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Abstract: This study aimed to obtain and characterize an oil-in-water nanoemulsion (NE) loaded with
an in vitro optimized bactericidal essential oil blend of 50% oregano, 40% thyme, and 10% lemongrass
and to evaluate its potential at three different concentrations (0.5%, 1%, and 2%) in the inactivation
of Escherichia coli, Staphylococcus aureus, and Salmonella enterica serotype Enteritidis inoculated in
rainbow trout fillets stored at 4 ◦C for 9 days. Regarding the NE, the nanometric size (<100 nm)
with low polydispersion (0.17 ± 0.02) was successfully obtained through ultrasound at 2.09 W/cm2.
Considering the three concentrations used, S. Enteritidis was the most susceptible. On the other hand,
comparing the concentrations used, the NE at 2% showed better activity, reducing S. Enteritidis, E.
coli, and S. aureus by 0.33, 0.20, and 0.73 log CFU/g, respectively, in the trout fillets. Thus, this data
indicates that this is a promising eco-friendly alternative to produce safe fish for consumption and
reduce public health risks.

Keywords: volatile oils; natural compounds; synergy; pathogen; storage; desirability function

1. Introduction

Mixture design (MD) is a quality technology that allows for achieving excellence in a
product [1]. Furthermore, the optimization of essential oil blends (EOBs) through MD is an
emerging approach that allows for maximizing antimicrobial activity [2,3], including the
simultaneous inactivation of different pathogens [4]. For these purposes, obtaining EOB
through MD may increase the mixture quality at a low cost, which can be a powerful incen-
tive to enable the use of the synergistic or additive potential of EOs by food industries [2–5].
However, studies with this approach are limited to in vitro assays, and there is only one
report evaluating the blend’s effectiveness in any food matrix in the literature [6]. Our
research group is at the forefront of investigating and implementing the in situ application
of EOB with MD [4,6]. Despite that, further research is warranted to address this significant
gap in the literature by comprehensively exploring the potential of optimized EOB for
oxidative and antimicrobial control in food products.

Studies utilizing MD to obtain EOB have successfully achieved mixtures capable of
simultaneously inactivating in vitro Bacillus subtilis, Staphylococcus aureus, and Escherichia
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coli as well as Candida tropicalis [3,7]. Alternatively, these studies have demonstrated the
individual efficacy against Pseudomonas aeruginosa, E. coli, and S. aureus [8,9]. Recently,
our research group achieved a bactericidal EOB with oregano (ORE; Origanum vulgare),
thyme (THY; Thymus vulgaris), and lemongrass (LG; Cymbopogon citratus) optimized for
simultaneous inactivation in vitro through the minimum bactericidal concentration (MBC)
of Salmonella enterica serotype Enteritidis, Escherichia coli, and Staphylococcus aureus [4].
Nevertheless, the subsequent essential step toward comprehending the efficacy of this for-
mulated EOB entails its application within the food matrix. This is imperative considering
that these three bacteria are accountable for numerous foodborne outbreaks globally, which
transpire at various food production and transportation junctures, chiefly along the cold
chain [9].

Considering the growing global demand for fish and the public health risks from its
consumption, the Food and Agriculture Organization has encouraged studies of conserva-
tion methods to ensure the continuous supply of safe and high-quality fish, meeting the
Sustainable Development Goal (SDG), which aims to boost the fish production chain in a
sustainable way [10]. Therefore, secure natural alternatives using eco-friendly technologies
for food applications is one of today’s top trending topics [11]. Indeed, fish was associated
with 37 outbreaks reported by 50 US states in addition to Washington, D.C., and Puerto
Rico in 2017 [12], in addition to 30 outbreaks in European Union Member States (EU MSs)
in 2021 [13].

In this context, over recent years, using EOs as a strategy for food quality control has
proved to be a promising approach, mainly to be considered an effective, natural, and eco-
friendly plant-based alternative against pathogens [9,14]. In this sense, different strategies
to try to improve the safety, quality, and shelf life have been evaluated with individual
EOs in fish, such as the use of thyme or garlic essential oil (EO) together with vacuum
packaging in hot smoked rainbow trout [15], oregano EO with chitosan in the storage of red
porgy (Pagrus pagrus) [16], turbot (Scophthalmus maximus) fillets treated with clove, cumin,
or spearmint EO fumigation [17], the use of bio-nanocomposite active packaging films
with carboxymethyl cellulose, myrrh gum, TiO2 nanoparticles, and dill essential oil for
preserving fresh fish (Cyprinus carpio) [18], a whey protein coating containing nanoliposome
dill (Anethum graveolens L.) essential oil [19], pomelo peel essential oil applied in varieties
of freshwater fish (Rohu, Bahu, Silver carp) [20], and grape and cinnamon EO NEs applied
to chilled flathead mullet fillets [21]. Additionally, an oil-in-water emulsion with a mixture
of these three EOs (ORE, THY, and LG) controlled oxidation and extended the shelf life
of trout fillets [6]. However, despite several advantages that the development of EOBs
present [4,6], currently, the evaluation of optimized antimicrobial EOBs in fish storage is
still unexplored, yet the assessment of these blends in the control of pathogens in trout
rainbow fillets could represent an essential response to the demands of FAO and the United
Nations [22,23].

The ORE, THY, and LG EOs have broad antimicrobial action, which has already been
documented in the literature [24,25]. Similarly, the combination of aldehydes and phenols
has proven effective against Gram-positive and Gram-negative bacteria [4,26,27]. Moreover,
the genus of these EOs holds significant interest due to their antioxidant and antimicrobial
activities, with research conducted in numerous countries globally [28] underscoring their
scientific and economic importance (forecasted to reach a value of USD 15.3 billion by 2027;
Ref. [29]). For these reasons, combining these three EOs has considerable potential as an
alternative antimicrobial for food products. At the same time, an encapsulation system
can enhance their effectiveness or preserve their original biological activities [30], further
expanding their applicability and utility in food preservation.

Ultrasound represents a high-energy technique harnessing acoustic cavitation to in-
duce pressure fluctuations, leading to localized turbulence that facilitates droplet rupture
and size reduction, ultimately yielding promising nanoemulsions (NEs) [30–32]. This
method enables the production of NEs characterized by nanometric dimension and uni-
form droplet distribution [30]. Additionally, numerous studies have demonstrated the
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successful fabrication of NEs loaded with EOs or EOB, exhibiting optimized in vitro physic-
ochemical [32,33] and biological [30] properties. Furthermore, prior studies developed by
our group indicated that size reduction in NEs enhances the bioactivity of EOs compared to
their free forms [30,34], in addition to safeguarding the EOs due to their high sensitivity to
processing and storage conditions, such as heat, temperature, the presence of oxygen, and
the macronutrients found in food matrices [35]. In this sense, nanoencapsulation protects
and improves the efficiency and integrity of the biological activity of EOs [30]. However,
the in situ evaluation of NEs loaded with optimized EOBs represents a crucial gap in the
existing literature, especially in fish.

These facts informed the aim of this study, which was to obtain and characterize an
oil-in-water nanoemulsion loaded with an optimized bactericidal blend of 50% ORE, 40%
THY, and 10% LG and to evaluate its potential at three different concentrations (0.5%, 1%,
and 2%) in the inactivation of S. Enteritidis, E. coli, and S. aureus in trout (Oncorhynchus
mykiss) fillets stored at 4 ◦C for 9 days.

2. Material and Methods
2.1. Material

The ORE, LG, and THY EOs were acquired from Quinari (Ponta Grossa, Brazil). The
Tween 80 was purchased from Rei-Sol (Rio de Janeiro, Brazil). The composition of the EOs
was previously characterized and quantified through gas chromatography coupled to mass
spectrometry (GC-MS) and flame ionization detector (FID) [4].

2.2. Nanoemulsion Preparation

For emulsion preparation, the bactericidal EOB with ORE, THY, and LG (50:40:10,
respectively) was previously validated in vitro by Torres Neto et al. [4] and was used as the
oil phase. The aqueous phase consisted of Tween 80 (ratio 2:1 with oil phase; Ref. [36]) in
ultrapure water (Mili-Q IQ 7005, Merck, Darmstadt, Germany). Both phases were mixed
and homogenized through an Ultraturrax (IKA T10, Staufen, Germany) for 10 min at
13,400 rpm, reaching a final EO blend concentration of 2% (w/v). For drop size reduction,
the emulsion was sonicated with ultrasound (VC-750 Ultrasonic Processor, 20 kHz, 750 W,
Vantaa, Finland) equipped with a 19 mm diameter probe (Sonics, Materials Inc., Newtown,
PA, USA). The ultrasound configuration was adjusted according to Jiménez et al. [37],
with slight modifications, in which it used 30% amplitude for 10 min in an ice bath for
temperature control. In short, the effective power was 2.09 W/cm2, and the acoustic density
energy (AED) was 12.56 kJ/mL [30,36]. After preparation, the nanoemulsion was subjected
to characterization (Section 2.3).

2.3. Nanoemulsion Characterization
2.3.1. Drop Size, Polydispersity Index, and Zeta Potential (ζ-Potential)

The droplet size distribution was determined using the Dynamic Light Scattering
(DLS) method, and the ζ-potential measurements were performed through a Zetasizer Nano
(Model 590, Malvern Instruments, UK). The hydrodynamic mean diameter (z-average)
and polydispersity index (PDI) were determined. Furthermore, the size distribution was
expressed with an adaptation of the radar charts [30,38], wherein the D10, D50, and D90
values (representing the size of 10%, 50%, and 90% of the drop population, respectively) of
cumulative intensity (Di), volume (Dv), and number (Dn) were utilized.

2.3.2. Confocal Laser Scanning Microscopy (CLSM)

The CLSM was conducted using a 65× objective lens to capture images of the sample.
The emulsion (30 µL) was placed on a glass slide, labeled with Nile Red, and subse-
quently examined using CLSM (excitation wavelength: 543 nm, emission wavelength:
605 nm) [39,40] with a Leica TCS SP5 system (Leica Microsystems GmbH, Heidelberg,
Germany).
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2.4. Antibacterial Activity
2.4.1. Bacterial Strain and Culture Conditions

The E. coli ATCC 25922, S. Enteritidis ATCC 13076, and S. aureus ATCC 14458 were
obtained from the Oswaldo Cruz Foundation (FIOCRUZ, Rio de Janeiro, Brazil). The
strains were stored in methylene blue eosin (EMB; Kasvi, Madrid, Spain), Xylose Lysine
Deoxycholate (XLD; Kasvi, Spain), and tellurite–egg yolk agar (Baird-Parker Agar (BPA);
Kasvi, Spain) (Sigma-Aldrich, Darmstadt, Germany), respectively. For the inoculum, five
characteristic colonies of each strain were selected to be reactivated in individual tubes
containing 50 mL of Brain Heart Infusion (Kasvi, Spain) at 37 ◦C/18–24 h, resulting in a
final concentration of 8 log CFU/mL for each bacterium.

2.4.2. Trout Fillet Preparation

Fresh, skinned fillets sourced from farmed rainbow trout (Oncorhynchus mykiss) were
procured from a local fish farm in Rio de Janeiro, Brazil, and promptly transported to the
laboratory within an ice chest box to maintain their freshness and integrity. Each fillet,
weighing 50 g, was subjected to random allocation into one of four distinct treatment
groups: control, NE0.5, NE1.0, and NE2.0. These treatments corresponded to the absence
of EOB and the presence of 0.5%, 1.0%, and 2.0% (w/v) of the optimized blend, equating to
concentrations of 0.3, 0.6, and 1.2 mg/g of fillet, respectively. For simulating post-cross-
contamination scenarios, the NEs were uniformly sprayed onto the fillets (±3 mL) and
allowed to dry at room temperature within a Dryflow cabin for 2 min. Subsequently,
500 µL of inoculum of each bacterial strain was individually spread onto the trout fillets
(Section 2.4.1), allowing for a 5 min adherence period within a bacteriological cabin. Fol-
lowing this, the fillets were individually vacuum-packed using nylon/polyethylene bags
employing a CV65 model (Conceito Vácuo, São Paulo, Brazil). These vacuum-packed
fillets were then stored at a temperature of 4 ± 1 ◦C and subjected to analysis for each
bacterial strain on days 0, 3, 6, and 9, following the methodology outlined in the prior
investigation conducted by Monteiro et al. [41]. All the experiments were performed under
sterile conditions in triplicate (n = 3).

2.4.3. Microbiological Analysis

The sample aliquots (10 g) were homogenized in 90 mL of saline solution (0.85%, w/v)
through the stomacher for 2 min. Subsequently, serial decimal dilutions ranging from
10−2 to 10−5 were meticulously prepared in saline solution (0.85% w/v) and subsequently
streaked onto plates containing specific culture media tailored for each strain, as detailed
in Section 2.4.1. The plates were then incubated at 37 ◦C for 18 to 24 h for the EMB and
tellurite–egg yolk agar in BPA, and at 37 ◦C for 24 to 48 h for the XLD. All the experimental
procedures were meticulously conducted in triplicate.

2.5. Statistical Analysis

The bacterial growth parameters (lag phase and µmax) were obtained through the
DMFit program version 2.0. (Institute of Food Research, Norwich, UK) by the primary
predictive model [42], and the differences among treatments were identified by one-way
ANOVA with Tukey’s post hoc test (p < 0.05) using XLSTAT software, version 2021.1 (Addin-
soft, New York, NY, USA). This was also used for Pearson’s correlation test to identify
associations between the nanoemulsion characteristics and their antibacterial effects.

3. Results
3.1. Drop Size and Distribution

All percentages of drop diameters obtained using intensity distribution (Di) were
on the nanoscale below 100 nm (Figures 1A and 2). Furthermore, (Dv (90)) and (Dn (90))
exhibited droplet sizes ≤ 60 nm and <50 nm, respectively (Figures 1A and 2). Through the
radar chart and CLSM, we can infer that the formulation was predominantly nanometric.
Despite the presence of larger droplets, it was observed that a few big droplets (Figure 1C,D)
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were below 100 nm (Di (90); Figure 1A), and most of the droplet sizes were close to
50 nm (Dn (90); Figure 1A), inferring low polydispersity. The z-average and PDI were
50.21 ± 0.63 nm and 0.17 ± 0.02, respectively, thereby confirming the homogeneity of the
nanometric system (polydispersity < 0.25) [43].
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Figure 1. Radar chart demonstrating D10, D50, and D90 values (size of 10%, 50%, and 90% of the drops
population) of cumulative intensity (Di), volume (Dv), and number (Dn) (A); droplet size profile of
cumulative intensity of the nanoemulsion with 2% essential oil (EO) blend (B); confocal microscopy
images of the nanoemulsion with 2% EO blend at 5 µm (C) and 20 µm (D) resolutions. The size data
are expressed in nanometers (n = 3).

3.2. Antibacterial Activity of Nanoemulsions in Trout Fillets

Any treatment immediately reduced E. coli, S. Enteritidis, and S. aureus, which had
an average initial count of 6.91, 6.67, and 6.45 log CFU/g, respectively. No lag phase was
observed for E. coli and S. Enteritidis in any treatment (Table 1), and NE2 (1.2 mg/g of fillet)
was the only one increasing the lag phase for S. aureus (p < 0.05). Regarding µmax, the NE
decreased it in all strains, wherein S. Enteritidis showed more susceptibility at the three
concentrations tested, followed by E. coli and S. aureus. Within the NE treatments, NE2 was
the only one decreasing the growth rate of the three bacterial strains (Table 1), resulting
in the highest reductions by 0.73, 0.33, and 0.20 log CFU/g for S. aureus, S. Enteritidis,
and E. coli compared with the control, respectively, at the end of the storage (Table S1). It
is worth emphasizing the efficiency of the NE2 since its effect was observed in the worst
scenario (high initial bacterial counts). Furthermore, marginal significant correlations were
observed between droplet sizes and growth control of S. Enteritidis, E. coli, and S. aureus
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(Table 2). Considering 90% of the drop population, Di, Dv, and Dn had marginally negative
correlations with S. Enteritidis reduction, as did Dv and Di with E. coli. Otherwise, the
three parameters representing the drop population exhibited marginal positive correlations
with S. aureus reduction over refrigerated storage.
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Figure 2. Radar chart demonstrating D10, D50, and D90 values (size of 10%, 50%, and 90% of the
drops population) of cumulative intensity (Di), volume (Dv), and number (Dn) of the nanoemulsion
with 1% essential oil (EO) blend (A) and 0.5% EO blend (C); droplet size profile of cumulative intensity
of the nanoemulsion with 1% EO blend (B) and 0.5% EO blend (D). The size data are expressed in
nanometers (n = 3).

Table 1. Bacterial growth parameters of rainbow trout (Oncorhynchus mykiss) fillets coated with
nanoemulsion with optimized essential oil (EO) blend € and stored at 4± 1 ◦C for 9 days.

Escherichia coli Staphylococcus aureus Salmonella Enteritidis

Treatments * Lag Phase # µmax # Lag Phase # µmax # Lag Phase # µmax #

Control

-

0.035 ± 0.01 a 5.434 ± 0.34 a 0.368 ± 0.03 a

-

0.071 ± 0.00 a

NE0.5 0.022 ± 0.00 a 6.043 ± 0.33 a 0.304 ± 0.03 a 0.031 ± 0.00 b

NE1 −0.022 ± 0.01 b 6.159 ± 0.24 a 0.298 ± 0.01 a 0.025 ± 0.00 b

NE2 −0.040 ± 0.01 b 0.000 ± 0.00 b 0.057 ± 0.01 b −0.018 ± 0.00 c

Results are expressed as the mean ± standard deviation (n = 3). # Lag phase in days; µmax (exponential growth
rate) in log CFU/g/h. * Control (absence of antioxidant); NE0.5 (0.5% of the optimized blend nanoemulsion); NE1
(1% of the optimized blend nanoemulsion); and NE2 (2% of the optimized blend nanoemulsion). € Optimized
EO blend was composed of oregano (Origanum vulgare), thyme (Thymus vulgaris), and lemongrass (Cymbopogon
citratus) at 50%, 40%, and 10%, respectively. Different letters indicate significant differences (p < 0.05).
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Table 2. Pearson correlation between size parameters of the nanoemulsion (NE0.5%, NE1%, and NE2%)
and bacterial reductions (final day–initial day) in rainbow trout (Oncorhynchus mykiss) during storage
at 4± 1 ◦C for 9 days.

Variables # Salmonella Enteritidis Escherichia coli Staphylococcus aureus

Di (10) −0.996 −0.872 0.877
Di (50) −0.999 * −0.896 0.844
Di (90) −0.946 −0.733 0.972
Dn (10) −0.791 −0.475 0.763
Dn (50) −0.789 −0.472 0.761
Dn (90) −0.787 −0.470 0.759
Dv (10) −0.798 −0.484 0.770
Dv (50) −0.829 −0.532 0.805
Dv (90) −0.970 −0.787 0.975

* p < 0.05. # D10, D50, and D90 values (size of 10%, 50%, and 90% of the drop population) of cumulative intensity
(Di), volume (Dv), and number (Dn) of the nanoemulsions: NE0.5 (0.5% of the optimized blend nanoemulsion);
NE1 (1% of the optimized blend nanoemulsion); NE2 (2% of the optimized blend nanoemulsion). The optimized
essential oil blend was composed of oregano (Origanum vulgare), thyme (Thymus vulgaris), and lemongrass
(Cymbopogon citratus) at 50%, 40%, and 10%, respectively.

4. Discussion
4.1. Drop Size and Distribution

The distribution intensity (Di) emphasizes the larger drops in the nanoemulsion
through the Brownian motion and Stoke–Einstein relationship. Moreover, the volume
(Dv) and number (Dn) distribution, in turn, are obtained through Di by the Zetasizer
software version 7.13 [44], where Dv expresses the predominant volume in the distribution
of the drops and Dn the predominant size, emphasizing the smaller drops present in our
nanoemulsion. In short, these three parameters are different representations of the same
population of drops [45]. Moreover, the CLSM is an attractive complementary analysis to
DLS [46], making it possible to comprehend the droplet distribution’s size profile better.

The small size and monomodal distribution (Figure 1A,B) observed can be attributed
to ultrasound treatment associated with Tween 80. The shockwaves provoked by ultrasonic
cavitation break up and intermingle the oil and water phases, converting large droplets into
smaller ones [41,42]. The polysorbate 80 can rapidly adsorb to the droplet surfaces and reduce
the interfacial tension [43]. Various factors influence the droplet size of NEs produced via the
ultrasound method. Firstly, extended processing time may result in overprocessing, leading to
droplet coalescence and subsequent size enlargement. Secondly, the ratio of EOB to Tween 80 is
significant, as excess surfactant can promote the formation of larger micelles post-ultrasound
treatment. Lastly, inadequate surfactant concentration relative to the oil content can also
increase droplet size [30]. In the current study, the formulated NE displayed nanometric
and uniformly sized droplets, suggesting mitigation of the previously mentioned effects.
This observation can be ascribed to the specific EOB to Tween 80 ratio and the ultrasound
parameters applied. Additionally, the “fingerprint” of the formulation, as depicted in the radar
chart (Figure 1A,B), exhibited a characteristic of uniform monomodal profile distribution,
which aligns with findings from prior research studies.

Hasheminya and Dehghannya [47] used Tween 80 and span 80 surfactants with high-
intensity ultrasound (encapsulated probe with 7mm diameter and 100 mm length at 400 W
power, 24 kHz frequency, and 100% amplitude at 25 ◦C for 20 min) with the Froriepia
subpinnata (Ledeb.) baill essential oil. The authors achieved an average droplet size (z-
average) of 84.32 nm in a 1:1 ratio of surfactant and EO. Torres Neto et al. [30], employing
a combination of essential oil blend (EOB) consisting of oregano EO and lemongrass EO
with Tween 80 at ratios of 1:1 and 1:2, achieved Di 90 values ranging from 20.63 ± 3.61
to 168.9 ± 30.78 nm. Notably, the highest Di 90 values (<100 nm) were observed with a
1:1 ratio of EOB and Tween 80. Additionally, similar to the current study, a trend towards
smaller droplet sizes was noted with an increase in Tween 80 concentration relative to EOB.
Da Silva et al. [36], utilizing 157.5 W for 4.9 min, obtained mean droplet sizes (Di 50) ranging



Foods 2024, 13, 1569 8 of 12

from 54.47 to 84.07 nm (oregano EO, carvacrol, or thymol, and Tween 80). Yang et al. [33],
employing 350 W for durations of 5 and 15 min, achieved sizes between 16.3 and 17 nm
(thyme EO and Tween 80). Other coatings were utilized to obtain nanoemulsions (NE)
through the ultrasound method, such as alginate and Tween 80 (in a 1:1:1 ratio), resulting
in coating lemongrass EO with sizes ranging from 34.95 to 5.12 nm [48].

Furthermore, the NE showed a zeta potential slightly negative and close to zero
(−6.90 ± 0.68 mV) being justified by the surfactant used, which attributes the surface
charge in the NE [49]. The Tween 80 is a non-ionic surfactant [50]; however, when Tween
80 is exposed to the ultrasound process, some residues are produced (free fatty acids),
making the NE surface charge negative [50]. Similarly, Da Silva et al. [36] used Tween
80 and oregano EO, carvacrol, or thymol at ratios of 1:1 and 1:3.5. These formulations
achieved the highest charge at −12.40± 0.72 mV with 412 W for 10 min. Furthermore,
Hemmatkhah et al. [51] coated cumin seed EO with Tween 80, showing a zeta-value of
− 0.3 mV using ultrasound at 200 W for 15 min. Moreover, Torres Neto et al. [30], using
EOB (oregano EO and lemongrass EO) with Tween 80 (1:1 and 1:2), achieved zeta values
ranging from −4.45 ± 0.74 at −8.07 ± 0.79 mV with 300 W for 18 min.

4.2. Antibacterial Activity of Nanoemulsions in Trout Fillet

The absence of the lag phase (Table 1) can be explained by two main factors: the
increase in water activity conferred by the NE addition [52], permitting greater initial access
to nutrients, and the delayed release of the EO blend by the NE [53], which contributed
to no bacterial adaptation period. On the other hand, the action of the NEs was better
observed in the exponential phase (µmax) and the treatment at higher EOB concentration
(Table 1). All our formulations had a uniform droplet size below 100 nm (Section 3.1).
Indeed, these characteristics are related to an increase in passive transport through the cell
membrane, fusion with the phospholipid bilayer [54], including a lower loss of EO blend
due to absorption by high-fat muscle from trout, protecting the EO, and allowing a higher
delivery to the bacterial cell throughout refrigerated storage.

Marginal significant correlations (Table 2) reinforce our findings concerning the sen-
sibility order of the bacterial strains to nanoemulsions of the EOB evaluated, in which
S. Enteritidis was more susceptible at the three concentrations tested, followed by E. coli
and S. aureus, further making the relationship between droplet size and EO concentration
perceptible, which was also observed in the radar charts (Figures 1A and 2A,C). For S. En-
teritidis and E. coli, the smaller the drop size, the higher the antibacterial activity of the EOB
nanoemulsion (Table 2), effective at 0.5% and 1%, respectively (Table 1). On the other hand,
the larger the drop size, the higher the antibacterial activity of EOB nanoemulsion against
S. aureus, possibly due to its higher resistance to EOB and needing higher concentrations
than 1% to be effective (Table 1), which was also observed in our previous in vitro study
(Torres Neto et al. [4]).

Currently, few studies have evaluated the antimicrobial effect of oil-in-water na-
noemulsions with EOs against E. coli, S. aureus, or S. Enteritidis inoculated in fish, and the
existing ones have a high variation in EO species, type of coating, inoculated load, storage
period, and food matrix evaluated [55]. In the study of Raji et al. [56], E. coli O157:H7 was
inoculated (106 CFU/g) into trout fillets coated with chitosan nanoemulsions with Zataria
multiflora or Bunium persicum EOs, which, after 12 days, allowed a reduction of 0.59 and
0.35 log CFU/g at 0.5%, and 0.44 and 0.44 log CFU/g at 1% of EOs, respectively. The same
was observed for chitosan nanoemulsion with Bunium persicum EO (0.5%), reducing E. coli
O157:H7 growth by 1.22 log CFU/g in trout fillets after 8 days of refrigerated storage [57].
However, it is essential to emphasize that chitosan without EOs was effective in both
previous studies, decreasing E. coli growth by 0.29 and 0.85 log CFU/g, respectively, and
contributing additively to the EOs’ activity. Stratakos and Grant [58] obtained a nanoemul-
sion similar to the present study, stabilized with polysorbate 80 and drop sizes between 100
and 60 nm. These authors inoculated E. coli (5 log10 CFU/g) in beef samples and reported a
reduction of 0.23 and 0.37 log CFU/g by washing with thyme and carvacrol nanoemulsions



Foods 2024, 13, 1569 9 of 12

(0.8%) after 7 days at 4 ◦C, respectively. Torres Neto et al. [6] presented the first report on
controlling psychotropic bacteria from the blend of ORE and LG in trout fillets, increasing
the shelf life by 13 h.

Based on the literature data and the high initial load of the bacterial strains used
in this study, the nanoemulsions containing optimized ORE, THY, and LG EOB showed
a promising antibacterial effect in refrigerated stored trout fillets. In other words, our
formulation showed bacterial reductions close to other studies, meaning a potential finding
since the studies used isolated EOs to specific bacteria instead of optimized EOB for
simultaneous bacterial activity against three different bacteria, which could have decreased
the efficiency of the EOs. In short, the composition of the EOs consisted of ORE rich
in carvacrol (70.3%), p-cymene (10.4%), γ-terpinene (4.8%), (E)-β-caryophyllene (4.7%),
linalool (2.2%), and myrcene (1.6%); THY in thymol (31.2%), carvacrol (25.5%), p-cymene
(21.7%), linalool (6%), limonene (3.4%) and borneol (3.4%); and LG with geranial (45.5%),
neral (33.7%), geraniol (4.5%), geranyl acetate (1.5%), citronellal (1.3%), and citronellol
(1.1%) [4].

Additionally, the broadened scope of antibacterial activity against the three distinct
bacteria can be rationalized by the amalgamation observed in the functional groups existing
in the EOs, such as phenols (like carvacrol and thymol) and aldehydes (such as geranial
and neral), which serve to enhance activity owing to their status as two of the most
potent antimicrobial functional groups [27]. Furthermore, hydrocarbons play a pivotal
role, augmenting the membrane permeability of other compounds [59,60]. Moreover, it is
noteworthy that the requisite in situ concentrations generally range from 10 to 100 times
higher than those in vitro [61]. However, in our investigation, this discrepancy was less
than fourfold, thus underscoring the significant antibacterial efficacy of the combination of
NE and optimized EOB. It is also pertinent to mention that the concentrations employed in
our study were either below or equivalent to the maximum permissible concentration of
free EO in meat, as deemed acceptable by consumers (0.1% v/w; 1 mg/g), as elucidated by
Possas et al. [62].

5. Conclusions

Considering oil-in-water nanoemulsion, the nanometric size (<100 nm) with a monodis-
perse formulation was successfully obtained through ultrasound at 2.09 W/cm2. S. Enter-
itidis showed more susceptibility at the three concentrations tested (0.5%, 1%, and 2%),
followed by E. coli and S. aureus. The nanoemulsion with 2% optimized EOB showed better
antibacterial activity against S. Enteritidis, E. coli, and S. aureus, with a reduction of 0.33,
0.20, and 0.73 log CFU/g in trout fillets after 9 days, respectively. This indicates promising
results regarding controlling these three relevant foodborne pathogens in refrigerated
stored trout. Lastly, this is the first in situ study evaluating the efficiency of a bactericidal-
optimized EOB nanoemulsion. Therefore, this study lays the groundwork for forthcoming
research initiatives focused on integrating this EOB nanoemulsion with various coatings
(e.g., chitosan, alginate, proteins, polysaccharides, etc.), as well as non-thermal techniques
(e.g., UV-C LED, ultrasound, high hydrostatic pressure, etc.). Furthermore, it encourages
the exploration of optimization studies into different concentrations and sensory attributes
considering varying temperatures, packaging methods, and storage periods, as well as ex-
ploring its combination with other emerging approaches (e.g., UV-C LED, ultrasound, high
hydrostatic pressure), broadening the scope for potential applications and advancements
in food preservation techniques.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods13101569/s1, Table S1: Bacterial count of rainbow trout
(Oncorhynchus mykiss) fillets coated with nanoemulsions containing optimized essential oil (EO)
blend€ and stored at 4± 1 ◦C for 9 days.
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