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Abstract
Water solubility and increased specific surface area are some advantages that essential oil nanoemulsions have over pure oils. 
Numerous mechanisms to form nanoemulsions are reported in the literature, and even so, there are gaps in the correlations 
of processing variables and expected specific properties. This study applied a rotating core composite design (CCRD) to 
describe ultrasound processing variables on the physicochemical and antibacterial properties of Origanum vulgare essential 
oil nanoemulsion. Droplet size ranged from 41.67 to 231.83 nm with polydispersion between 0.21 and 0.46. All minimum 
inhibitory concentrations (MIC) observed in nanoemulsions (0.15–1.83 mg/mL) for E. coli and S. aureus were lower than 
in pure oil (2.36 mg/mL). Droplet size (41 nm), PDI (0.21), zeta potential (−10.13 mV), and MIC (≤ 0.23 mg/mL) proper-
ties could be obtained with optimized conditions of 2.9% Tween 80, 157 W, and 4.7 min sonication or 81.4 kJ/mL acoustic 
energy density. Optimized nanoemulsions stored at 4 °C showed stability over 30 days (< 150 nm), with growth kinetics of 
2.54 nm/day. The effects observed in this study may solve some limitations of applying natural antimicrobials.
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Introduction

Delivery systems based on nanoemulsions have attracted 
attention in recent years in several research areas due to the 
droplet-improved properties, including the increased surface 
area of contact, protection of bioactive compounds, water 
solubility, and improved optical properties (McClements  

et al., 2021). Several authors consider nanoemulsions when 
the suspended droplets reach a diameter smaller than 200 nm 
(Donsi et al., 2016; Sharma et al., 2022). The selection of 
suitable technology for producing nanoemulsions with droplet 
sizes capable of improving the physicochemical properties of 
the system is crucial for possible commercial applications. 
Low-energy methods can prepare nanoemulsion through 
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system phase inversion (phase inversion composition, phase 
inversion temperature, and emulsion inversion point) and 
high-energy methods through disruptive mechanical forces 
(homogenization high-pressure, microfluidization, high-
shear, and ultrasound) (Galvão et al., 2018; Hasheminya &  
Dehghannya, 2022; Hien & Dao, 2021; Xu et al., 2020). The 
development of delivery systems for natural compounds based 
on nanoemulsions has been a trend observed in numerous 
studies published in recent years, with different techniques 
and different formulations (Sharma et al., 2022; Youssef et al.,  
2022). These studies are important to reinforce the area of 
knowledge about the improved physicochemical properties.  
However, the differences between the formulations hinder the  
standardization of the technique and the possibility of com-
mercial application. In a previous study, da Silva et al. (2022b)  
suggested that the antibacterial activity of nanoemulsions is 
not only associated with the smaller droplet sizes but also 
with the surfactant:oil ratio (SOR), which should be ideal for 
maintaining the bioactive hydrophobic core. Thus, optimiza-
tion studies are necessary for the development of nanoemul-
sions that not only focus on size reduction, but also enhance 
bioactivity for a given application.

The production of nanoemulsions by ultrasound has 
gained interest due to the low cost of implementation, energy 
efficiency, and control of process variables. The equipment’s 
acoustic cavitations generate pressure fluctuations, col-
lapsing microbubbles in the system. The collapse creates 
localized turbulence capable of causing the droplet to rup-
ture, reducing its size (Bernardo et al., 2021). Final droplet 
properties such as size, polydispersity, zeta potential, and 
antibacterial activity can be influenced by processing param-
eters, including surfactant:oil ratio (SOR), surfactant type, 
sonication time, and ultrasound power (Teng et al., 2020). 
Several studies in recent years have produced essential oil 
nanoemulsions using ultrasound and obtaining significant 
variations in droplet size and polydispersity (Jiménez et al., 
2018; Merghni et al., 2022). These factors are important 
when observing that some formulations fit the nanoemulsion 
classification, but the antibacterial effects are equal to or less 
than free essential oil (Ozogul et al., 2020).

The main limitation of essential oils for several applica-
tions is their insolubility in water, reducing the contact of 
bioactive compounds with bacterial cells in aqueous media. 
The improved properties of nanodroplets can increase 
the solubility of essential oils in aqueous media, and the 
increase in the specific surface area can favor the interac-
tion of bioactive compounds of essential oils with bacterial 
cells (Araújo et al., 2018; Rosario et al., 2020). However, 
the standardization of processing variables for preparing 
nEO with improved properties is still poorly understood. 
Thus, this study aimed to optimize the Origanum vulgare 
essential oil nanoemulsion (nOEO) preparation to achieve 
improved physicochemical and antibacterial properties 

based on processing variables such as surfactant concentra-
tion, ultrasound power, and sonication time.

Material and Methods

Materials

The Origanum vulgare essential oil originated from Mol-
davia and was acquired from Ferquima Ltda. (São Paulo, 
Brazil). The oil was obtained by steam distillation, and the 
main constituents present were carvacrol (74%), p-cymene 
(5%), and thymol (2%), according to the manufacturer's tech-
nical report. The Tween 80 (HLB = 16) (Isofar, Brazil) used 
as a surfactant was purchased from Rei-Sol (Rio de Janeiro, 
Brazil). Escherichia coli ATCC 25,922 and Staphylococcus 
aureus ATCC 13,565 were obtained from the culture bank 
of Fundação Oswaldo Cruz (FIOCRUZ, Rio de Janeiro, 
Brazil).

Experimental Design

A central composite rotatable design (CCRD) was used in 
array 23, consisting of eight factorial points and six axial 
points with five repetitions at the central point (Table 1). 
Three independent variables were chosen, including sur-
factant concentration (X1), ultrasound power (X2), and soni-
cation time (X3). Droplet diameter (Y1), polydispersity index 
(Y2), zeta potential (Y3), and minimum inhibitory concentra-
tion of E. coli and S. aureus (Y4) were selected as response 
variables to determine the optimal conditions for process-
ing the nanoemulsions. The experimental conditions of the 
central points were selected based on a meta-analysis study 
by da Silva et al. (2022b) on droplet sizes associated with 
antibacterial activity.

Nanoemulsion Preparation

Approximately 50 mL of a thick emulsion was prepared by 
fixed addition of 1% Origanum vulgare essential oil and 
variations in Tween 80 concentration based on CCRD. The 
remainder of the volume comprised ultrapure water (Mili-Q 
IQ 7005, Merck, Germany).

Table 1   Coding of independent variables according to the CCRD

SC surfactant concentration, UP ultrasound power, ST sonication time

Levels

Variables −1.68 −1 0 +1 +1.68

SC (%) 0.31 1.0 2.0 3.0 3.68
UP (W) 21 35 55 75 89
ST (min) 1.59 5.0 10 15 18.40
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The thick emulsion was prepared in Ultraturrax (IKA® 
T10, China) for 5 min at 10,000 rpm (Østator: 10 mm/Ørotor: 
7.6 mm). Subsequently, the emulsion was sonicated at different 
powers and sonication times in ultrasound (VCX-750 Ultrasonic 
Processor, 20 kHz, 750 W) with a 19 mm diameter probe (Son-
ics, Materials Inc., Newtown, USA). The effective power of the 
ultrasound was measured by calorimetry (Eq. 1), and the energy 
dissipated in the liquid was determined by the acoustic density 
energy (AED) (Eq. 2) (Ojha et al., 2018). To avoid the excessive 
rise in temperature generated by the sonication of the sample, the 
emulsion was cooled during processing using an ice bath (0 ± 1 
°C). The temperature did not exceed 20 °C measured with the 
equipment's aid of a thermometer. After preparation, the nanoe-
mulsions were stored at 4 °C until further tests were performed.

where m = mass of solvent (g), Cp = solvent specific heat 
(kJ/g), ∂T = increased temperature (°C), and ∂t = sonication 
time (s)

Droplet Size, Polydispersity Index (PDI), and Zeta 
Potential

The droplet diameter, PDI, and zeta potential of nOEO were 
determined in dynamic light scattering (Zetasizer LAB, 
Malvern Instruments, UK). The samples were diluted in 
deionized water in a proportion of 1 : 10, and the values 
were obtained by averaging three measurements at 25 °C. 
The refractive index selected was the average (1.490) of the 
refractive index of Origanum vulgare essential oil (1.508) 
and Tween 80 (1.473). Measurements were performed on 
the day of preparation.

Preparation of Bacterial Suspensions

E. coli ATCC 25,922 and S. aureus ATCC 13,565 were 
activated twice in brain heart infusion broth (Kasvi, Spain) 
with incubated at 37 °C for 24 h. After activation, E. coli 
was isolated on EMB agar (Kasvi, Spain), and S. aureus 
was isolated on Baird Parker agar supplemented with egg 
yolk tellurite (Kasvi, Spain), incubated at 37 °C for 24 h. 
Colonies of isolated bacteria were transferred to test tubes 
containing 5.0 mL of sterile saline solution at 0.85% (w/v). 
The turbidity was compared to a standard barium sulfate 
solution equivalent to the MacFarland 0.5 scale, correspond-
ing to an approximate concentration of 8 log CFU/mL based 
on Clinical and Laboratory Standards Institute guidelines 
(CLSI, 2006).

(1)Effective power (W) = mCp

(
�T

�t

)

(2)

AED (kJ∕mL) =
Effective power (W) ⋅ processtime (s)

Sample (mL)

Minimum Inhibitory Concentration (MIC)

The MIC for each bacteria was determined in a microdilution 
assay in sterile 96 U-bottom wells microplates (OLEN, China), 
based on the method described by (Wiegand et al., 2008). Final 
concentrations of 2.36, 1.18, 0.59, 0.29, 0.15, and 0.07 mg/mL 
were obtained from a stock solution with a concentration of 
9.46 mg/mL diluted with sterile Mueller Hinton broth (Kasvi, 
Spain). One hundred microliters of nOEO and 100 μL of each 
bacterial suspension were added to each well to achieve approxi-
mately 5.5 log CFU/mL. Bacterial counts were confirmed on 
plate count agar at the time of testing. Microplates were incu-
bated at 37 °C for 24 h, and MIC was considered the lowest con-
centration in preventing visible bacterial growth in microplate 
wells. Wells containing only Mueller Hinton broth and Mueller 
Hinton broth with bacterial inoculum was used for sterility and 
growth control, respectively. A solution containing Origanum 
vulgare essential oil + Mueller Hinton broth + Tween 80 (0.5%) 
at the same concentrations as the assay was used to evaluate the 
MIC of the non-nanoemulsified version.

Mathematical Modeling

Experimental data were fitted into a polynomial model to 
define the effects of independent variables (SC, UP, and 
ST) on the physicochemical and antibacterial properties of 
nanoemulsions using the software Statistica® 10 (StatSoft, 
EUA). The polynomial model used was:

where Y is the response observed on the dependent vari-
able; B0 is the regression constant; Bi, Bii, and Bij are the 
coefficients of the regression model; Xi and Xj indicate the 
linear effects of the independent variables; and Xi

2 refers 
to the quadratic effect of the independent variables, while 
Xij refers to the impact of the interaction between the inde-
pendent variables. The goodness of fit was determined with 
a significance level of 5% (P < 0.05) for independent vari-
ables, determination coefficient (R2 and Adj. R2), and lack of 
fit (P ≥ 0.05). The Shapiro–Wilk test was used to verify the 
normality of residual data. The graphical representation of 
the model obtained was presented using the response surface 
methodology (RSM).

Model Validation and Optimization 
of the Nanoemulsion Process

Model validation was performed in eight additional ran-
dom experiments in triplicate that did not include the 
conditions applied to construct the mathematical model 

(3)
Y = B

0
+
∑3

i=1
BiXi +

∑3

i=1
BiiX

2

i
+
∑2

i=1

�3

j>i
BijXiXj + 𝜀
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(Table  S2/Supplementary Information). The accuracy 
factor (Af) (Eq. 4) and the bias factor (Bf) (Eq. 5) were 
calculated according to (Baranyi et al., 1999). Af indi-
cates the dispersion of data about predicted values, and Bf 
indicates the agreement between predicted and observed 
values. Values of Af and Bf close to 1.0 are considered 
ideal, with an acceptable variation limit of up to 0.45 for 
each model variable (Ross et al., 2000). After validation, 
the droplet diameter, PDI, zeta potential, and MIC vari-
ables were optimized to the minimum possible based on 
overall desirability values using the software Statistica® 
10 (StatSoft, EUA).

where Lnf (x) is the value predicted by the model, Lnμ is the 
observed value, and m is the number of experiments.

Optimized Nanoemulsion Stability Throughout Storage

Storage stability of nOEO was evaluated for 30 days at 
4 °C and 25 °C. Droplet diameter, PDI, and zeta potential 
were determined on days 0, 10, 20, and 30 days of storage.

One-way ANOVA was performed followed by Duncan’s 
test at 5% significance to determine differences in stor-
age times in nOEO stability assays. Furthermore, a linear 
regression analysis was used to establish relationships 
between storage time and an increase in droplet size. The 
goodness of fit of the polynomial model was expressed by 
the coefficient of determination (R2 and adjusted R2), and 
the F test verified its statistical significance. These analy-
ses were performed using the XLSTAT (2022) software.

Results and Discussion

Mathematical Model Adjustment

The effects of processing variables (SC, UP, and ST) 
on the physicochemical (DS, PDI, and ZP) and antibac-
terial (MIC) properties of the droplets are presented in 
Table S1 of the supplementary information. Droplet diam-
eter ranged from 41.67 to 231.83 nm. The PDI ranged 
from 0.21 to 0.46; ZP was between −5.19 and −12.40 mV; 
and the MIC ranged from 0.11 to 1.83 mg/mL for the two 
pathogens evaluated.

(4)Af = exp

⎛
⎜⎜⎜⎝

�∑m

k=1

�
Lnf

�
x(k)

�
− Ln�(k)

�2
m

⎞
⎟⎟⎟⎠

(5)Bf = exp

⎛⎜⎜⎝

�∑m

k=1

�
Lnf

�
x(k)

�
− Ln�(k)

�
m

⎞⎟⎟⎠

The estimated effects for each variable and the perfor-
mance indices of the mathematical model are presented 
in Table  2. The lack of fit values was not significant 
(P ≥ 0.05), indicating that the model correctly specifies the 
relationship between the independent and dependent vari-
ables, considering that this term was calculated by apply-
ing the error variance independently of the model pre-
dictions (Smith & Rose, 1995). The high values obtained 
for the coefficients of multiple determination (R2) and the 
coefficients of adjusted multiple determination (Adj. R2) 
indicated that the model was efficient in adjusting the data 
about the real conditions of the experiment. This way, the 
model agreed with the predicted and observed values.

The validation performed in eight random experimental 
conditions within the CCRD presented an Af and Bf range of 
0.99 and 1.26. The Af values indicate a discrepancy between 
predicted and observed values when values above 1.45 are 
found. The values of the present study are within a con-
siderable range according to the predictive model proposed 
by (Baranyi et al., 1999). Values of Bf above or below 1 
indicate that the model predicts values greater or less than 
those observed, respectively (Ross, 1996). In this case, the 
proposed mathematical model satisfactorily describes the 
effects of the nanoemulsion processing variables on the nan-
odroplet properties and antibacterial activity variables.

Table 2   Estimated effects for each significant variable and validation 
of the mathematical model (P < 0.05)

SC  surfactant concentration,  UP  ultrasound power,  ST  sonication 
time,  DS  droplet size,  PDI  polydispersity index,  ZP  zeta poten-
tial  MIC  minimum inhibitory concentration,  Af, accuracy factor,  Bf, 
bias factor, ns non-significative (P ≥ 0.05)

Variable DS (Y1) PDI (Y2) ZP (Y3) MIC
E. coli (Y4)

MIC
S. aureus (Y5)

Intercept 97.81 0.27 −11.70 0.29 0.61
   SC −50.41 −0.10 −1.14 −0.48 −0.16
   SC2 72.72 0.07 1.38 0.74 0.64
   UP 33.67 0.02 −0.39 0.22 ns
   UP2 22.66 ns 1.21 ns −0.13
   ST 44.41 ns 0.36 0.10 0.15
   ST2 ns ns 2.45 ns −0.23

SC × UP ns 0.07 1.76 0.15 ns
SC × ST 44.91 ns −1.91 0.25 0.31
UP × ST −16.80 ns −1.39 0.13 ns
Normality (P 

value)
0.83 0.10 0.14 0.10 0.06

Lack of fit (P 
value)

0.09 0.16 0.40 0.41 0.10

   R2 0.95 0.84 0.89 0.98 0.90
   Adj R2 0.92 0.80 0.82 0.96 0.85
   Af 1.06 1.11 1.11 1.26 1.23
   Bf 0.99 1.07 1.00 1.04 1.05
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Evaluation of Physicochemical and Antibacterial 
Droplet Properties Using RSM

Droplet Size

It is possible to observe that the droplet diameter is reduced 
when the surfactant concentration increases and the sonica-
tion time decreases (Fig. 1a). An important surface region 
with droplet diameter < 100 nm is observed when the sur-
factant concentration is 2 to 3.5% and the sonication time 
is below 4 min. Several authors define nanoemulsions as 
having droplet diameters < 200 nm (Barradas & Silva, 2021; 
Zhang & McClements, 2018). Most conditions evaluated 
in this study follow this classification, except for extended 
sonication times, high ultrasound power, and low surfactant 
concentrations.

When observing the interaction of UP × ST, it is noticed 
that the lower powers in short sonication times reduce the 
droplet size. Regions with droplet sizes < 100 nm were 
obtained with powers of up to 450 W, considering the equip-
ment and probe used in the experiment with sonication times 
less than 10 min. A similar effect can be observed in a study 
by Salvia-Trujillo et al. (2013) in which droplet sizes below 
45 nm were obtained with sonication times below 180 s with 
a formulation based on Tween 80 and lemongrass essen-
tial oil (1 : 1 SOR). Up to a specific value, increasing the 
power level facilitates the breakup of the droplets, reducing 
the droplet diameter due to an increase in acoustic cavita-
tion, as is observed in regions smaller than 100 nm in size. 
However, it is possible to observe that the droplet diam-
eter increases with increasing power at any sonication time 
(Fig. 1b). The droplet diameter can increase at high powers 
due to the higher rate of collisions between droplets that 

occur in strongly turbulent shear flows in the system, favor-
ing coalescence. Even in an ideal SOR, this effect is called 
“overprocessing” (Paniwnyk, 2017). This effect is observ-
able in the present study at sonication times above 15 min at 
a power above 600 W, where droplet sizes are above 150 nm.

Under different conditions of ultrasound equipment, sam-
ple volume, and probe diameter, the acoustic density energy 
(AED) must be considered for reproducibility, as presented 
in Droplet Size, Polydispersity Index (PDI), and Zeta Poten-
tial. Therefore, under the conditions of sonication time and 
power of the optimal region, the use of AED ≥ 69.9 kJ/mL 
and ≤ 439.5 kJ/mL is recommended, as they represent condi-
tions for obtaining nOEO ≤ 100 nm with concentrations of 
2% Tween 80.

The relationship between surfactant and essential oil 
concentrations ratio can be a relevant factor for the final 
droplet diameter. The Origanum vulgare essential oil con-
centration was standardized across the study to 1%, and 
smaller droplets were obtained with higher SOR ratios for 
the surfactant up to a certain sonication time. The results 
of Sepahvand et al. (2021) are similar and obtained droplet 
sizes of approximately 86.39 nm using 2 : 1 SOR, 400 W 
power with 4 min of sonication for thymol. In the same line, 
Jiménez et al. (2018) obtained droplet sizes < 50 nm with 
5 : 1 SOR in nanoemulsions of Cinnamomum zeylanicum 
and Piper nigrum even with 12 min of sonication with 30% 
amplitude (ultrasound with a maximum power of 750 W). 
Alternatively, Ozogul et al. (2020) obtained droplet sizes 
of approximately 447.60 nm using 1 : 10 SOR on Thymus 
vulgaris nanoemulsions. Surfactant is required during the 
emulsification process to reduce the interfacial tension of 
the system, and ideal concentrations must be added to adsorb 
onto the oil droplet. The interfacial energy and the formation 

Fig. 1   3D response surface graphs of a SC × ST and b UP × ST. DS, droplet size; ST, sonication time; UP, ultrasound power
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of curvature at the interface generate a pressure difference 
in the internal and external regions of the droplet, called 
Laplace pressure, which keeps the droplet stable. This pres-
sure acts as a resistance to any attempt by applied energy 
to cause the droplet to rupture and fragment the droplets. 
It is necessary to apply a voltage equal to or greater than 
the Laplace pressure in the system (Gharibzahedi & Jafari, 
2018). SOR of up to 3 : 1 is recommended for the conditions 
of the present study, as they are already sufficient to reduce 
the droplet size in sizes ≤ 100 nm when using low powers 
and sonication times.

PDI  The polydispersity index determines droplet size 
homogeneity in an emulsion system. PDI values ≤ 0.25 
indicate homogeneous droplets, and values > 0.5 are con-
sidered heterogeneous dispersion in the system (Pinelli 
et al., 2021). The PDI values obtained in the RSM of the 
present study are shown in Fig. 2. Using surfactant con-
centrations above 3% with powers below 200 W formed 
more homogeneous nOEO (PDI < 0.20), considering 
the graphic region with the lowest value. Increasing the 
surfactant concentration to a certain point reduces the 
PDI, indicating a more homogeneous dispersion of the 
nanodroplets. According to the mathematical model, the 
interaction between surfactant concentration and ultra-
sound power was significant (P < 0.05) (Table  2). How-
ever, the low estimated effect seems to have little influence 
on the polydispersity of the nanodroplets, as observed by 
the contour lines almost parallel to the ultrasound power 
axis.

The PDI is a complementary variable to the droplet size 
that helps to understand the behavior of the instability phe-
nomena of nanoemulsions. Heterogeneous nanoemulsion 
systems favor droplet coalescence and Ostwald ripening, 
which increase droplet size over storage time. Increases 
in droplet heterogeneity occur when there are low concen-
trations of surfactant in the system, depending on certain 
conditions. When the surfactant is not added sufficiently to 
adsorb at the oil droplet interface, coalescence phenomena 
occur more intensely, increasing the droplet size (Ferreira 
& Nunes, 2019). Effects on PDI caused by the use of low 
concentrations of surfactant are observed in this work when 
the SOR was < 2 : 1.

Zeta Potential

The zeta potential was impacted by the three processing var-
iables evaluated (Fig. 3). It is possible to observe an impor-
tant region with zeta potential >  −11 mV on the response 
surfaces when Tween 80 concentrations are between 1.0 
and 3.5%. With the increase in surfactant concentration, it 
is necessary to reduce the ultrasound power to reach the low-
est values of zeta potential in times close to 10 min. Tween 
80 is a non-ionic surfactant composed of 20 units of ethyl-
ene oxide, sorbitol, and one oleic acid as primary fatty acid 
(Pubchem, 2022). It is suggested that these effects for the 
zeta potential occurred due to the fragmentation of Tween 
80 when subjected to high acoustic energy density, causing 
the release of free fatty acids in the system and an increase 
in the electrical charge of the suspension.

For antibacterial activity, the electrical charge of the 
nanodroplets must be evaluated in a complementary way 
to the other physicochemical variables (droplet size and 
PDI) and not in isolation since droplets without electrical 
charge or with the same sign of surface charge bacterial cells 
may have better antibacterial effects than pure oil (Jiménez 
et al., 2018; Shokri et al., 2020). The different mechanisms 
of action coexist and can act when nanoemulsions are in 
contact with bacterial cells.

MIC  The MIC obtained for OEO in the present study was 
2.36 mg/mL for E. coli and S. aureus in approximate con-
centrations of 5.5 log CFU/mL confirmed in Mueller Hin-
ton agar. All the conditions evaluated for the nOEO in the 
pathogens showed lower MIC values than the pure oil, with 
a variation between 0.15 and 1.83 mg/mL (Table S1/Sup-
plementary Information).

The RSM of MIC to E. coli and S. aureus are shown in 
Fig. 4. The effects observed for the MIC are associated with 
the thickness of the interface with the bioactive hydropho-
bic core and the droplet diameter reduction. The thickness 
of the surfactant layer in macroemulsions is generally less 

Fig. 2   3D response surface optimization graphs of SC × UP. PDI, 
polydispersity index; SC, surfactant concentration; UP, ultrasound 
power
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Fig. 3   3D response surface opti-
mization graphs of a SC × ST, 
b SC × UP, and c UP × ST for 
zeta potential. SC, surfactant 
concentration; UP, ultrasound 
power; ST, sonication time; ZP, 
zeta potential

Fig. 4   3D response surface opti-
mization graphs of a SC × UP 
for E. coli and b SC × ST for E. 
coli and c SC × ST for S. aureus. 
SC, surfactant concentration; 
UP, ultrasound power; ST, 
sonication time; MIC, minimum 
inhibitory concentration
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than the radius of the hydrophobic core, with the droplets 
being mainly oil. However, the thickness of the surfactant 
layer adsorbed on nanodroplets may have dimensions simi-
lar to the hydrophobic core, directly influencing the general 
droplet composition, solubility, size, and bioactivity (Tadros 
et al., 2004).

Two types of observations can be made about the results 
obtained on the response surface. First, reductions of up to 
8 × the inhibitory concentration of pure oil could be obtained 
for nanoemulsions produced with Tween 80 concentrations 
between 2 and 3.5% in < 4 min for S. aureus and < 12 min 
for E. coli. Ultrasound power values below the central point 
(412 W) also reduced the MIC to E. coli. The second obser-
vation is that at Tween 80, concentrations above 3.5% con-
tributed to an increase in MIC in both pathogens, which is 
proposed by the decrease in the bioactive hydrophobic core 
composed of Origanum vulgare essential oil. Concentrations 
below 2% also increased the MIC, mainly suggested by the 
reduction of the hydrophilic interfacial layer provided by 
the surfactant and the increase in droplet size (McClements 
et al., 2021; Ozogul et al., 2020).

The reduction of MIC values for nanoemulsions indi-
cates that the droplet size reduction process can improve 
antibacterial activity. It is proposed that the observed 
effects are related to the physicochemical characteristics of 
the droplets, such as size, increase in specific surface area, 
and hydrophilicity of the interface. The physicochemical 
characteristics of the nanodroplet allow greater contact 
with bacterial cells present in the aqueous phase of the 
system, facilitating the fusion of the interfacial layer of 
the surfactant with the release of essential oil in the phos-
pholipid bilayer of the membrane (Sepahvand et al., 2021). 
Furthermore, no critical difference in antibacterial effect 
was observed due to the cellular structure of the present 
study between E. coli and S. aureus. The differences in 
effect observed in studies with pure oil between Gram-
negative and Gram-positive are less observed in nanodro-
plets (Badr et al., 2021; Enayatifard et al., 2021). This is 
because the droplet size facilitates the exposure of hydro-
philic groups of Tween 80 that can be easily transported 
through porins of the outer membrane of Gram-negative 

bacteria, making the essential oil delivery system capable 
of fusing with the cytoplasmic membrane (Nazzaro et al., 
2013).

Optimization of Nanoemulsion Properties

According to the mathematical model, the droplet diam-
eter, PDI, zeta potential, and MIC variables for E. coli and 
S. aureus were optimized based on general desirability 
as an evaluation index. The predicted optimal conditions 
(92.20% desirability) were 2.9% of Tween 80, 157 W of 
ultrasound power, and 4.7 min of sonication to obtain the 
approximate values of the variables of nanodroplet proper-
ties and antibacterial activity (DS = 41 nm ± 27 nm (IC); 
PDI = 0.21; ZP =  −10,13 mV; MICpathogens =  ≤ 0.23 mg/
mL). In ultrasound with power ranges and probe diameters  
different from those used in the present study, the authors 
recommend applying an AED of approximately 81.4 kJ/
mL + 2.9% Tween 80, equivalent to the optimized condi-
tion obtained. In a previous meta-analysis study, it was 
possible to observe the antibacterial behavior of nanoe-
mulsions in several ultrasound studies (da Silva et al.,   
2022b). When the concentration of surfactant used in  
processing was slightly higher (SOR ~ 3 : 1), the droplets 
generated mostly had improved antibacterial properties 
compared to the free versions. This information corrobo-
rates the conditions optimized in the present study.

Optimized Nanoemulsion Stability Throughout Storage

The physicochemical properties of nOEO optimized during 
storage are shown in Table 3. Notably, all physicochemi-
cal properties obtained after preparing the optimized nOEO 
were close to those estimated by the desirability model 
within the 95% confidence interval. Polydispersity and zeta 
potential of nanodroplets did not show significant differ-
ences during storage at 4 °C. Nanoemulsions stored at 25 °C 
showed no significant change in zeta potential (P ≥ 0.05). 
However, the PDI increased significantly during the 
30 days (P < 0.05). Polydispersion indices of the optimized 

Table 3   Stability of nOEO 
during storage at 4 °C and 
25 °C

DS droplet size, PDI polydispersity index, (ζ) zeta potential. Different lowercase letters on the same line 
indicate significant differences according to Duncan’s test (P < 0.05)

0 days 10 days 20 days 30 days

4 °C DS (nm) 54.30 ± 1.284 80.77 ± 5.123 100.73 ± 1.562 135.74 ± 16.071

PDI 0.18 ± 0.06 0.18 ± 0.03 0.17 ± 0.02 0.16 ± 0.03
ζ (mV) −10.91 ± 1.46 −11.90 ± 0.56 −11.36 ± 0.85 −10.90 ± 1.07

25 °C DS 54.30 ± 1.284 154.86 ± 6.563 244.82 ± 29.532 373.87 ± 33.221

PDI 0.18 ± 0.062 0.25 ± 0.021,2 0.30 ± 0.031 0.32 ± 0.031

ζ (mV) −10.91 ± 1.46 −12.80 ± 1.34 −13.20 ± 0.94 −13.04 ± 1.94
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nanoemulsions were below 0.25, indicating monodisper-
sity in droplet size. For the zeta potential, the values of the 
present study were between −12.01 and −13.20 mV during 
storage.

During the entire storage period at 4 °C, the nanoemul-
sions had droplet diameters smaller than 150 nm. In storage 
at 25 °C, there was an expressive and significant increase 
throughout storage, with droplets exceeding 200 nm in the 
first 20 days (P < 0.05).

It is essential to distinguish thermodynamic stability 
from kinetic stability. While thermodynamic stability will 
tell you whether or not a process will occur (no matter 
how long it takes to complete it), kinetics will tell you 
the rate (timescale) and degree of change when it occurs 
(Silva et al., 2015). Nanoemulsions are thermodynamically 
unstable due to unfavorable molecular interactions at the 
oil–water interface, generating a thermodynamic driving 
force to reduce the contact area between the hydrophobic 
and hydrophilic phases. Consequently, nanoemulsions 
always tend towards phase separation over time. The time 
for phase separation is controlled by the kinetic energy of 
the droplets in the system, and nanoemulsions are consid-
ered kinetically stable under the influence of Brownian 
motion (McClements & Jafari, 2018). Particles smaller 
than 100 nm have kinetics predominantly influenced by 
Brownian motion, reducing the impacts of instability phe-
nomena (da Silva et al., 2022a).

In the present study, the droplet size growth kinetics 
represented a daily increase of 2.67 nm, with an approxi-
mate total accumulation of 80.10 nm during the entire 
storage at 4 °C (Fig. 5a). When subjected to a tempera-
ture of 25 °C, the daily growth kinetics of the droplets 

increased to 10.56 nm (Fig. 5b). In a study by Teng et al. 
(2020), the size of phosphatidylcholine nanoemulsions 
increased with the change in temperature from 4 to 25 °C, 
due to the increase in kinetic energy and, consequently, 
the Brownian motion, which increased the frequency of 
collisions between the drops. Alternatively, Hashem-
inya and Dehghannya (2022) did not observe a signifi-
cant increase in nanodroplet size (< 100 nm) of Frorie-
pia subpinnata essential oil in the first 45 days of storage 
at 25 °C. This difference in size increase over time can 
be attributed to the electrical charge of the droplets. In 
the studies cited above, the zeta potential of the droplets 
was less than −30 mV, and in the present study, they were 
higher than −13 mV (Hasheminya & Dehghannya, 2022; 
Teng et al., 2020). This difference may favor coalescence 
between nanodroplets in systems with higher temperatures 
due to higher kinetic energy between molecules and lower 
electrostatic repulsion.

Conclusion

The concentration of Tween 80 was essential for the prepa-
ration of the nanoemulsions, being the only processing 
variable that was present in the significant interactions 
(P < 0.05) of all the observed properties of the nanodrop-
lets and antibacterial activity. The addition of surfactant at 
concentrations higher than the essential oil, with acoustic 
cavitation for short periods at low power, formed homoge-
neous nanoemulsions with droplet diameters smaller than 
100 nm. In addition, under all conditions evaluated, the 
antibacterial properties were better than pure Origanum 

Fig. 5   Kinetics of growth of nanodroplets during storage at 4 °C (a) and 25 °C (b). DS, droplet size
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vulgare oil. The optimal conditions predicted by the model 
were 2.9% Tween 80, 157 W of ultrasound power, and 
4.7 min of sonication to obtain the best droplet proper-
ties and antibacterial activity. In addition, the optimized 
nanoemulsions showed considerable stability over 30 days 
of refrigerated storage, remaining below 150 nm. Under 
different process conditions (equipment, probe diameter, 
and sample volume), we recommend using acoustic energy 
density to approximate the conditions of the present study.

It is worth mentioning that in different process condi-
tions (equipment, probe diameter, and sample volume), 
the acoustic density energy is the most recommended to 
approach the conditions of the present study. The chemi-
cal composition of the oil can also vary depending on the 
regions of cultivation, climatic conditions, and extraction 
and storage methods. However, it is believed that even 
with variations in chemical composition, it is possible to 
obtain essential oil nanoemulsions with improved physico-
chemical and antibacterial properties compared to pure oil.
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