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Abstract: There is a growing focus on the design of nanoemulsions because of their valuable
properties as an enhanced vehicle for interaction with cells and resistant bacteria. Their
potential applications in the health and food industry are numerous. Although they are
considered unstable because of flocculation and coalescence, they are still efficient resources
for antibacterial inhibition due to their droplet size. Studies on the interactions between
essential oils and an aqueous medium are increasing, in order to efficiently formulate them
at the nanometric scale using surfactants, thereby providing them with long-lived droplet
size stability. This study used the ultrasonication method for fabrication and Eumulgin as a
surfactant to achieve nanometric droplet sizes using two noble essential oils, palmarosa and
tea tree. A follow-up for one year tracked a stable droplet size and sustained polydispersity
in those emulsions as the most valuable outcome. Moreover, the insights of a thermorespon-
sive study have been included, also showing a strong stability. The antibacterial properties
of the essential oils considered became enhanced, at a comparable scale of an antibiotic, on
Salmonella spp. and Bacillus subtilis depending on the nanoscale droplet size. The outcomes
suggest the importance of deepening parametric studies of these nanoformulations in terms
of concentrations and temperature changes, characterizing their remarkable properties
and durability.

Keywords: nanostructures; nanoemulsions; O/W emulsions; characterization; droplet
size stability; kinetical stability; thermodynamic stability; interface efficiency; antibacterial
properties

1. Introduction
Bacteria acquiring resistance to the most common antibiotics pose a risk to public

health by increasing morbidity and mortality rates worldwide. To replace them, more
aggressive medications or higher doses of drugs have been applied, leading to severe organ
damage and long recovery times. Instead, the prophylactic use of essential oils in emulsions
provides an alternative complementary safe solution [1–3]. The application of emulsions
on the nanometric scale has increased significantly in areas such as the pharmaceutical [4],
food [5], agricultural, cosmetic, and materials industries due to the potential advantages
they offer compared to conventional emulsions [6].

Emulsions are colloidal dispersions composed of two immiscible substances that are
notable for being stabilised at their interfaces by surfactants, reducing the interfacial tension
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between them [7,8]. Those emulsions exhibit antibacterial features through the inclusion
of nanosized droplets of certain essential oils (EOs), which improve the bioavailability of
active compounds, inhibiting the growth of bacteria and fungi. Regarding characterisation,
several authors have established a droplet size of 20 to 200 nm as characterising a na-
noemulsion (NE) [9,10]. They are associated with several properties, such as transparency,
increased bioavailability, and the solubility of hydrophobic compounds [6,7,9,11,12], but
also with notable physicochemical stability, a rheological modification capacity, and dis-
persibility [13].

Oil in Water (O/W) emulsions have oil droplets dispersed in an aqueous medium [14].
A third immiscible interface, commonly added, is an emulsifier or surfactant that boosts
stability by lowering interfacial tension. NEs are termed kinetically stable, as they have
the capacity to prevent a limited spontaneous separation of the dispersed phase, but that
does not imply thermodynamic stability, so they could still coalesce or flocculate over
time [12,15,16]. Although thermodynamic stability is commonly achieved by microemul-
sions (MEs), there is no clear and unique difference between NEs and MEs in terms of their
droplet size and fabrication methods [9,17].

There are different commonly classified methods used to obtain NE and ME, according
to the energy applied to the initial emulsion [18]. Low-energy methods (≈103 W/kg) consist
of mixing the emulsion components with external low-energy sources such as heat. In
contrast, high-energy methods (such as ultrasound and high-pressure microfluidization)
require energy rates around ≈1010 W/kg by using external sources to fragment the droplets,
thus reducing their size. Ultrasound is the lowest energy-consuming method in the group
of high-energy methods, as it also requires fewer emulsifiers to form small droplets on a
nanoscale [19–21] and allows for greater control of their resulting size. They still ensure
the preservation of several properties of the emulsions [10,22]. Commonly, low-energy
methods are related to ME fabrication, practically as a spontaneous process, while high-
energy methods are related to NE fabrication as induced methods. Today, this criterion
prevails partially in the classification of NEs and MEs.

EOs are extracted from a diversity of plants using distillation and are widely used
in many industries due to their beneficial properties and scents [23,24]. They comprise
20 to 60 bioactive compounds, but only two or three are found in higher concentrations
and are responsible for these properties [25]. In particular, their microbial susceptibility
has led to them being considered as a safer alternative for treating bacterial resistance in
several works [25–31]. The EOs of Cymbopogon martini and Melaleuca alternifolia (known as
palmarosa and tea tree oils, respectively) have been traditionally and contemporaneously
identified for diverse applications in cosmetology [32], medicine [33], toxicology [34], food
security, and health, with specific antifungal [27] and antibacterial [35] characteristics.
These studies do not necessarily involve nanoscale applications. However, although some
studies considered EOs in coarse emulsions, there are introductory studies suggesting the
enhancement of their properties when the droplet size is on the nanoscale [36,37].

In practice, the previously mentioned EOs (palmarosa and tea tree) have been ex-
tensively considered due to their representative antimicrobial properties against microor-
ganisms [25,38]. Geraniol and terpinen-4-ol are monoterpene compounds present therein,
which exhibit antimicrobial properties due to their lipophilicity, permeabilizing cell mem-
branes by binding to important intracellular sites and causing functional and structural
damage [39]. By applying these compounds at the nanoscale, the permeability of the
cell membrane increases [40,41]. Thus, nanoscale emulsions have been proposed as an
alternative method against Gram-positive and Gram-negative bacterial pathogens [1].

Here, using ultrasonication, O/W emulsions based on palmarosa and tea tree oils
have been nanofabricated as effective antibacterial agents. They were not fabricated spon-
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taneously using low-energy methods but through an induced ultrasound process, thereby
falling into the NE criterion. They are representative candidates for nanoscale emulsions
because of their antimicrobial effects and affordability. We investigated their chemical
composition through spectroscopic analysis after ultrasonication to ensure the presence
of antimicrobial compounds. One of the main outcomes of this research is the stability of
long-lived droplets size tracked over one year after droplet size distributions and their
dynamics, monitored using dynamic light scattering (DLS) to show stable droplets at
the nanoscale (1–100 nm). The incursion into the thermoresponsive effects also opens up
further studies around the droplet size-based transport dynamics. Disk diffusion studies
determined certain enhanced inhibitory activity against exemplary Gram-positive and
Gram-negative bacteria, showing them as potential antibacterial agents, leading to future
applications as an effective, accessible, and safe antiseptic product for commercial purposes.
Section 2 presents the Materials and Methods. The third section presents the main results
of the research. The two last sections comprise the discussion and conclusions.

2. Materials and Methods
2.1. Materials
2.1.1. Essential Oils, Surfactant, and Continuous Phase

Palmarosa and tea tree EOs were purchased from a local supplier (Droguería Cos-
mopolita, Mexico City, Mexico), with CAS (Chemical Abstracts Service) 8014–19–5 for
palmarosa and CAS 6847-73-4 for tea tree. Both essential oils were pure (derived from a
genuine botanical source without fillers, additives, or other impurities).

Eumulgin was chosen here as a surfactant because it is considered a safe substance
for human use under a maximum daily exposure of 9 mg, according to the Food and
Drug Administration (FDA) [42]. Hydrogenated castor oil of cosmetic grade Eumulgin CO
40 was purchased from a local supplier (Droguería Cosmopolita, Mexico City, Mexico) with
CAS 61788-85-0. The continuous phase (distilled water) was acquired from CTR Scientific
(Mexico City, Mexico), a national supplier of laboratory equipment and chemical reagents.

2.1.2. Bacterial Strains

To analyse the antibacterial characteristics of NEs, the bacterial strains considered
were Salmonella spp. and Bacillus subtilis, representatives of Gram-negative and Gram-
positive bacteria, respectively. They were acquired as clinical isolates obtained from the
Autonomous University of Nuevo Leon (Monterrey, Mexico) and are commonly studied for
their effect on the human body and their developed resistance to antibiotics. Salmonella spp.
was selected due to its pathogenic activity and recent antibiotic resistance. B. subtilis was
selected due to its versatility and its similarity in cellular structure to other Gram-positive
pathogenic bacteria.

Becton Dickinson Bioxon nutrient, acquired from Master Leav (Puebla, Mexico), was
used to promote bacterial growth for the disk diffusion test. Mueller–Hinton agar from
Sigma-Aldrich Products, acquired from Master Leav (Puebla, Mexico), was used for the
disk diffusion technique. Ampicillin from Sigma-Aldrich, acquired from CTR Scientific
(Mexico City, Mexico), with a concentration of 100 mg/mL, was used to compare the effect
of the emulsion. It is a broad-spectrum antibiotic that is effective against Gram-positive
and Gram-negative bacteria. Filter paper disks with an approximate diameter of 6 mm
were used to load the NE and antibiotic test.

2.2. Methods

The main research lines in this study (composition, droplet size, and disk diffusion)
are briefly reported in Figure 1 ,together with the main analysis methods.
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Figure 1. Distribution of the goals and results obtained for the tea tree and palmarosa emulsions in
this study.

2.2.1. Microemulsion Preparation
Initial Preparation

The EO emulsions, at concentrations of 5% and 10% (w/w), were prepared by consid-
ering these proportions (w/w) of EOs, and then adding 13% and 21% (w/w) of Eumulgin
or hydrogenated castor oil of Eumulgin, respectively, in a Corning tube measuring 20 mL.
To reach those proportions, several previous studies were performed to obtain stable emul-
sions over time. Based on these results, we obtained a more homogeneous size distribution
using 13% and 21% of Eumulgin, with droplets less than 15 nm. After the pre-mixture,
distilled water was added to each solution, at 82% and 69% (w/w), respectively. Then, the
mixtures were heated at a temperature of 45 °C for five minutes and mixed using Vortex-
Genie 2 (Scientific Industries Inc., Hania, NY, USA), obtaining a milky white-coloured
emulsion. After the initial preparation, but before ultrasonication, the droplet size of the
emulsions was measured using DLS. The characteristic droplet size was around 900 nm.
The results showed that nanoscale droplets (in the sense of the nanoemulsion characterisa-
tion criterion) did not appear as a spontaneous process. This measurement was repeated
for several of days more with the same outcome. The size of the droplets was shown to be
the result of the additional ultrasonication process rather than a spontaneous process.

Ultrasonication Method

The emulsions of palmarosa and tea tree were obtained using the ultrasonication
method to form nanoscale droplets [43,44]. This resulted in kinetically stable NEs following
the application of sound waves greater than 20 kHz. This method led to droplets with
notable stability and droplet size at the nanoscale, which do not flocculate and coalesce
over a long time and which control temperature changes.

After ultrasonication, a translucid colloid was obtained using a Hielscher UP4000St
(Teltow, Germany) ultrasonic processor (400 W, 24 kHz). The emulsions were prepared for
1 min for 5% NE and for 1.5 min for 10% NE. An amplitude of 70% of the total power of the
equipment was used and also 70% of the maximum frequency value. The emulsions were



Colloids Interfaces 2025, 9, 5 5 of 26

placed in an ice bath to prevent overheating and the degradation of the EOs. Finally, they
were transferred to test tubes with screw caps and stored in darkness at a non-controlled
temperature of 20 °C, on average.

2.2.2. Composition Characterisation

In [45], DLS and Fourier transform infrared spectroscopy (FTIR) techniques were
used to analyse the droplet size and composition of NEs. There, emulsions with different
compositions exhibited extended droplet size distributions with various stability. Here,
FTIR spectra were obtained using Shimadzu’s IR Affinity-1S equipment (Kyoto, Japan)
coupled with attenuated total reflectance (ATR). The emulsions and EOs (∼50 µL) were
placed on the ATR. Similarly, 0.05 mg of Eumulgin was used to analyse their infrared
absorption and elucidate their composition. The raw materials (Eumulgin, distilled water,
and EOs) and the NEs were compared to observe certain functional groups and interactions
between the components. The objective of acquiring the EOs from a local provider was to
reduce the emulsion production costs without compromising their properties. The FTIR
analysis ensured the adequate composition of both EOs.

2.2.3. Droplet Size Characterisation
Turbidity

Turbidity is a parameter influenced by several factors, including the type of essential
oil, the composition of NEs, and the size of the droplets. Several studies have reported
that the increase in turbidity is related to the interaction of light with larger particles in the
NE, becoming a primary detection method [46,47]. Thus, an important property of NEs is
their low turbidity, although samples at higher concentrations present a higher turbidity
value. After the elaboration, the turbidity of the NEs was measured for each sample as
a preliminary study to elucidate the size of droplets at the nanoscale. An HI887130-ISO
Turbidimeter (acquired from HANNA Instruments, Mexico City, Mexico) was used to
measure it.

Dynamic Light Scattering and Zeta Potential Measurement

As mentioned previously, in [45], the DLS technique was used to analyse the stability
of the droplet size in nanoemulsions. In the current research, DLS was used to determine the
polydispersity and droplet size of the emulsions using Zetasizer Advance Ultra equipment
(DLS, Malvern Instruments, Worcestershire, UK). Those quantities were first determined
just after their elaboration, followed by a tracking of the stability over time, as a result
of efficient and effective nanofabrication. NEs were analysed using the backscattered
method and a stabilising temperature of 25 °C. The emulsions were analysed by pouring
approximately 1 mL into a low quartz cuvette. In addition to this equipment, a Folded
Capillary Zeta Cell, DTS1070 (Malvern Instruments, Worcestershire, UK) was also used to
determine the zeta potential of NEs.

Polydispersity

The polydispersity index (PDI) refers to the compositions of different sizes that form
a sample. Typically, it provides information about the heterogeneity of droplet sizes.
A low PDI value confirms the presence of a homogeneous distribution of droplet sizes.
However, several measures exist for such an index. In the current analysis, we have
reported and compared a couple of measures, designated here as PDIa and PDIb. PDIa

was determined, through the size datasets for the mean and standard deviation of the
statistical distribution of the droplet size provided by the equipment, as PDIa = σ/µ.
This measure is commonly associated with the Schulze–Hardy rule [48,49]. A lower PDIa

value suggests a more homogeneous distribution of sizes, while a higher value refers to
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a heterogeneous distribution. Alternatively, PDIb is the measure directly reported by the
DLS instrument. It is derived from the moments of the logarithmic droplet size correlation
function as PDIb = 2M3/M2

2, with Mi as the ith moment [50,51]. It is closer to Kurtosis-like
measures but is highly dependent on the measurement techniques used by each instrument.
For the instrument used herein, a PDIb value between 0.1 and 0.25 represents a narrow
distribution [52], while values above 0.5 represent a broad distribution of droplet sizes [53].

2.2.4. Droplet Size Stability Follow-Up

The stability of the droplet size is a relevant parameter that helps to discriminate be-
tween kinetic and thermodynamic stability. When it changes, the emulsion may lose some of
the properties potentiated by the nanoscale. There is controversy regarding droplet sizes be-
tween 10 and 100 nm and their definition as MEs or NEs, which does not correspond to their
particular size but rather with their type of stability over time, polydispersity, and prepa-
ration method. The determination of thermodynamic stability is usually experimentally
complex because its definition underlies the behaviour of the Gibbs free energy change with
factors that modify the size of its droplets [54,55]. If this change ∆G = σ∆A−T∆S < 0, then
the increase in the interfacial area ∆A (the breakdown into droplets of smaller radius) occurs
at the expense of an increase in entropy and is usually feasible for low interfacial tensions
σ ⪅ 10−3–10−1 mN/m [56]. This is dramatically different from the case of NEs, where
σ ≈ 1–10 mN/m and which can only achieve kinetic stability [57]. The stability of NEs has
been a subject of discussion within the field.

To assess differences in the meaningful statistical changes of droplet size distributions,
we used a mean difference test based on Student’s t distribution. Even considering a low
confidence for the difference in the mean diameter of the droplets, for example 80%, it
will imply mean differences greater than approximately 1.282 times the standard deviation
(considering an infinite number of degrees of freedom for large samples, as in this case).
This would imply somewhat greater differences than the standard deviations involved in
the distributions.

Stability of the Droplet Size Distribution

In our specific case, we used a high-energy method, corresponding with a criterion
defining NEs, to obtain a kinetically stable droplet size [9,12,18]. Thus, while smaller
droplets generate a larger total surface area, they could require more energy if the process is
not spontaneously reached. For the follow-up, DLS tests were performed on each emulsion
through different periods departing its fabrication (initial), then 1, 3, 6, and 12 months later.
As an alternative test of stability, the zeta potential (ζ) of the emulsions was monitored at
each time using the same DLS instrument, which provides this value by employing a zeta
cell to measure it when transmitting an electric current through the emulsion. For this step,
1 mL of NE was taken by syringe and placed in the zeta cell to perform the measurement.

Insight Test of Thermoresponsiveness

However, several examples of long-lived NEs have been provided in the litera-
ture [58,59], some of which have a certain elastic thermoresponsivity [60–62]. Despite
being outside the scope of the main objectives of this research, we developed an insight
thermoresponsivity test based on DLS. In such a case, for 5% NEs, departing from a first
measurement at room temperature, we raised the temperature to 50 ◦C by heating the
sample (controlled by the DLS equipment). Then, a series of DLS measurements were
performed, equally spaced, for 10 min each, until the visual equilibrium of the droplet size
distribution plot was reached. The sample was then again cooled at room temperature,
taking DLS measurements for the droplet size distribution with the same time lapses.
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These measurements were also repeated until the visual equilibrium of the droplet size
distribution plot was reached.

2.2.5. Antibacterial Activity

One of the main differences between Gram-negative and Gram-positive bacteria
comes from their cell envelope. Gram-negative bacteria have an outer layer composed
of lipopolysaccharides and an inner thin cell wall made of peptidoglycan. In contrast,
Gram-positive bacteria only have a peptidoglycan cell wall, but these are many times
thicker than those observed in Gram-negative bacteria [63].

In [64], the disk diffusion technique was applied to determine the efficacy of clove–
thyme NEs on Escherichia coli, Bacillus subtilis, Staphylococcus aureus, and Klebsiella oxytoca.
It showed a higher inhibitory effect of NEs than of coarse emulsions using the same EOs.
Therefore, in this study, the disk diffusion method was applied to assess the antimicrobial
activity of emulsions over representative Gram-positive and Gram-negative bacteria. Here,
the oldest NE samples presented in the current work were used to show their sustained
effectiveness through time.

The bacteria strains, Salmonella spp. and Bacillus subtilis, were placed in the nutrient
broth for more than 15 h before inoculation. At that time, the optical density of Salmonella
spp. corresponded to 1.369 and the optical density for Bacillus subtilis was 0.978, when both
bacteria were in their logarithmic phase. Each agar plate was labelled and then inoculated
before placing the inhibition disks. The emulsion and the antibiotic ampicillin were loaded
onto a filter paper disk db ∼ 6 mm in diameter. Each paper disk was loaded with 10 µL
of the emulsions and the controls were placed at an approximate separation distance of
2 cm between each other on the surface of the inoculated agar. After 24 h of incubation
at 37 °C, the diameter of the inhibition zone was determined for the emulsions and their
controls. The measurement was made with Vernier callipers and was measured four times
to reduce errors, ensuring accurate measurement of the inhibition disks and the diameter of
the original paper disks. Each agar plate had a different emulsion and was analysed twice
(repetitions labelled 1 and 2) to obtain better control of the experiment. Two additional
dilutions of 50% and 25% (v/v) were used to determine antibacterial activity in lower
concentrations of the original emulsion. The dilutions were obtained departing from the
original NE; 1 mL of it was placed in 1 mL or 3 mL of distilled water inside a sterile tube
using a micropipette, manually homogenising for 10 s to prepare the 50% or 25% (v/v)
dilutions, respectively.

2.2.6. Summary

In summary (Figure 1), the composition of the emulsions and their respective raw
materials was studied using FTIR coupled with ATR. Then, a study of the turbidity sug-
gested the presence of nanoscale oil droplets in NE. For droplet size studies, repeated DLS
measurements determined the change in droplet size over time. A brief thermoresponsive
analysis was performed to obtain information about the droplets’ stability strength. Finally,
the effect of the droplet size and composition of the emulsions on microbial strains was
studied using the disk diffusion method, compared with that of an effective antibiotic.

3. Results
3.1. Initial Characterisation
3.1.1. Turbidity Outcomes for the Fabricated NEs

The initial turbidity characterisation for the palmarosa NE with an EO concentration
of 5% was 34.6 NTU (Nephelometric Turbidity Units), while, for 10% NE, it was 53.5 NTU.
The tea tree NE with an EO concentration of 5% showed a turbidity of 33.8 NTU and, for a
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10% NE, a turbidity of 50.6 NTU. Typically, turbidity values for similar oil concentrations
in a typical microscale droplet emulsion fall between 100 and 500 NTU [65]. Instead,
values near 30 NTU denote low turbidity, while those near 50 NTU correspond to low–
moderate turbidity, as those obtained in our NE suggest droplet sizes far below 1 µm,
closer to nanoscale droplets. As a reference, similar results were obtained for lecithin
microemulsions [66] showing sizes of 4.4 to 6.3 nm, resulting in turbidity values between
11.53 and 13 NTU.

3.1.2. Composition Study After Ultrasonication

Figure 2A,B show the composition outcomes for palmarosa and tea tree emulsions
using FTIR, one year after fabrication, to track their main antibacterial compounds. They
are identical to those obtained just after their fabrication (a similar analysis of additional
10% emulsions in this study gave similar FTIR results three months after their fabrication,
although they were not reported here). Each plot presents the EO (green), the emulsion
(black), the Eumulgin surfactant (blue), and the distilled water (red) spectra for a direct
comparison, in agreement with the upper legends. The lower horizontal axis corresponds
to the wavenumber (k = 2π/λ), as reported by the FTIR instrument, while the upper
horizontal axis shows the wavelength (λ), to facilitate the interpretation of the spectrum.
On the vertical axes of the left and right, transmittance and absorbance percentages (%T
and %A) are reported, respectively, to facilitate reading. Each plot depicts some of the
relevant wavenumbers corresponding to certain chemical groups that are relevant to the
analysis of the NE composition. In both plots, the spectrum of Eumulgin shows a band at
2922 cm−1 corresponding to the O-H stretching of the carboxylic acid. Around 1732 cm−1,
a stretching C=O vibration is also produced in the acid group. At 1097 cm−1, a noticeable
band corresponds to a C-O stretching of the carboxylic acid of Eumulgin. The water
spectrum shows two typical bands at 1639 cm−1 and 3329 cm−1.

Palmarosa EO presents a spectrum very similar to that published by [38,45], despite
using different concentrations of EO and surfactant (Tween 80). Geraniol corresponds to
the main component of the essential oil of palmarosa. A broadband can be observed at
3331 cm−1, associated with the O-H stretching of the alcohol group. The C-H tension of
the alkane and alkene groups is also observed in the range between 2800 and 3000 cm−1.
The narrow band at 997 cm−1 corresponds to the C-O stretching of the alcohol group.
Furthermore, at 1639 cm−1, a C=C stretching vibration is observed. The most similar result
corresponds to the emulsion with 6% of EO, which is comparable to our 5% emulsion.
Here, a broadband is formed at 3329 cm−1, which can be attributed to the stretching of O-H
corresponding to the continuous phase of distilled water of the emulsion (superposed with
the band at 3331 cm−1 of the alcohol group in geraniol). The displacement of this band
from 3275 cm−1, as observed in distilled water, to 3129 cm−1 could have occurred due to
the intermolecular interaction of the O-H group. The band at 1639 cm−1 corresponds to
the stretching of C=O. Both the surfactant and palmarosa EO presented with bands in this
region, which increased in the emulsion due to the presence of water, and with interactions
between the surfactant and the continuous medium. Another relevant band is observed at
1097 cm−1, which tends to absorb more at higher concentrations of surfactants [45].
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(A)

(B)

Figure 2. FTIR analysis of (A) palmarosa EO (green) and emulsion (black), and (B) tea tree EO (green)
and emulsion (black). Both are also compared with the Eumulgin emulsifier (blue) and distilled
water (red).

In contrast, the tea tree EO presented with a similar spectrum as that seen in some
terpinen-4-ol databases [67]. Since this compound corresponds to approximately 70% of the
EO, the FTIR results confirm its presence. The spectrum shows a broadband at 3446 cm−1

corresponding to the O-H stretching (inherited from NE but partially superposed with
the band at 3329 cm−1 coming from water). Similarly to the palmarosa spectrum, C-H
stretching is produced between 2800 and 3000 cm−1 due to the presence of alkane and
alkene groups. Different flexions of O-H are observed in ∼1430 cm−1 and ∼1380 cm−1.
The tea tree oil emulsion shows almost the same spectrum as the palmarosa one. In both
NEs, a band with low absorption is seen around 2100 cm −1, which is not present in any of
the EOs and surfactants, nor on water spectra. This specific band could be associated with
interactions between the components of the emulsions. As can be observed, the main bands
of the Eumulgin and EOs are present in some cases in the NEs but at a lower intensity,
because the emulsion is mainly composed of water, which interferes with the measurement
of the other components.

NEs show the main alcoholic compounds in relation to each EO studied, increasing
their antimicrobial activity through the presence of the corresponding alcoholic groups
(k = 3331 cm−1 for palmarosa and k = 3446 cm−1 for tea tree). They promote the lipophilic-
ity of the compounds responsible for the antimicrobial properties of EOs, allowing the
compound to bind to specific sites, thus disrupting cellular processes.

For palmarosa EO, its composition and characterisation, as reported in this work,
corresponded with other studies in the literature [38,45]. Compared to [38], the main bands
were observed as having slight shifts in the bands around 1442 and 2924 cm−1 for those in
1440 and 2916 cm−1, respectively. For the tea tree oil, another study [68] is comparable to
ours, especially in the range of 2900 cm−1.
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3.1.3. Initial Droplet Size Characterisation

The initial analysis of droplet size through DLS showed that the palmarosa emulsion,
with 5% EO, had an average droplet size of 11.4 nm, with a PDIa of 0.2256. In the case
of the tea tree emulsion with 5% EO, its average droplet size was 10.9 nm and its PDIa

was 0.1554 [69]. The analysis of the droplet size, using DLS, of EO 10% emulsions showed
that the size distribution was greater than that of the 5% emulsions. In the case of the 10%
emulsion of palmarosa, the initial average droplet size was measured at 14.7 nm with a
PDIa of 0.5159. On the other hand, the tea tree emulsion with 10% EO presented a mean
droplet size of 16.9 nm with a PDIa of 1.507. This confirms droplet sizes on the nanoscale,
as suggested by the turbidity tests. The initial characterisation parameters are reported in
Table 1 for turbidity, the average size of the droplets, and for PDIa, as obtained just after
fabrication for each NE.

Table 1. Initial droplet size characterization and polydispersity obtained for palmarosa and tea tree
emulsions at different concentrations.

EO Conc. Turbidity (NTU) Av. Size (nm) PDIa

Palmarosa 5% 34.6 11.4 0.23
10% 53.5 14.7 0.52

Tea tree 5% 33.8 10.9 0.16
10% 50.6 16.9 1.51

3.2. Droplet Size Distribution Follow-Up and Its Stability
3.2.1. Long-Lived Droplet Size Stability over Time for the 5% Emulsions

The droplet size distribution and the polydispersity changes for the 5% emulsions
were studied over different periods for palmarosa and tea tree EOs, at 1, 3, 6, and 12 months
after their initial preparation. The DLS results are shown in Figure 3A (palmarosa) and
B (tea tree), with solid lines in colours in agreement with the legend on the right side.
Each curve is an adjusted spline from the data provided by the equipment using the size
distribution by number mode. The gridlines on the horizontal axis each represent 5 nm
and follow a logarithmic scale.

As seen in Figure 3A, the palmarosa emulsion remained stable with droplet sizes
varying around their peaks, which were almost statically located between 9 nm and 11 nm.
Although no phase separation processes occurred, the droplets of the emulsion slightly
changed over time, with changes that were not statistically significant considering their
dispersion. Between the 3-month and 6-month measurements, the peak droplet size
distribution decreased from 9.6569 nm to 8.6398 nm (a reduction of 1.0171 nm), much less
than one standard deviation. Furthermore, between 6 and 12 months, a non-meaningful
increase in droplet size occurred. In contrast, Figure 3B corresponds to the tea tree emulsion,
which remained stable between 8 and 10 nm for its peak diameter distribution. Similarly to
palmarosa, the tea tree emulsion exhibited a droplet size reduction between 3- and 6-month
follow-ups. The reduction was 2.04 nm for the peak droplet size diameter distribution,
which was still not statistically significant. Both emulsions followed this stable trend during
the one-year follow-up. The samples were kept at room temperature without any special
storage care other than darkness. However, the laboratory where the nanoemulsions were
commonly manipulated is a facility with partial control of temperature; this warrants
fluctuations no higher than ±5 ◦C around 25 ◦C.
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(A)

(B)

Figure 3. Diameter distributions of (A) palmarosa and (B) tea tree 5% emulsions studied over time.
The gridlines corresponding to the horizontal axis each represent 5 nm and follow a logarithmic scale.

Table 2 reports the maximum number of particles (peak) from the statistical distribu-
tion with a specific diameter, considering the characteristic diameter (Max). In addition,
the mean diameter (µ) and the standard deviation (σ) are also reported. The difference
between the characteristic diameter and the mean diameter shows a positive distribution
skewness that is maintained at all times for both samples. Considering the stability, the
characteristic diameter becomes statistically stable over time in both cases, remarking
the higher kinetic stability. The tiny non-meaningful variations observed are commonly
attributed to additional factors such as evaporative ripening, Ostwald ripening, and the
changes in the surfactant concentration that have been observed for NEs and MEs [70].

Table 2. Follow-up of characteristic droplet size and stability parameters (maximum distribution,
mean, standard deviation, the two PDIs, and zeta potential (ζ) for both 5% NEs.

EO Time Max. (nm) µ (nm) σ (nm) PDIa PDIb ζ (mV)

Palmarosa Initial 10.37 11.45 3.15 0.28 0.23 −1.08
1 month 9.76 10.87 3.19 0.29 0.21 −1.09
3 months 9.66 10.81 3.13 0.29 0.19 −1.09
6 months 8.64 9.85 3.01 0.31 0.18 −1.12
1 year 8.82 9.94 3.00 0.30 0.18 −1.11

Tea tree Initial 9.76 10.88 3.26 0.30 0.16 −2.11
1 month 10.47 11.58 3.24 0.28 0.18 −2.31
3 months 9.46 10.49 3.00 0.29 0.18 −2.46
6 months 7.42 8.49 2.60 0.31 0.24 −2.67
1 year 7.65 8.57 2.48 0.29 0.22 −2.95

The droplet size distributions exhibit a consistent uniformity, with diameters approx-
imately ranging from 5 nm to 30 nm (see Figure 3). Note in particular that, for the tea
tree NE, a characteristic diameter reduction is reached one year later, while the droplet
size range is broadened in terms of polydispersity (Figure 3B). This last phenomenon
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is practically not present in the palmarosa NE. It is important to note that, when using
different equipment, the determination of PDI varies.

The zeta potential (ζ) provides certain evidence of the stability of the droplets against
sedimentation, aggregation, and coalescence. For ionic surfactants, higher absolute values
of zeta potential (above 30 mV) indicate repulsion between droplets, increasing the stabil-
ity [71]. In contrast, for non-ionic surfactants such as Eumulgin, absolute values close to
zero (below 10 mV) are expected because of the double layer of steric repulsion [72–74]. The
tracked values in Table 2 for the zeta potential were obtained as the average of a three-fold
test. The tiny variations are commonly attributed to impurities [75,76].

3.2.2. Initial Droplet Size Stability Behaviour Compared at Two Different
EO Concentrations

As a comparative analysis for the fabrication method, alternative NEs at a concentra-
tion of 10% (w/w) were also initially analysed during the first three months; they exhibited
a similar stability behaviour, predictive of long-lived stability, but we still suggest a more
detailed parametric analysis in future work, in terms of EO concentrations. Figure 4 shows
the differences in droplet size distributions for both concentrations, from initial preparation
to 3 months after, for palmarosa NEs (Figure 4A) and tea tree NEs (Figure 4B). The dotted
lines correspond to the 5% concentrations of NEs, while the continuous lines correspond
to the 10% concentrations of NEs. In the following section, we use the nomenclature OC%

to refer to the different NEs, with O=P, T for palmarosa and tea tree, respectively, and
C = 5, 10 for the two concentrations of EO used (that is, P5%, T5%, P10%, and T10%).

(A)

(B)

Figure 4. Diameter distributions of (A) palmarosa and (B) tea tree NEs studied at concentrations
of 5% (dashed lines) and 10% (continuous lines) (w/w) over a period of 3 months. The gridlines
corresponding to the horizontal axis each represent 5 nm and follow a logarithmic scale.

Comparative increases of 3 nm and 6 nm were respectively observed for the droplet
size diameter of each EO as a function of a higher concentration. This is consistent with the
behaviour for similar emulsions made using lemon oil [77]. In both Figure 4A,B, positive
skewnesses are observed; however, these are reduced for the 5% NEs. The P10% NE shows
a slight change in the average initial droplet size in diameter, from 11.4 to 14.7 nm, between
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the concentrations. For tea tree, there is a corresponding higher increase in the average
initial diameter of the droplet, from 10.8 to 16.0 nm.

Palmarosa NEs present slightly different behaviour over time between P5% and P10%.
Although it is not significant, P5% demonstrates some reduction over time in the charac-
teristic droplet diameter. P10% has a characteristic diameter increase; it increases from the
initial droplet size of 14.7 nm, then decreases slightly after one month to 14.5 nm, and,
after three months, increases to 16.0 nm. There is a slight reduction in the heterogeneity
of the sample, while its skewness tends to reduce in general. For comparison, in [70],
several lidocaine NEs with different concentrations were studied over time, observing a
characteristic diameter reduction after 6 months in 44% of their samples.

The behaviour of the tea tree NE over time for both concentrations is similar. For both
concentrations, the NE increases its droplet size after one month and then decreases three
months later. Specifically, in the case of the T10%, the initial characteristic droplet size was
16.0 nm; then, after one month, it was 16.8 nm; finally, three months later, it reduced to
15.0 nm. However, as before for the P5%, those changes are non-meaningful for both EOs
due to their dispersion, thus exhibiting high stability (see Table 2).

3.2.3. Polydispersity Stability Analysis for the 5% NEs

The 5% NEs were analysed over time to monitor changes in droplet size polydispersity
as an additional parameter to track group stability. Figure 5A (palmarosa NE) and B (tea tree
NE) illustrate the integrated behaviour of droplet size characterisation and polydispersity
for P5% and T5%, tracking the slight changes over time (see Table 2). The vertical axis
represents the mean diameter obtained from the distribution (highlighting dispersion
with vertical arrows to exhibit the statistical droplet size stability), while the horizontal
one reports the characteristic diameter in nanometres. Each measure is reported using a
disk whose size illustrates (at a different scale than the axes) the range of diameters (in
nanometres) containing 99% droplets. Finally, PDIa is observed in colour. The disk sizes,
times, and PDIa colours agree with the legend around.

Figure 5A shows different ranges on each axis for the reported values. Thus, the
characteristic diameter (peak) decreases below the mean diameter value, revealing an
asymmetric droplet size distribution with a higher proportion of particles larger than the
mean (positive skewness). Both mean and characteristic diameters show non-meaningful
oscillations over time. This reduction has been observed as a consequence of evaporation
after stirring [78]. Thus, the polydispersity is lower for a more homogeneous distribution
with larger but unstable droplets. In this process, some energy is exchanged, but it is
exchanged around a stable equilibrium point. Several months afterwards, the range of
droplet size distribution drops from 16 to 15 nm, resulting in a more uniform distribution.
Despite this, the PDIa (σ/µ) shows only tiny variations over time.

Figure 5B, for the tea tree NE, exhibits a similar general behaviour between the
characteristic (peak) and the mean diameters, revealing a positive skewness and presenting
more large-sized particles than smaller ones. An increase in the diameter distribution is
observed during the first month, then decreases, as in the palmarosa case. The reduction
in diameters is more noticeable than for palmarosa; it is due to the fracturing of unstable
droplets into smaller but more stable droplets. The characteristic diameter after six months
reduces to below 8 nm. It has an impact in the 99% size range for the diameter droplets,
showing a more homogeneous size distribution around the mean. Note again the final
increase of PDIa as a result of a faster decrease in µ than σ. In any case, those tiny variations
become non-meaningful in spite of the larger dispersion.
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(A) (B)

Figure 5. Comparison between the characteristic (horizontal) versus the mean diameter (vertical)
in the NE, including its dispersion, shown with arrows (±σ) for (A) palmarosa and (B) tea tree (see
Table 2). NEs are studied over time in agreement with the numbering; the disk radius reports a
99%−range of distribution, while the colour reports the PDIa value (see the attached legends).

3.2.4. Thermoresponsivity Insight Analysis for the 5% Emulsions

A complementary study of droplet size thermoresponsivity was developed for NEs
with concentrations of 5%. It was carried out on samples following one year of tracking.
Following an initial DLS analysis at room temperature, the samples were then stabilised by
the equipment at 50 ◦C. Then, a DLS spectrum was recorded every 10 min, keeping that
temperature until the plot stabilised. Finally, the samples were allowed to cool to room
temperature, while the spectrum was again recorded every 10 min during the cooling until
the plot stabilised.

Figure 6 shows the distributions for each stage, with the measurement time differen-
tiated by colour, according to the legend. Figure 6A,B correspond to the palmarosa NE
(sustained heating and cooling, respectively), while Figure 6C,D correspond to the tea tree
NE. A logarithmic scale is used for the diameter on the horizontal axis, while the vertical
axis reports the value of the distribution. The vertical lines report diameters in intervals of
10 nm.

The palmarosa NE is shown in Figure 6A; its initial characteristic distribution is
shown by the black dotted line, followed by colour distributions for the NE at 50 °C (10,
20, . . . , 60 min) from blue to red, as the time advances up to 60 min. Notice a general
non-monotonous droplet size increase for the characteristic diameter. The inset on the right
shows an incipient group of much larger-diameter particles (between 100 and 1000 nm).
The 20 min distribution should be highlighted, which, although it shows a reduction in
the trend of increasing characteristic droplet size, also exhibits a shift in the distribution
to the right. This can be explained as due to the particles more able to coalesce being
the larger ones, thus resulting in the peak distribution shifting to the left for the more
stable droplets. This phenomenon is repeated for the final distribution, at the expense
of a notable secondary distribution towards 1000 nm. The cooling (Figure 6B) results in
a rapid recovery of the original distribution (10, 20, . . . , 70 min), but only until a slow
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final stabilisation (black dotted line) is obtained one day later. This analysis exhibits an
interesting transport phenomenon; in particular, it reveals the dynamic process at the
constant temperature of 50 ◦C, which surely is not reached uniformly as assumed by the
temperature equipment sensor, due to the inhomogeneity of the mixture being analysed.
This distribution is remarkably consistent with the initial distribution obtained during the
analysis in Figure 6A.

Figure 6C,D for the tea tree NE show a similar phenomenon, with a faster but more
modest thermoresponsivity, which rapidly becomes static at 50 ◦C. During cooling, recovery
is slower; even at the end of stabilisation, the characteristic droplet size is a little above
the initial value of the test (black dotted line in Figure 6C), at the expense of a much larger
group in the inset. This is also true for the final stabilised distribution (black dotted line
in Figure 6D, obtained two days after the main test), with a slightly higher value than
the initial.

In summary, Figure 7A,B show the thermoresponsive dynamics for palmarosa and
tea tree NEs. Each synthesises the behaviour of the mean diameter (Mean diam, shown in
blue), the characteristic diameter (Max diam, shown in yellow), and the mean volume of
the droplets (Mean vol, shown in green). They provide a better illustration of the transport
phenomenon between droplets when the NE is kept at 50 °C outside of thermodynamic
equilibrium. Figure 7A, of the palmarosa NE, shows the small increase in distributions
gradually achieved in the first 60 min. The noticeable increase in volume shows an effective
flow of droplets in coalescence. However, the recovery of the NE is observed when it
is returned to room temperature. Figure 7B, of the tea tree NE, shows a more modest
dynamic. It is remarkable that the small group of droplets over 1 µm remaining after the
test only suggests kinematical stability rather than thermodynamic stability. Thus, both
tests highlight a broad kinetic balance despite the moderate heating of the NEs. In the
overall test, the selected temperature of 50 ◦C corresponds to an extreme temperature to
which a commercial NE could be exposed.

(A)

(B)

Figure 6. Cont.
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(C)

(D)

Figure 6. Diameter distributions under a cycle of 18–50–18 ◦C heating–cooling phases for 5%
emulsions. (A) Palmarosa at 50 ◦C, (B) palmarosa cooling from 50 ◦C to 18 ◦C, (C) tea tree at 50 ◦C,
and (D) tea tree cooling from 50 ◦C to 18 ◦C. Each line colour is in agreement with the colour-bar
above indicating the elapsed time. Black dotted lines correspond to the droplet size distribution at
the initial temperature of the test, T = 18◦C.

(A)

(B)

Figure 7. Mean and characteristic diameters, together with mean volume, for droplets under a cycle
of 18–50–18 ◦C heating–cooling phases for 5% emulsions. (A) Palmarosa and (B) tea tree.

3.2.5. Final Remarks on the Droplet Size Stability Outcomes

A previous study [45] developed palmarosa NEs at different concentrations of surfac-
tant (Tween 80) and EO. The smallest droplet size was obtained for a concentration of 2.5%
of EO and 10% of surfactant. Using a different surfactant, the emulsifying capacity and
stability were modified. In the current study, we achieved a similar droplet size using a
higher concentration of surfactant and EO, reaching a high kinetic stability. Even for the



Colloids Interfaces 2025, 9, 5 17 of 26

case therein, with a higher concentration, ours was four times the one previously reported
there, obtaining a similar and stable droplet size [45].

An alternative study [79] obtained a palmarosa NE using citric acid and Tween 80.
Their formulation did not have stability without citric acid, representing a key factor for
obtaining an effective NE. The citric acid-containing emulsions contained 0.5% of EO and
1% of Tween 80, presenting a stabilisation process similar to our NEs over time. Initially,
they obtained a droplet size of 36.2 nm, which reduced over time, 4 weeks later, to 15.3 nm.
They also analysed the turbidity of their NEs over time, obtaining an initial value of
18.4 NTU and, 4 weeks later, a value of 2.7 NTU. However, turbidity considers not only
the droplet size of the NE but also its concentration. In the case of that previous study, the
composition of surfactant and EO corresponded only to 1.5% of the NE. In our case, the
components corresponded to 18% and 31% of the NE, at 34.6 and 53.5 NTU, respectively,
for the palmarosa emulsions.

3.3. Antibacterial Effectiveness at Several Concentrations Including Further Dilutions

The disk diffusion method was used to establish the efficacy of NEs against bacterial
strains of Salmonella spp. and B. subtilis. The preparations are illustrated in Figure 8A for
Salmonella spp. and B for B. subtilis. In each panel, the upper left corresponds to P5%, the
upper right corresponds to P10%, the lower left corresponds to T5%, and the lower right
corresponds to T10%. Each agar plate has five disks: the upper left is the control disk, the
upper right is ampicillin as an antibiotic, the central disk is the NE studied, the bottom left
is a post-prepared 50% (v/v) dilution and the bottom right is the 25% (v/v) dilution.

(A) (B)

Figure 8. Disk diffusion preparations for (A) Salmonella spp. and (B) B. subtilis. The upper left denotes
P5%, the upper right denotes P10%, the bottom left denotes T5%, and the bottom right denotes T10%.
Each one has five disks for the control (upper left), the antibiotic (upper right), the NE studied (centre),
the 50% (v/v) dilution (bottom left), and the 25% (v/v) dilution (bottom right).

Table 3 summarises the results for the diameter of the bacterial inhibition in cm for
each preparation within the agar plate. The bacteria analysed are on the left side of the
table. Each agar plate is shown in each column, corresponding to the palmarosa (P) and
tea tree (T) NEs. The essential oil concentration is shown as a subscript. Although two
experimental repetitions were performed as a control, only their average is included in
the table. Each row corresponds to the treatments (S): the blank (or control not loaded),
the antibiotic, and the NE, together with two post-prepared dilutions. As expected, the
antibiotic had a much bigger inhibition zone than the NEs.
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Table 3. Average inhibition diameters obtained from a pair of experimental repetitions for Salmonella
spp. and B. Subtilis in cm for P5%, P10%, T5%, and T10% for the following: blank sample, ampicillin
(AB), NE, and its dilutions to 50% and 25%.

Bacteria S P5% P10% T5% T10%

Blank 0.67 0.68 0.66 0.66

Salmonella spp.
AB 2.56 2.55 2.50 2.54
NE 1.39 0.92 0.78 0.77
50% 1.57 0.73 0.81 0.81
25% 1.06 1.05 0.72 0.68

Blank 0.66 0.68 0.66 0.66
AB 2.62 2.56 2.56 2.68

B. subtilis NE 1.06 0.78 0.80 0.81
50% 0.89 0.73 0.76 0.71
25% 0.88 0.71 0.73 0.71

The information in Table 3 shows that palmarosa NEs had, in general, a bigger inhibi-
tion zone than the tea tree NEs, particularly for Salmonella spp. Although some tea tree NEs
did not show notable inhibition zones, it was useful to show that their main components
practically did not notably affect the bacteria, nor the Eumulgin compounds. Thus, the
difference in the main components of both essential oils produces a different effect on
bacteria. In particular, P5% presented a deeper antibacterial effect than its P10% counterpart,
attributed to the difference in the size of the NE droplet.

A synthetic representation of the data in Table 3 is included for the analysis in Figure 9.
These circular plots are shown in quadrants (the same as those in Figure 8) and each one
of the columns is represented (by pairs comprising the repetitions in the same analysis
group) as follows: palmarosa (C.M., upper quadrants) and tea tree (M.A., lower quadrants),
5% (left) and 10% (right) in both cases. Thereafter, the average inhibition diameter dg =
1
2 (d

1
g + d2

g) for the repetitions was obtained and plotted for each group or treatment g
considered (blank, antibiotic, NE, NE 50%, and NE 25%). The following dispersion measure
for each case was also obtained:

∆g =
|d2

g − d1
g|

dg
(1)

In each quadrant, dg is reported as a circular arc for the group mentioned in the upper right
colour legend. In each case, if ∆g > 0.15 (a midpoint in the variability commonly reported
for the manually prepared disk diffusion tests [80]), the arc was plotted as a dashed line
representing the most variable results between the cultures. Clearly, ampicillin had the
highest effect against both bacteria in all agar plates compared to the NEs. However, the
external black circle reports the extreme diameter provided by the antibiotic, but is jointly
scaled for the four quadrants. In addition, the black central disk represents the blank
diameter db (which is the same for all cases). Thus, diameters are reported in units of
da (for this reason, the plots do not include absolute measures) using a logarithmic scale.
Thus, the grey arcs in each quadrant correspond to 3/10, 4/10, . . . , 9/10 of da. Figure 9A,B
correspond to Salmonella spp. and B. subtilis, respectively. Thus, all NEs and their dilutions
exhibited an antibacterial effect on both bacteria at the same scale as the antibiotic.
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(A) (B)

Figure 9. Comparison between inhibition diameters using (A) Salmonella spp., and (B) B. subtilis.
Diameters for the antibiotic and blank cases, da in db, are jointly scaled. The colour legend describes
the different treatments. A dashed arc reports a larger variation ∆g > 0.15 within the repetitions.

The inhibition zone reported in the second quadrant (upper right) for P10% and
Salmonella spp. is significant, despite depicting a mild variation (see Table 3). In gen-
eral, the inhibition diameter was related to the dilution of the sample. In that significant
quadrant for Salmonella spp., the diameter was larger for NE 50% than for the direct NE.
The behaviour was more limited for P10% and higher for the direct NE. In contrast, for B.
subtilis, although lower than in the previous case, the antibacterial effect was greater for the
direct NE than for the 50% dilution, but it remained significant for T5%. In general, more
modest results were observed for the tea tree NE. The different effects of NEs on both types
of bacteria are attributed to the amphiphilic properties of the droplets. In addition to the
larger surface area generated by the reduction in droplet size between 5% and 10% NEs,
the reduction in cell surface area leads to greater cell rupture, caused by a decrease in the
equilibrium of the cell membrane, which leads to material loss [1,81,82]. The antimicrobial
effect of the NE reported in other quadrants is similar, almost independent from the EO
and their dilution.

As seen in Figure 9A, in the significant second quadrant, the efficacy of the palmarosa
50% NE had a similar effect to the original NE, but a greater effect than the 25% dilution. In
fact, Salmonella spp. has a hydrophobic outer membrane that allows EO to enter the cell,
although such an effect is partially reduced as a function of the amount of water due to the
availability of the EO. Thus, the greater inhibition of Gram-negative bacteria in Salmonella
spp. is believed to be due to the nanoemulsified EO [82–84] and is also attributed to the
composition of the cell membrane and its affinity for the constituents of the EO [1,82]. A
different effect is seen for B. subtilis, which has a hydrophilic outer membrane, limiting
the antibacterial effect of EOs, more notably in dilutions where the amount of EO is lower.
Because the dilutions alter the proportion of oil to water, a superposed effect is acts together
with the droplet size to enter the cell membrane. However, the result for P5% still suggests
an important effect of the nanoscale droplet size on that bacteria.

The antimicrobial activity of the NEs observed in this study showed interesting out-
comes for the palmarosa NE at a concentration of 5% (w/w). It is relevant to note that the
composition of the palmarosa EO showed a higher inhibition than the tea tree EO in its
nanoformulated form. Several factors impact the efficacy of an NE and its antimicrobial
activity, such as the droplet size, the chemical composition of the surfactant and the EO,
and also the conditions of the experiment. In similar research on palmarosa NEs, the
antibacterial susceptibility of their formulations was analysed, considering variations in the
concentration of EO and surfactant, finding better results at higher concentrations of EO
and with larger droplets (87 nm) [45]. In contrast to those results presented in that study,
we showed that a higher concentration and a higher droplet size are not always the most
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effective. Our results showed that a smaller droplet size (related to a smaller concentra-
tion) can have a higher bacterial susceptibility, which is more notable for palmarosa NEs.
The components of the EO in the NE, the droplet size, and the surfactant properties im-
prove the NE’s penetration ability, as they comprise asynergistic effects enabling different
inhibition mechanisms.

As a comparison, another study [1], using 50 µL/well of NE, obtained inhibition zones
between 8.2 and 12 mm. These NE inhibition zones, compared to those for antibiotics, had
inhibition ratios between the NE and the antibiotic control, totalling approximately 0.34 and
0.52 times, corresponding to the results obtained in our current investigation. In another
study, the antibacterial effect of peppermint and myrtle NE was evaluated in B. subtilis and
E. coli (Gram-positive and Gram-negative bacteria, respectively) [46]. Peppermint NE had
a higher effect at a higher concentration on B. subtilis, while a lower concentration had a
higher antibacterial activity on E. coli, similar to our analysis. The NEs had almost the same
droplet sizes, but different concentrations within the NE respecting the continuous phase.
This was a similarly notable result to that observed in the current study for palmarosa NEs.

4. Discussion
4.1. Composition Study

The slight differences found in the literature in both EO spectra could be produced
by factors that affect the EOs’ composition. These can vary according to the region, en-
vironmental conditions, or the harvest season. In [85], it was shown that the geraniol
concentration present in palmarosa EO varied up to 10% depending on the harvest season.
Thus, through the comparison and confirmation of the main bands of the EOs, we ensured
that the active components responsible for the antibacterial activity were present after the
ultrasonication process.

4.2. Droplet Size and Stability Study
4.2.1. Droplet Size Follow-Up and Long-Lived Stability

It should be noted that our study considered monitoring the stability of the NEs
for one year, achieving high stability throughout this period. This behaviour contrasts
with that commonly reported for the NEs regarding droplet sizes (for example, in [16]).
One of the most relevant observations of the stability study is that polydispersity showed
a certain dynamic through time, with small oscillations of about 2 nm. This provides
important details about stability properties for interface nanofabrication for potential
commercial usage. In particular, our insight thermoresponsive analysis demonstrated
additional outstanding stability but also exhibited notable dynamics around the droplet
size equilibrium, which should be further explored in future research.

4.2.2. Statistical and Physical Interpretation

The statistical interpretation of droplet size in NEs deserves a more detailed discussion
of the findings from the temporal follow-up. The emulsion does not have a defined size
in the diameters of the droplets; instead, it is a complex system in which many droplets
of different sizes coexist, with an average size from its distribution (mean size) and a
characteristic size (modal size). Because of its interfacial interactions, this system is subject
to dynamic coalescence and flocculation processes, which are thermodynamically different
for each droplet size. In this group of droplets, the largest are more susceptible to those
processes. This dynamic is not uniform, especially over time in the face of the temper-
ature changes driving it, even though the surfactant supports a metastable equilibrium
process [55]. The dynamics of the statistical distribution usually showed variations over
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time, with minimal oscillations or even a decrease in the value of the characteristic size at
the expense of the coalescence of the larger droplets, except when the process was driven
by temperature in a sustained way, as observed in the thermoresponsive study. Both
behaviours are observed in the temporal follow-up of the NEs and their response to heating
and cooling. In the cases of the NEs studied, the changes generated in the free energy,
as discussed in Section 2.2.4, are not extreme enough to exit the metastable equilibrium,
showing a good performance in the face of typically controlled changes, such as those to
which a NE for commercial use could be subject.

4.3. Antimicrobial Properties

In the current study, Gram-positive bacteria such as B. subtilis underwent a greater
inhibitory effect from direct NE due to their hydrophilic outer cell membrane affinity, where
the dispersed phase blocks EOs. Several studies have reported that the antibacterial effect
of EOs in coarse emulsions is higher in Gram-positive than in Gram-negative bacteria due
to their hydrophilic membrane reducing penetration into the cells of the diluted oil [1,82].
As seen in Figure 9B, the largest inhibitory zone was observed for the original NEs without
dilution. In contrast, Gram-negative bacteria have an hydrophobic outer membrane,
making it easier for EOs to enter the cell, and this effect is improved at a nanoscale. Similar
future tests are in order on other Gram-positive and Gram-negative bacteria.

5. Conclusions and Future Work
In the present study, several NEs with long-lived droplet size distributions were

fabricated using palmarosa and tea tree EOs. The characteristic droplet sizes obtained for
these NEs were between 8 and 15 nm, depending on the concentration of the NE and the EO.
These NEs were elaborated using an ultrasonification-induced process to reach nanoscale
droplet sizes without delayed stabilisation, as seen in other studies where the droplet size
still tends to change over time. Those droplets became stable for large periods (month-long
periods, up to one year) without special storage but with darkness at room temperature.

During the droplet size follow-up, an almost unperceived dynamic process was ob-
served. Without meaningful modification of the droplet size distribution and polydispersity
features, NEs showed a long-lived droplet size characterisation. Still, for the insight ther-
moresponsive test, which raised their temperature to 50 ◦C, they did become reversibly
changed, despite dynamic changes being observed around a stable equilibrium. In future
work, our samples should be tested using more extensive thermoresponsive analysis to
obtain information, not only about the nature of the stability’s strength and the dynamic
behaviour of polydispersity, but also about transport comparisons between droplet sizes.

The limitations of our study should be given. Because the DLS method is based on
spherical droplets, the aggregation processes may alter certain outcomes [86], broadening
the droplet size distribution and, although less sensitive, causing a shift in the characteristic
droplet size (peak). As an initial characterisation (not reported as central in this study), the
morphology of the droplets was qualitatively reviewed using atomic force microscopy [87],
which exhibited spherical droplets. Although tiny variations in the DLS spectra over time
suggest a lower aggregation or flocculation phenomena assuming the initial morphology,
the thermoresponsive test could generate aggregation because the morphology was not
checked during the test, so this insight test could exhibit a lack of precision.

Despite the notable droplet size stability, the nanoscale droplets and composition al-
lowed NEs to demonstrate antimicrobial activity against Gram-positive and Gram-negative
bacteria, particularly highlighting the effect of the palmarosa NE. It would be important to
extend these studies on the parametric dilution effect of NEs on different microorganisms.
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In a future study, we will focus on the effects of NEs on a larger group of microorganisms,
as well as their human biocompatibility.
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