungal activity of nanoparticles (NP-EO and NP-NE) against B. cinerea (A) and Rhizopus
sp. (B) after 7 days of growth at concentrations ranging from 1 to 25 mg/mL. Results are the
means + standard deviations of three independent experiments. Different letters over the bars
indicate significant differences (p < 0.05).

The NPs were also evaluated for their antifungal activity against Rhizopus sp., with
concentrations varying from 1 to 25 mg/mL, as detailed in Figure 6B. NP-EO exhibited an-
tifungal activity in a concentration-dependent profile, with inhibition percentages ranging
from 11.8 £ 6.1% to 32.7 £ 5.4%. Similarly, NP-NE showed increased fungal inhibition,
ranging from 10.7 & 5.3% to 24.2 4= 1.8%. Generally, NP-EO formulations demonstrated
similar antifungal potential compared to NP-NE at all tested concentrations.

3.4.2. Spore Germination

The results of spore germination tests for B. cinerea and Rhizopus sp. exposed to
different concentrations of NP-EO and NP-NE indicate a reduction in the spore germination
rate with increasing concentrations of both treatments (Table 2).
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Table 2. Spore germination percentage of B. cinerea and Rhizopus sp. treated with different concentra-
tions of NP-EO and NP-NE.

Spore Germination (%) *

Nanoparticle (mg/mL) Botrytis cinerea Rhizopus sp.

Control 66.33 £ 6.43 A2 73.33 £ 5.51 Aa
NP-EO (10) 45.00 + 5.30 Ab 4733 +3.79 Ab
NP-EO (20) 15.67 4+ 3.22 Ac 25.00 + 3.61 Be
NP-EO (25) 2.33 4 0.58 Ad 6.67 +1.16 Bd

Control 65.00 £ 6.56 Aa 78.00 + 1.00 Ba
NP-NE (10) 4233 4+ 252 Ab 50.67 =+ 2.08 BP
NP-NE (20) 16.00 =+ 5.00 Ac 24.33 + 5.85 Ac
NP-NE (25) 333+ 1.16 44 9.00 + 1.73 Bd

* For each treatment, means followed by different uppercase letters in the rows and different lowercase letters in
the columns indicate significant differences (p < 0.05).

For B. cinerea, the untreated control samples (0 mg/mL) showed a spore germination
percentage of around 66%. When NP-EO was added at concentrations between 10 and
25 mg/mL, a progressive reduction in spore germination was observed, with inhibition
ranging from moderate to nearly complete. A similar pattern was seen for NP-NE across the
same concentration range. For Rhizopus sp., spore germination in the untreated samples was
between 73 and 78%. The addition of NP-EO also resulted in significant spore germination
inhibition, although the effect was less pronounced than for B. cinerea. NP-NE showed
comparable inhibitory effects, with a dose-dependent response similar to NP-EO. Overall,
both nanoparticle formulations demonstrated efficacy in inhibiting spore germination.

3.5. Storage Stability of Nanoparticles

The changes in the hydrodynamic particle size of the NP-EO and NP-NE measured by
DLS over 15 days at different temperatures are shown in Figure 7. At 25 °C, the particle
sizes remained stable throughout the storage period, indicating good stability at room
temperature. In contrast, NPs stored at 4 °C exhibited different size profiles compared to
those stored at 25 °C, particularly after the fifth day. For NP-NE stored at 4 °C, a second
particle population with an average diameter of approximately 110.10 £ 13.29 nm was
detected on the 10th day, decreasing to 107.0 & 0.00 nm by the 13th day and further to
70.90 £ 6.93 nm by the 15th day (Figure 7B).

B

NP-EO NP-NE
} ’ ® 4°C ® 4°C
: { ¢ . ®25°C  E 30 = 25°C
T 200- A 37°C b i e A 37°C
3 = = o ©
g s 2 7 2 £ 2004 ®
3 A g re g I1°
S 100 4/ . i
P ® $ 1004 ¢ o
o o [ ]
o T L) T 0 T Ll L)
0 5 10 15 0 5 10 15
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Figure 7. Hydrodynamic size variations of NP-EO (A) and NP-NE (B) over 15 days at different
temperatures measured by DLS. Results are the means + standard deviations of three independent
experiments.
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Similarly, a second particle population was also observed in NP-EO stored at 4 °C,
emerging on the 15th day with a size of 72.85 £ 6.86 nm. Unlike the particles stored at
25 °C, where stability was preserved, those stored at 4 °C demonstrated a trend towards
forming smaller populations over time. Additionally, at 37 °C, NP-EO sizes decreased
starting from the 10th day, suggesting possible degradation processes. Although most
NP-NE maintained their original size at 37 °C, a trend for size reduction was also noted.
These observations indicate that while NPs are stable at 25 °C, both lower (4 °C) and higher
(37 °C) temperatures induce the modification of particle size and affect the overall stability
of the formulations during storage.

3.6. Hemolytic Activity

The hemolytic activity of NP-B, NP-EO, and NP-NE compared to the positive control
(C+) is presented in Figure 8. NP-B exhibited low hemolysis levels, with a value of
3.19 + 0.86%. Similarly, NP-EO and NP-NE also showed low hemolysis, with values
of 2.87 £+ 0.83% and 2.18 £ 1.08%, respectively. These results suggest that while NP-B
demonstrates low hemolysis, the inclusion of EO and NE in the NPs did not result in an
increase in hemolytic activity (p < 0.05).

a
100-
I 80-
2]
% 60
>
2
£ 40-
T
20-
b b b
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RS Q'\&
> S

Figure 8. Hemolytic activity of NP-B, NP-EO, and NP-NE compared to the positive control (C+).
Results are the means + standard deviations of three independent experiments. Different letters over
the bars indicate significant differences (p < 0.05).

4. Discussion

The EO of B. dracunculifolia has nerolidol as its major component, which is consistent
with previous reports [15,33]. The presence of 3-caryophyllene and [3-pinene is also notable,
given their association with antifungal activities [36]. This suggests that the antifungal
activity observed could be partially attributed to the synergistic action of these major
components, especially NE, which has shown potent antifungal effects against filamentous
fungi, such as various Aspergillus and Fusarium species [36,37].

The results of antifungal activity indicated significant inhibition of B. cinerea and Rhizo-
pus sp. by both EO and NE. EO was particularly effective against B. cinerea, achieving over
50% inhibition at intermediate concentrations and over 95% at the highest concentration.
NE also showed good activity, although less effective, particularly at higher concentrations.
These results highlight the pronounced antifungal activity of EO compared to NE, similar
to that described for other EOs [29,38,39]. The results of volatile exposure further supported
the superior antifungal activity of EO over NE, showing a concentration-dependent re-
sponse for both fungi. This may be due to the synergistic effects of the volatile components
in EQ, as terpenes and monoterpenes can work together to enhance fungal inhibition [40].
Previous studies have demonstrated the synergistic effects of compounds such as linalool
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and caryophyllene in EO from Michelia alba [41]. Thus, the combined effects of EO com-
ponents are greater than the sum of individual effects, as seen with the compound NE.
Additionally, volatiles showed significantly lower inhibitory activity than the direct contact
method. This difference arises because free compounds in the solid medium ensure a
more consistent concentration, while the varying volatilities of individual EO compounds
cause them to diffuse at different rates in a non-saturated environment, resulting in higher
emission rates that can reduce efficacy [42].

Both EO and NE were effectively incorporated in Pluronic NPs. The use of ultrasound
was important for achieving nanometer-sized particles during NP preparation. The ultra-
sonic energy broke larger droplets, promoting the formation of more stable and smaller
NPs [43]. Although the nature of the encapsulated compounds may influence particle size
due to specific interactions with the polymer matrix, both EO and NE caused no significant
effects on this parameter, as NP-EO and NP-NE exhibited similar particle diameters to that
observed for the control (NP-B). Comparable particle sizes ranging from 100 to 200 nm
have been reported for different NP formulations encapsulating EOs [25,33].

Furthermore, PDI values suggest that the NPs prepared in this study showed high
uniformity. Polydispersity is an indicative of the homogeneity of particle size distribution,
and PDI values around 0.2-0.3 have been associated with narrow size distribution [22].

The zeta potential results from the arrangement of the materials used in the formula-
tion, and a relatively high value is important to maintain the physicochemical stability of
the colloidal suspension since large repulsive forces tend to hinder aggregation of adjacent
NPs [44]. The incorporation of EO or NE improved the zeta potential of the bare NPs, as
NP-B had a zeta potential close to zero, indicating low colloidal stability. NP-NE exhib-
ited a more negative zeta potential as compared to NP-EO, suggesting higher colloidal
stability for NP-NE due to greater electrostatic repulsion. EO droplets present negative
zeta potential values [45], and therefore a negative zeta potential is generally expected
for NPs with an oily core. However, despite the higher negative charge of NP-NE, which
could enhance penetration into fungal cells, NP-EO showed better antifungal activity.
This discrepancy may be attributed to the specific chemical composition of the EO, which
contains active compounds with strong antimicrobial properties, as reported in previous
studies [40,41]. While zeta potential influences colloidal stability, other factors, such as the
bioactive properties of the encapsulated compounds, play a crucial role in determining
antifungal efficacy.

The EE varied considerably, with NP-EO achieving about 80%, significantly higher
than NP-NE at 51%. The complex composition of EO, rich in monoterpenes, appears to
facilitate better cohesion and packing of nonpolar chains within the NP vesicles, enhancing
stability and retention. Monoterpenes located in the polar regions of membranes influence
surface curvature and promote higher encapsulation efficiency [46]. NE, being a single
compound, may have limited interactions with Pluronic® F-127, resulting in higher leakage
during encapsulation and lower EE. The EE of NE is consistent with those observed for
other individual EO components, such as timol and carvacrol, showing 46.3% and 50.9%,
respectively [47].

The NPs (NP-EO and NP-NE) demonstrated improvements in antifungal efficacy
as compared to non-encapsulated compounds, indicating potential for food preservation
against fungal contaminants [48]. Encapsulation allows for controlled release of active
compounds, resulting in prolonged effects, which is crucial for food storage and shelf
life [22,49]. NP-EO, for instance, showed up to 87% inhibition of B. cinerea, comparable
to or exceeding non-encapsulated EO. Moreover, NP-EO effectiveness at relatively low
concentrations, such as 1 mg/mL, indicates its potential for the development of active
packaging and preservatives [48]. This suggests that encapsulation not only preserved
but may have enhanced the antifungal efficacy of EQ, offering a robust solution for food
protection against pathogenic fungi [22,49,50]. NP-NE also showed good efficacy, with
up to 78% inhibition. This difference may be due to the higher volatility of NE, which is
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partially mitigated by encapsulation, allowing for sustained and protected release of the
active compound [37,51].

There is limited literature on the inhibition of Rhizopus species by B. dracunculifolia
EO and NE. However, the results of this study indicate that for Rhizopus sp., NPs were
less effective as compared to B. cinerea. NP-EO achieved a maximum inhibition of 32%,
while NP-NE reached 24%, suggesting that Rhizopus sp. is more resistant to treatments.
This point is relevant for the preservation of foods where this fungus might be present,
such as strawberries, peaches, tomatoes, and sweet potatoes [19,52,53]. In this case, further
optimization of the NP formulation would be necessary to increase the efficiency against
this fungus.

The effectiveness of NP-EO and NP-NE in inhibiting spore germination reflects their
ability to halt fungal spread and infection, particularly in fresh foods such as tomatoes
and strawberries [19,39]. The NPs showed pronounced inhibition of spore germination,
especially at higher concentrations, suggesting their potential effectiveness in preventing
fungal contamination from the early stages of sporulation. These findings reinforce the
potential of NPs as active additives in food preservation, offering an innovative approach
for extending shelf life and ensuring food quality [54,55].

Opverall, the NPs demonstrated promising effectiveness, with the potential to enhance
the delivery of bioactive compounds such as EO and NE. The ability of NPs to protect active
compounds from degradation and volatilization may explain their increased or comparable
efficacy to non-encapsulated compounds [48,50]. NP-EO, in particular, performed better
than NP-NE, especially against B. cinerea, likely due to its chemical composition and higher
EE, resulting in greater retention of bioactive compounds and enhanced antifungal efficacy
in both contact and spore germination assays [43].

The stability analysis indicated that NP-EO and NP-NE formulations maintained
good stability at 25 °C, with no significant changes in hydrodynamic sizes over 15 days.
This demonstrates that at room temperature, the NPs can maintain their physicochemical
characteristics, which is favorable for storage and transportation under normal conditions.
This makes them suitable for application in active food packaging that does not require re-
frigeration [56,57]. However, storage at 4 °C led to the formation of a secondary population
of particles, suggesting some instability at lower temperatures. This effect is potentially
due to decreased hydrophobicity of the poly(oxpropylene) at lower temperatures, which
might have caused the loss of oil emulsification and micelle disintegration [22]. At elevated
temperatures (37 °C), NP-EO showed a significant decrease in size, possibly indicating
degradation processes from prolonged exposure, facilitating drug release [58]. In contrast,
NP-NE showed a constant size during incubation, suggesting greater resistance to thermal
degradation [26]. These data are important for evaluating the stability of formulations
under various conditions, which is crucial for ensuring their long-term efficacy.

The hemolytic activity results indicate the NPs have a safe potential for use in food
applications and packaging. All NP formulations showed values below 3%, indicating
minimal damage to erythrocytes. This safety profile is crucial, as it suggests that NPs
containing EO and NE do not increase cytotoxicity, which is an important factor for their
potential future use in food preservation, active packaging, and antimicrobial films where
consumer safety is a priority [57,59]. However, it is essential to conduct further research on
the potential side effects of nanoparticle migration from packaging to food, as well as to
carry out preclinical and clinical studies to validate the safety of these nanoparticles.

5. Conclusions

NP-EO demonstrated superior antifungal activity compared to NP-NE. NP-EO signifi-
cantly inhibited the growth of B. cinerea and moderately inhibited Rhizopus sp. in contact
assays, while also showing substantial spore germination inhibition. This enhanced perfor-
mance is attributed to the complex composition of B. dracunculifolia EO, which includes
bioactive compounds such as nerolidol, 3-caryophyllene, and «-pinene, resulting in robust
antifungal efficacy and high EE. In contrast, NP-NE had a lower EE and exhibited reduced
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antifungal effectiveness, likely due to limited interaction between NE and Pluronic® F-127,
affecting encapsulation and retention efficiency. The low hemolytic activity of the NPs
indicates their safety for food and packaging applications. These findings highlight the
efficacy and applicability of NP-EO encapsulated with B. dracunculifolia EO in extending
food shelf life and ensuring product quality. The controlled and prolonged release of active
compounds, coupled with their antifungal activity and safety, suggests that these NPs
could be an innovative and promising approach for food preservation and active packaging
development after approval by regulatory agencies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods13213403/s1, Figure S1: Histograms of particle size dis-
tribution obtained by laser dynamic light scattering for Pluronic® F-127 nanoparticles loaded with
Baccharis dracunculifolia EO (A) and nerolidol (B); Table S1: Chemical composition of Baccharis dracun-
culifolia EO.

Author Contributions: Conceptualization, A.N.R.C. and A.B.; methodology, AN.R.C. and N.J.C,;
formal analysis, A.N.R.C. and N.J.C.; investigation, N.J.C. and N.O.d.P,; writing—original draft
preparation, A.N.R.C.; writing—review and editing, A.B.; visualization, A.N.R.C.; supervision, A.B.;
funding acquisition, A.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Conselho Nacional de Desenvolvimento Cientifico e Tec-
noldgico (CNPq), grant numbers 308880/2021-8 and 405165/2023-4. The APC was funded by MDPL

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author.

Acknowledgments: Authors thank the Center of Microscopy and Microanalysis (CMM, UFRGS) for
technical support in electron microscopy, Juliane Welke for kindly providing the fungal strains, and
Nadya Silveira and Marinara Andreola for support on zeta potential analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

Krull, R.; Cordes, C.; Horn, H.; Kampen, I.; Kwade, A.; Neu, T.R.; Nortemann, B. Morphology of filamentous fungi: Linking
cellular biology to process engineering using Aspergillus Niger. Adv. Biochem. Eng. Biotechnol. 2010, 121, 1-21. [PubMed]
Brandelli, A. Nanobiotechnology strategies for delivery of antimicrobials in agriculture and food. In Nanotechnologies in Food and
Agriculture; Rai, M., Ribeiro, C., Mattoso, L., Duran, N., Eds.; Springer: Cham, Switzerland, 2015; pp. 119-139.

Doehlemann, G.; Okmen, B.; Zhu, W.; Sharon, A. Plant pathogenic fungi. Microbiol. Spectr. 2017, 5, funk-0023. [CrossRef]
[PubMed]

Chen, Y; Xing, M.; Chen, T; Tian, S.; Li, B. Effects and mechanisms of plant bioactive compounds in preventing fungal spoilage
and mycotoxin contamination in postharvest fruits: A review. Food Chem. 2023, 415, 135787. [CrossRef]

Avery, S.V,; Singleton, I.; Magan, N.; Goldman, G.H. The fungal threat to global food security. Fungal Biol. 2019, 123, 555-557.
[CrossRef]

Bonin, E.; Carvalho, V.M.; Avila, V.D.; dos Santos, N.C.A.; Benassi-Zanqueta, E.; Lancheros, C.A.C.; Previdelli, I.T.S.; Ueda-
Nakamura, T.; de Abreu Filho, B.A.; do Prado, I.N. Baccharis dracunculifolia: Chemical constituents, cytotoxicity and antimicrobial
activity. LWT Food Sci. Technol. 2020, 120, 108920. [CrossRef]

De-Montijo-Prieto, S.; Razola-Diaz, M.D.; Gomez-Caravaca, A.M.; Guerra-Hernandez, E.J.; Jiménez-Valera, M.; Garcia-Villanova,
B.; Ruiz-Bravo, A.; Verardo, V. Essential oils from fruit and vegetables, aromatic herbs, and spices: Composition, antioxidant, and
antimicrobial activities. Biology 2021, 10, 1091. [CrossRef]

Kant, R.; Kumar, A. Review on essential oil extraction from aromatic and medicinal plants: Techniques, performance and
economic analysis. Sustain. Chem. Pharm. 2022, 30, 100829. [CrossRef]

Stringaro, A.; Colone, M.; Angiolella, L. Antioxidant, antifungal, antibiofilm, and cytotoxic activities of Mentha spp. essential oils.
Medicines 2018, 5, 112. [CrossRef]

Moise, A.R.; Bobis, O. Baccharis dracunculifolia and Dalbergia ecastophyllum, main plant sources for bioactive properties in green
and red Brazilian propolis. Plants 2020, 9, 1619. [CrossRef]


https://www.mdpi.com/article/10.3390/foods13213403/s1
https://www.mdpi.com/article/10.3390/foods13213403/s1
https://www.ncbi.nlm.nih.gov/pubmed/20490972
https://doi.org/10.1128/microbiolspec.FUNK-0023-2016
https://www.ncbi.nlm.nih.gov/pubmed/28155813
https://doi.org/10.1016/j.foodchem.2023.135787
https://doi.org/10.1016/j.funbio.2019.03.006
https://doi.org/10.1016/j.lwt.2019.108920
https://doi.org/10.3390/biology10111091
https://doi.org/10.1016/j.scp.2022.100829
https://doi.org/10.3390/medicines5040112
https://doi.org/10.3390/plants9111619

Foods 2024, 13, 3403 150f 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gazim, Z.C.; Valle, ].S.; dos Santos, I.C.; Rahal, LL.; Silva, G.C.C.; Lopes, A.D.; Ruiz, S.P,; Faria, M.G.I; Piau Junior, R.; Gongalves,
D.D. Ethnomedicinal, phytochemical and pharmacological investigations of Baccharis dracunculifolia DC (Asteraceae). Front.
Pharmacol. 2022, 13, 1048688. [CrossRef]

Timbe, P.P.R.; Motta, A.S.; Stincone, P,; Pinilla, C.M.B.; Brandelli, A. Antimicrobial activity of Baccharis dracunculifolia DC and its
synergistic interaction with nisin against food-related bacteria. J. Food Sci. Technol. 2021, 58, 3010-3018. [CrossRef] [PubMed]
Bufalo, M.C.; Figueiredo, A.S.; De Sousa, ].P.B.; Candeias, ] M.G.; Bastos, ] K.; Sforcin, ]. M. Anti-poliovirus activity of Baccharis
dracunculifolia and propolis by cell viability determination and real-time PCR. J. Appl. Microbiol. 2009, 107, 1669-1680. [CrossRef]
[PubMed]

Figueiredo-Rinhel, A.S.G.; de Melo, L.L.; Bortot, L.O.; Santos, E.O.L.; Andrade, M.F,; Azzolini, A.E.C.S.; Kabeya, L.M.; Caliri, A,;
Bastos, ] K.; Lucisano-Valim, Y.M. Baccharis dracunculifolia DC (Asteraceae) selectively modulates the effector functions of human
neutrophils. J. Pharm. Pharmacol. 2017, 69, 1829-1845. [CrossRef]

Luchesi, L.A.; Paulus, D.; Busso, C.; Frata, M.T.; Oliveira, J.B. Chemical composition, antifungal and antioxidant activity of
essential oils from Baccharis dracunculifolia and Pogostemon cablin against Fusarium graminearum. Nat. Prod. Res. 2022, 36, 849-852.
[CrossRef]

Chan, W.-K,; Tan, L.T.-H.; Chan, K.-G.; Lee, L.-H.; Goh, B.-H. Nerolidol: A sesquiterpene alcohol with multi-faceted pharmacolog-
ical and biological activities. Molecules 2016, 21, 529. [CrossRef]

Rathod, N.B.; Kulawik, P; Ozogul, E; Regenstein, ]. M.; Ozogul, Y. Biological activity of plant-based carvacrol and thymol and
their impact on human health and food quality. Trends Food Sci. Technol. 2021, 116, 733-748. [CrossRef]

Bukvicki, D.; Giweli, A.; Stojkovic, D.; Vujisic, L.; Tesevic, V.; Nikolic, M.; Sokovic, M.; Marin, P.D. Short communication: Cheese
supplemented with Thymus algeriensis oil, a potential natural food preservative. J. Dairy Sci. 2018, 101, 3859-3865. [CrossRef]
Kong, J.; Zhang, Y.; Ju, J.; Xie, Y.; Guo, Y.; Cheng, Y.; Qian, H.; Quek, S.Y.; Yao, W. Antifungal effects of thymol and salicylic acid
on cell membrane and mitochondria of Rhizopus stolonifer and their application in postharvest preservation of tomatoes. Food
Chem. 2019, 285, 380-388. [CrossRef]

Valerio, F; Mezzapesa, G.N.; Ghannouchi, A.; Mondelli, D.; Logrieco, A.F.; Perrino, E.V. Characterization and antimicrobial
properties of essential oils from four wild taxa of Lamiaceae family growing in Apulia. Agronomy 2021, 11, 1431. [CrossRef]
Bagamboula, C.F.; Uyttendaele, M.; Debevere, J. Inhibitory effect of thyme and basil essential oils, carvacrol, thymol, estragol,
linalool and p-cymene towards Shigella sonnei and S. flexneri. Food Microbiol. 2004, 21, 33—42. [CrossRef]

Granata, G.; Stracquadanio, S.; Leonardi, M.; Napoli, E.; Consoli, G.M.L.; Cafiso, V.; Stefani, S.; Geraci, C. Essential oils
encapsulated in polymer-based nanocapsules as potential candidates for application in food preservation. Food Chem. 2018, 269,
286-292. [CrossRef] [PubMed]

Pateiro, M.; Gémez, B.; Munekata, P.E.S.; Barba, E].; Putnik, P.; Kovacevi¢, D.B.; Lorenzo, ].M. Nanoencapsulation of promising
bioactive compounds to improve their absorption, stability, functionality and the appearance of the final food products. Molecules
2021, 26, 1547. [CrossRef] [PubMed]

Dominguez-Delgado, C.L.; Fuentes-Prado, E.; Escobar-Chavez, ]J.J.; Vidal-Romero, G.; Rodriguez-Cruz, I1.M.; Diaz-Torres, R.
Chitosan and pluronic® F-127: Pharmaceutical applications. In Encyclopedia of Biomedical Polymers and Polymeric Biomaterials;
Mishra, M., Ed.; CRC Press: Boca Raton, FL, USA, 2015; Volume 11, pp. 1513-1535.

Yegin, Y.; Perez-Lewis, K.L.; Zhang, M.; Akbulut, M.; Taylor, T.M. Development and characterization of geraniol-loaded polymeric
nanoparticles with antimicrobial activity against foodborne bacterial pathogens. J. Food Eng. 2016, 170, 64-71. [CrossRef]

Yegin, Y.; Perez-Lewis, K.L,; Liu, S.; Kerth, C.R.; Cisneros-Zevallos, L.; Castillo, A.; Akbulut, M.; Taylor, TM. Antimicrobial-loaded
polymeric micelles inhibit enteric bacterial pathogens on spinach leaf surfaces during multiple simulated pathogen contamination
events. Front. Sustain. Food Syst. 2021, 5, 646980. [CrossRef]

Khaliq, N.U,; Lee, J.; Kim, S.; Sung, D.; Kim, H. Pluronic F-68 and F-127 based nanomedicines for advancing combination cancer
therapy. Pharmaceutics 2023, 15, 2102. [CrossRef]

Spadola, G.; Sanna, V.; Bartoli, J.; Carcelli, M.; Pelosi, G.; Bisceglie, F.; Restivo, EM.; Degola, F.; Rogolino, D. Thiosemicarbazone
nano-formulation for the control of Aspergillus flavus. Environ. Sci. Pollut. Res. 2020, 27, 20125-20135. [CrossRef]

Taborga, L.; Diaz, K.; Olea, A.F; Reyes-Bravo, P.; Flores, M.E.; Pefia-Cortés, H.; Espinoza, L. Effect of polymer micelles on
antifungal activity of geranylorcinol compounds against Botrytis cinerea. ]. Agric. Food Chem. 2015, 63, 6890-6896. [CrossRef]
Lopes, EC.; Tichota, D.M.; Pereira, J.Q.; Segalin, J.; Rios, A.O.; Brandelli, A. Pigment production by filamentous fungi on
agro-industrial byproducts: An eco-friendly alternative. Appl. Biochem. Biotechnol. 2013, 171, 616-625. [CrossRef]

Zhang, J.; Ma, S.; Du, S.; Chen, S.; Sun, H. Antifungal activity of thymol and carvacrol against postharvest pathogens Botrytis
cinerea. |. Food Sci. Technol. 2019, 56, 2611-2620. [CrossRef]

Oliveira Filho, J.G.; Silva, G.C.; de Aguiar, A.C.; Cipriano, L.; de Azeredo, HM.C.; Bogusz Junior, S.; Ferreira, M.D. Chemical
composition and antifungal activity of essential oils and their combinations against Botrytis cinerea in strawberries. ]. Food Meas.
Charact. 2021, 15, 1815-1825. [CrossRef]

Timbe, PPR.; Motta, A.S; Isaia, H.A.; Brandelli, A. Polymeric nanoparticles loaded with Baccharis dracunculifolia DC essential oil:
Preparation, characterization, and antibacterial activity in milk. J. Food Process. Preserv. 2020, 44, €14712. [CrossRef]

Zhao, S.; Guo, Y.; Wang, Q.; An, B. Antifungal effects of lycorine on Botrytis cinerea and possible mechanisms. Biotechnol. Lett.
2021, 43, 1503-1512. [CrossRef] [PubMed]


https://doi.org/10.3389/fphar.2022.1048688
https://doi.org/10.1007/s13197-020-04804-9
https://www.ncbi.nlm.nih.gov/pubmed/34294963
https://doi.org/10.1111/j.1365-2672.2009.04354.x
https://www.ncbi.nlm.nih.gov/pubmed/19457040
https://doi.org/10.1111/jphp.12822
https://doi.org/10.1080/14786419.2020.1802267
https://doi.org/10.3390/molecules21050529
https://doi.org/10.1016/j.tifs.2021.08.023
https://doi.org/10.3168/jds.2017-13714
https://doi.org/10.1016/j.foodchem.2019.01.099
https://doi.org/10.3390/agronomy11071431
https://doi.org/10.1016/S0740-0020(03)00046-7
https://doi.org/10.1016/j.foodchem.2018.06.140
https://www.ncbi.nlm.nih.gov/pubmed/30100436
https://doi.org/10.3390/molecules26061547
https://www.ncbi.nlm.nih.gov/pubmed/33799855
https://doi.org/10.1016/j.jfoodeng.2015.09.017
https://doi.org/10.3389/fsufs.2021.646980
https://doi.org/10.3390/pharmaceutics15082102
https://doi.org/10.1007/s11356-020-08532-7
https://doi.org/10.1021/acs.jafc.5b01920
https://doi.org/10.1007/s12010-013-0392-y
https://doi.org/10.1007/s13197-019-03747-0
https://doi.org/10.1007/s11694-020-00765-x
https://doi.org/10.1111/jfpp.14712
https://doi.org/10.1007/s10529-021-03128-8
https://www.ncbi.nlm.nih.gov/pubmed/33856593

Foods 2024, 13, 3403 16 of 16

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Clerici, N.J.; Vencato, A.A.; Helm Junior, R.; Daroit, D.J.; Brandelli, A. Electrospun poly-¢-caprolactone nanofibers incorporating
keratin hydrolysates as innovative antioxidant scaffolds. Pharmaceuticals 2024, 17, 1016. [CrossRef]

Zimmermann, R.C.; Poitevin, C.G.; da Luz, T.S.; Mazarotto, E.J.; Furuie, J.L.; Martins, C.E.N.; do Amaral, W.; Cipriano, R.R.; da
Rosa, ].M.; Pimentel, 1.C.; et al. Antifungal activity of essential oils and their combinations against storage fungi. Environ. Sci.
Pollut. Res. 2023, 30, 48559-48570. [CrossRef]

Yang, H.; Wang, Q.; Han, L.; Yang, X.; Zhao, W.; Lyu, L.; Wang, L.; Yan, H.; Che, C. Nerolidol inhibits the LOX-1/IL-1§3 signaling
to protect against the Aspergillus fumigatus keratitis inflammation damage to the cornea. Int. Immunopharmacol. 2020, 80, 106118.
[CrossRef]

Alvarez-Garcia, S.; Moumni, M.; Romanazzi, G. Antifungal activity of volatile organic compounds from essential oils against
the postharvest pathogens Botrytis cinerea, Monilinia fructicola, Monilinia fructigena, and Monilinia laxa. Front. Plant Sci. 2023, 14,
1274770. [CrossRef]

Oliveira, ].; Parisi, M.C.M.; Baggio, ].S.; Silva, P.P.M.; Paviani, B.; Spoto, M.H.F.; Gloria, E.M. Control of Rhizopus stolonifer in
strawberries by the combination of essential oil with carboxymethylcellulose. Int. ]. Food Microbiol. 2019, 292, 150-158. [CrossRef]
Derbassi, N.B.; Pedrosa, M.C.; Heleno, S.; Carocho, M.; Ferreira, .C.ER.; Barros, L. Plant volatiles: Using scented molecules as
food additives. Trends Food Sci. Technol. 2022, 122, 97-103. [CrossRef]

Songsamoe, S.; Matan, N.; Matan, N. Antifungal activity of Michelia alba oil in the vapor phase and the synergistic effect of major
essential oil components against Aspergillus flavus on brown rice. Food Control 2017, 77, 150-157. [CrossRef]

Reyes-Jurado, F.; Navarro-Cruz, A.R.; Ochoa-Velasco, C.E.; Palou, E.; Lépez-Malo, A.; Avila-Sosa, R. Essential oils in vapor phase
as alternative antimicrobials: A review. Crit. Rev. Food Sci. Nutr. 2019, 60, 1641-1650. [CrossRef]

Mahbubul, LM.; Saidur, R.; Amalina, M.A; Elcioglu, E.B.; Okutucu-Ozyurt, T. Effective ultrasonication process for better colloidal
dispersion of nanofluid. Ultrason. Sonochem. 2015, 26, 361-369. [CrossRef] [PubMed]

Bhattacharjee, S. DLS and zeta potential-What they are and what they are not? J. Control Release 2016, 235, 337-351. [CrossRef]
[PubMed]

Mutlu-Ingok, A.; Firtin, B.; Karbancioglu-Guler, F.; Altay, F.L. A study on correlations between antimicrobial effects and diffusion
coefficient, zeta potential and droplet size of essential oils. Int. |. Food Eng. 2020, 16, 20190354. [CrossRef]

Sherry, M.; Charcosset, C.; Fessi, H.; Greige-Gerges, H. Essential oils encapsulated in liposomes: A review. J. Liposome Res. 2013,
23,268-275. [CrossRef]

Asprea, M.; Leto, I.; Bergonzi, M.C; Bilia, A.R. Thyme essential oil loaded in nanocochleates: Encapsulation efficiency, in vitro
release study and antioxidant activity. LWT Food Sci. Technol. 2017, 77, 497-502. [CrossRef]

Corréa, A.; Ferreira, C. Essential oil for the control of fungi, bacteria, yeasts and viruses in food: An overview. Crit. Rev. Food Sci.
Nutr. 2023, 63, 8960-8974. [CrossRef]

Pinilla, C.M.B.; Thys, R.C.S.; Brandelli, A. Antifungal properties of phosphatidylcholine-oleic acid liposomes encapsulating garlic
against environmental fungal in wheat bread. Int. . Food Microbiol. 2019, 293, 72-78. [CrossRef]

Guidotti-Takeuchi, M.; Ribeiro, L.N.M.; dos Santos, F.A.; Rossi, D.A.; Lucia, ED.; de Melo, R.T. Essential oil-based nanoparticles
as antimicrobial agents in the food industry. Microorganisms 2022, 10, 1504. [CrossRef]

Pacifico, S.; D’Abrosca, B.; Golino, A.; Mastellone, C.; Piccolella, S.; Fiorentino, A.; Monaco, P. Antioxidant evaluation of poly-
hydroxylated nerolidols from redroot pigweed (Amaranthus retroflexus) leaves. LWT Food Sci. Technol. 2008, 41, 1665-1671.
[CrossRef]

Scruggs, A.C.; Quesada-Ocampo, L.M. Cultural, chemical, and alternative control strategies for Rhizopus soft rot of sweetpotato.
Plant Dis. 2016, 100, 1532-1540. [CrossRef]

Yan, J.; Wu, H.; Shi, F; Wang, H.; Chen, K.; Feng, J.; Jia, W. Antifungal activity screening for mint and thyme essential oils against
Rhizopus stolonifer and their application in postharvest preservation of strawberry and peach fruits. J. Appl. Microbiol. 2021, 130,
1993-2007. [CrossRef] [PubMed]

Lopez-Reyes, ].G.; Spadaro, D.; Prelle, A.; Garibaldi, A.; Gullino, M.L. Efficacy of plant essential oils on postharvest control of rots
caused by fungi on different stone fruits in vivo. J. Food Prot. 2013, 76, 631-639. [CrossRef] [PubMed]

Sephton-Clark, P.C.S.; Voelz, K. Spore germination of pathogenic filamentous fungi. Adv. Appl. Microbiol. 2018, 102, 117-157.
[PubMed]

Otoni, C.G.; Espitia, PJ.P.; Avena-Bustillos, R.J.; McHugh, T.H. Trends in antimicrobial food packaging systems: Emitting sachets
and absorbent pads. Food Res. Int. 2016, 83, 60-73. [CrossRef]

Sharma, S.; Barkauskaite, S.; Jaiswal, A.K.; Jaiswal, S. Essential oils as additives in active food packaging. Food Chem. 2021, 343,
128403. [CrossRef]

Hill, L.E.; Gomes, C.L. Optimization of synthesis process of thermally-responsive poly-n-isopropylacrylamide nanoparticles for
controlled release of antimicrobial hydrophobic compounds. Mater. Res. Expr. 2014, 1, 045404. [CrossRef]

Basavegowda, N.; Baek, K.-H. Synergistic antioxidant and antibacterial advantages of essential oils for food packaging applica-
tions. Biomolecules 2021, 11, 1267. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ph17081016
https://doi.org/10.1007/s11356-023-25772-5
https://doi.org/10.1016/j.intimp.2019.106118
https://doi.org/10.3389/fpls.2023.1274770
https://doi.org/10.1016/j.ijfoodmicro.2018.12.014
https://doi.org/10.1016/j.tifs.2022.02.002
https://doi.org/10.1016/j.foodcont.2017.02.010
https://doi.org/10.1080/10408398.2019.1586641
https://doi.org/10.1016/j.ultsonch.2015.01.005
https://www.ncbi.nlm.nih.gov/pubmed/25616639
https://doi.org/10.1016/j.jconrel.2016.06.017
https://www.ncbi.nlm.nih.gov/pubmed/27297779
https://doi.org/10.1515/ijfe-2019-0354
https://doi.org/10.3109/08982104.2013.819888
https://doi.org/10.1016/j.lwt.2016.12.006
https://doi.org/10.1080/10408398.2022.2062588
https://doi.org/10.1016/j.ijfoodmicro.2019.01.006
https://doi.org/10.3390/microorganisms10081504
https://doi.org/10.1016/j.lwt.2007.10.006
https://doi.org/10.1094/PDIS-01-16-0051-RE
https://doi.org/10.1111/jam.14932
https://www.ncbi.nlm.nih.gov/pubmed/33190384
https://doi.org/10.4315/0362-028X.JFP-12-342
https://www.ncbi.nlm.nih.gov/pubmed/23575125
https://www.ncbi.nlm.nih.gov/pubmed/29680124
https://doi.org/10.1016/j.foodres.2016.02.018
https://doi.org/10.1016/j.foodchem.2020.128403
https://doi.org/10.1088/2053-1591/1/4/045404
https://doi.org/10.3390/biom11091267

	Introduction 
	Materials and Methods 
	Chemicals 
	Microorganisms 
	Characterization of the EO 
	Antifungal Activity of EO and NE 
	Agar Contact Method 
	Exposure to Volatiles 

	Preparation of Nanoparticles 
	Characterization of the Nanoparticles 
	Particle Size and Zeta Potential 
	Encapsulation Efficiency 
	Determination of pH 
	Scanning Electron Microscopy 

	Antifungal Activity of Nanoparticles 
	NP Contact Method 
	Spore Germination Assay 

	Storage Stability Analysis 
	Hemolysis Assay 
	Statistical Analysis 

	Results 
	Essential Oil Characterization 
	Antifungal Activity of EO and NE 
	Agar Contact Method 
	Exposure to Volatiles 

	Characterization of Nanoparticles 
	Antifungal Activity of NP-EO and NP-NE 
	Agar Contact Method 
	Spore Germination 

	Storage Stability of Nanoparticles 
	Hemolytic Activity 

	Discussion 
	Conclusions 
	References

