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Abstract

This study aimed to select the best conditions for producing a nanoemulsion loaded with an essential oil blend (NEOB)
to achieve maximum antimicrobial and antioxidant activities. The NEOB consisted of lemongrass (Cymbopogon citratus;
LEO; 60%) and thyme (Thymus vulgaris; TEO; 40%). The effect of ultrasound time exposition at 300 W (5, 18, and 30 min)
and essential oil concentration (5, 11, and 20 mg/mL) on these responses was evaluated after obtaining NEOB and after an
oxidation assay with UVC-LED exposure. Nanoemulsions were analyzed for their physicochemical and biological properties.
Overall, droplet size, zeta potential, minimum inhibitory concentrations (MIC) against Escherichia coli, DPPH free radical
scavenging activity, and ferric-reducing antioxidant power were affected by essential oil concentration and/or ultrasound
time exposition in a non-linear fashion. The NEOB (average size, 68.88 +2.84 nm) with 20.5 mg/mL of essential oil and
sonicated for 35.7 min achieved the highest anti-E. coli (MIC, 0.44 mg/mL) and antioxidant activity (FRAP, 1.17 pmol
TROLOX equivalent/g), remaining stable even after high UVC-LED doses (6.41 J/cm? exposure, p <0.05). This study reveals

the promising potential of NEOB obtained from ultrasound for sustainable industrial applications.
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Introduction

Essential oils (EOs) have great potential applications in
the food industry due to their proven action against food-
borne pathogens and antioxidant activity (da Silva, 2023b;
Torres Neto et al., 2022). Furthermore, EOs have aroused
wide attention mainly due to their cost-effectiveness
and sustainability claim, in line with the global need for
new and nontoxic preservative agents with antimicro-
bial and antioxidant properties (Konfo et al., 2023; Lelis
et al., 2023).

Despite this potential, EOs show drawbacks for applica-
tion in the food industry, such as hydrophobicity, volatility,
intense flavor, sensitivity to oxygen, light, heat, and oxid-
ability (Hac-Wydro et al., 2017; Yang et al., 2022). There-
fore, several studies have proposed the nanoencapsulation of
EOs in modified or controlled release systems as an emerg-
ing strategy (Delshadi et al., 2020; Mukurumbira et al.,
2022; Singh et al., 2023). Indeed, it physically protects the
EOs and increases their solubility and surface area, reach-
ing new properties and greater effectiveness (Mcclements
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et al., 2021). Furthermore, the utilization of EOs in various
encapsulation systems (e.g., nanoemulsions, nanocapsules,
liposomes) represents an approach that has already dem-
onstrated its efficacy in enhancing food matrices’ quality,
safety, and shelf-life (Ribeiro et al., 2021; Wang et al., 2023).

An oil-in-water nanoemulsion is a colloidal system
formed by dispersing one liquid in another immiscible lig-
uid using an appropriate emulsifier (Gupta et al., 2016). It
is characterized by small droplet sizes (<200 nm) and high
surface-to-volume ratios, besides being easy to produce,
and thus a promising candidate for the efficient delivery
of lipophilic bioactive compounds (McClements, 2012;
Mcclements et al., 2021). Different techniques can be
applied to achieve a nanometric size, such as high-pressure
homogenization, microfluidization, and ultrasound (da
Silva, et al., 2023a). These methods are based on mechani-
cal devices generating disruptive forces needed for droplet
breakdown (high-energy techniques; Abbas et al., 2013).
However, adjusting the different variables of these tech-
niques is necessary to ensure stable nanoemulsions, with
low polydispersity (PDI) and high zeta potential values
without compromising or even improving the EO biologi-
cal activity, thus enabling their industrial application into
foods.

The ultrasound technique has high acceptability due
to its efficiency, low cost, and better control of variable
systems (Khatkar et al., 2018). Its mechanism is based on
the phenomenon of acoustic cavitation that generates pres-
sure fluctuations, creating localized turbulence, thereby
reducing the droplet size by rupture (Alves de Aguilar
Bernardo et al., 2023), and the ultrasound mechanisms
may influence the nanometric system polydispersion and
its charge (Yang et al., 2022). Therefore, different final
nanoemulsion properties can be obtained by modifying
processing parameters (e.g., oil to surfactant ratio, oil and
surfactant types, ultrasound exposure time, and ultrasound
power; Teng et al., 2020).

Obtaining an essential oil blend (EOB) is a promising
emerging approach to optimizing the antioxidant and anti-
microbial activity of the EOs (Baj et al., 2023; Crespo et al.,
2019; Fadil et al., 2018; Ouedrhiri et al., 2016). Moreover,
no studies optimize nanoemulsions (NEs) for carrying EOB,
where existing studies are limited to optimizing (da Silva,
2023b; Yang et al., 2022) or obtaining NEs for individual
EOs (Hasheminya & Dehghannya, 2022; Hemmatkhah et al.,
2020; Salvia-Trujillo et al., 2013). Indeed, these studies have
reached successful stable NEs (e.g., diameter, low PDI, and
high zeta values); nevertheless, the influence of obtaining
NEs on biological activity is limited only to antimicrobial
activity. The NE optimization for transporting an antioxidant
and antimicrobial EOB and studying the process’s impact
on biological activity addresses a critical knowledge gap in
the literature.
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The aromatic oils Thymus vulgaris (TEO) and Cymbopo-
gon citratus (LEO) have a great single antioxidant activ-
ity already documented in the literature (Dinu et al., 2021;
Istigomah et al., 2022; Oun et al., 2022). Furthermore, these
two EOs already showed a synergic antibacterial activity
being justified by the combination observed in the functional
groups present in the EOs, such as phenols (carvacrol and
thymol) and aldehydes (geranial and neral), which improve
the activity because they are two of the most effective anti-
microbial functional groups (Kalemba & Kunicka, 2003;
Torres Neto et al., 2022). In this sense, these two EOs are
promising in the study of developing optimized antioxidant
and antimicrobial blends and an encapsulation system that
enhances their effectiveness or maintains their original bio-
logical activities.

The development of bioactive NE for food application
is an essential demand of the food industry for new natural
preservatives, in contrast to synthetic ones. Indeed, the clean
label market is projected to reach US$ 169.024 million by
2033, including a Compound Annual Growth Rate (CAGR)
of 16.2% between 2023 and 2033 (Future Market Insights,
2023). Therefore, the study of NEs optimized with EOB
is of outstanding contribution to the food industry. Thus,
this study aimed to select the best conditions to obtain an
NE loaded with an EOB, which was optimized in a previ-
ous study, considering the variables EOB concentration and
sonication time, to achieve improved physical properties,
antioxidant, and anti-Escherichia coli activities and an oxi-
dation assay with UVC-LED exposure.

Material and Methods
Material

Lemongrass (Cymbopogon citratus; LEO) and thyme
(Thymus vulgaris; TEO) essential oils were acquired from
Quinari® (Ponta Grossa, Brazil). Tween 80 was purchased
from Rei-Sol (Rio de Janeiro, Brazil). 2,2-Diphenyl-
1-picrylhydrazyl (DPPH), 2,4,6-Tris(2-pyridyl)-s-triazine
(TPTZ), and (S)-trolox methyl ether (Trolox) were obtained
from Sigma-Aldrich (Sao Paulo, Brazil).

Experimental Design

The effects of EOB concentration (5, 11, and 20 mg/mL)
and ultrasound exposure time (5, 18, and 30 min) on phys-
icochemical and biological characteristics of nanoemulsion
essential oil blend (NEOB), including its stability to UVC-
LED exposure, were studied. The concentration of surfactant
(Tween 80) was fixed at 20 mg/mL. In other words, two main
factors were considered to evaluate the physicochemical
and biological properties of NEs: (I) different proportions
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of EOB to surfactant (Tween 80) and (II) exposure of emul-
sions to different times (min) in the amplitude of 40% (300
W; variables chosen through prior optimization). Table 1
shows the experimental layout of the 2% central composite
rotating design (CCRD) generating 11 experiments, includ-
ing three central point replicates.

Nanoemulsion Preparation

The EOB used in this study was obtained by previous opti-
mization studies evaluating the effect of three EOs (oreg-
ano, thyme, and lemongrass) on the antioxidant (DPPH and
FRAP) and anti-Escherichia coli activities through simplex-
centroid mixture design and desirability function (D) using
DoE (Statistica v.9.0 software; Stasoft, Tulsa, OK, USA;
Supplementary Fig. 1). In this sense, an ideal ratio with
maximum antioxidant and anti-Escherichia coli activity
was obtained using these three EOs (Supplementary Fig. 1).
Briefly, the EOB with TEO and LEO (60:40) was used as
the oil phase, and the aqueous phase consisted of Tween 80
(20 mg/mL) in ultrapure water (Mili-Q 1Q 7005, Merck,
Germany). The oil and aqueous phases were mixed and
homogenized for 10 min at 13,400 rpm (Ultraturrax, IKA®
T10, China) to form a coarse emulsion; the emulsion was
subjected to sonication with ultrasound (VC-750 Ultrasonic
Processor, 20 kHz, 750 W; Sonics, Materials Inc., Newtown,
USA) equipped with 19-mm-diameter probe using an ice
bath for temperature control for droplet size reduction.

Nanoemulsion Characterization
Droplet size, Polydispersion, and Zeta Potential ({)

The droplet size distribution and the {-potential (mV) were
determined using the Zetasizer Nano® (Model 590, Malvern

Instruments, UK). Samples were diluted (1:5) in deionized
water. The polydispersity was expressed in the polydisper-
sion index (PDI). The size distribution was represented by
radar charts (Bianchin et al., 2015) with adaptations for
DLS, wherein D, D5, and Dy, values (size of 10%, 50%,
and 90% of the drops population) of cumulative intensity
(Di), volume (Dv), and number (Dn) were used. These analy-
ses were carried out in triplicate.

Antioxidant Activity

DPPH Free Radical Scavenging Activity The 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radical reduction capacity was
determined according to Rufino et al. (2007) with modifi-
cations (Baj et al., 2018). The % of DPPH radical inhibition
rate was determined in triplicate by applying the absorbance
values (A) in the Eq. 1:

Inhibition (%) = (Acontrol - Asample)/Acontrol X 100) (1)

Ferric-Reducing Antioxidant Power (FRAP) Assay The ferric
ion-reducing capacity was determined in triplicate, as Ben-
zie and Strain (1996) and Rufino et al. (2006) described.
The calibration curve was assembled based on the TROLOX
pure standard (from 160 to 800 umol/L; R*>=0.9995), and
the results were expressed in pmol TROLOX equivalent/g.

Determination of Minimum Inhibitory Concentration (MIC)

The MIC against Escherichia coli ATCC 25922 was determined
by micro-dilution assay in sterile 96 U-bottom well microplates
(OLEN, China), following the methodology of Wiegand et al.
(2008). The E. coli used in this study was obtained from the
culture bank of the Oswaldo Cruz Foundation (FIOCRUZ, Rio
de Janeiro, Brazil), where the strain was stored in methylene

Table 1 Independent variables from the central composite rotatable design (CCRD; X, and X,) and ultrasound processing conditions

Treatments® Tween 80 EOB (mg/ Time (min) (X,) Amplitude (%) Power (W) U.L (W/ecm?) AED (kJ/mL)
(mg/mL) mL) (X))
1 20.00 5.00 5.00 40 3.11 1.10 18.67
2 20.00 5.00 30.00 40 0.93 0.33 16.74
3 20.00 20.00 5.00 40 4.19 1.48 12.56
4 20.00 20.00 30.00 40 1.86 0.66 33.49
5 20.00 0.40 18.00 40 0.78 0.27 8.37
6 20.00 21.60 18.00 40 1.55 0.55 16.74
7 20.00 11.00 0.32 40 2.16 0.76 0.42
8 20.00 11.00 35.68 40 1.40 0.49 29.30
9 20.00 11.00 18.00 40 2.33 0.82 25.12
10 20.00 11.00 18.00 40 2.33 0.82 25.12
11 20.00 11.00 18.00 40 2.33 0.82 25.12

2EOB essential oil blend, U.I. ultrasound intensity, AED acoustic density energy
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blue eosin (EMB; Kasvi, Spain). A NEOB stock solution of
8 mg/mL in BHI broth with 0.5% Tween 80 was prepared, from
which two-fold serial dilutions on the plate were made. Then,
100 pL of E. coli suspension in saline solution with a 6 log
CFU/mL concentration was added to the wells. The bacterial
suspension was standardized by adjusting its optical density
at 1 O.D., resulting in 8 log CFU/mL (confirmed by plating),
which was subsequently serially diluted. The final pathogen
concentration in the wells was approximately 5.5 log CFU/
mL (confirmed by plating). The first well used the stock solu-
tion diluted by the pathogen inoculum, resulting in a 4 mg/mL
NEOB concentration, which was subsequently twofold diluted
up to 0.05 mg/mL in the last well. The microplates were incu-
bated for 24 h at 35 °C, and the MIC value was determined
as the lowest NEOB concentration to prevent visible bacterial
growth in the plates. A row of wells with only BHI+Tween 80
and E. coli was used as a positive control. While a BHI+0.5%
Tween 80 row was left as sterility control.

Stability of NEOB Against UVC-LED Exposure

The NEOBs with different EO concentrations (5, 10, and 20 mg/
mL) were exposed to UVC-LED at 1.78 mW/cm? at different
times (0, 20, 40, and 60 min), resulting in different doses (0,
2.14,4.27, and 6.41 J/cm?, respectively). The treatments were
performed using modules with simultaneous top and bottom
illumination with emissions at 275 nm (Black Box Smart®;
BioLambda, Sao Paulo, Brazil). The distance between samples
and LEDs was 15 cm. After that, the NEOBs were characterized
(“Nanoemulsion Characterization” section) in triplicate.

Statistical Analysis and Model Validation

The effects of different proportions of EOB, surfactant, and
ultrasound exposure times on the size, zeta potential, antibac-
terial (E. coli), and antioxidant (DPPH and FRAP) activities
were assessed by polynomial equation models, consider-
ing only the significant terms (p <0.05), and represented by
response surface graphs. Lack-of-fit (LOF), adjusted R? (Rzadj)
value, and mean square error (MSE) were used to evaluate
model’s goodness of fit. After the individual modeling, the
desirability function was applied to model the MIC and FRAP
variables to obtain an optimum nanoemulsion with the maxi-
mum anti-Escherichia coli and antioxidant conjoint activi-
ties. An external validation was performed with the optimal
condition determined from the desirability function and two
experimental conditions different from those generated from
CCRD. Further, observed and predicted values were used to
calculate the accuracy factor (Af) and bias factor (Bf) to exter-
nally assess the model prediction (Baranyi et al., 1999). Statis-
tica 12® software was used to perform all statistical analyses.
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Results and Discussion
Droplet Size and PDI

All treatments reached the nanometer range with
sizes < 200 nm (Supplementary Table 1). In general, the size
distribution of 90% of the population of drops of cumula-
tive intensity (Di), volume (Dv), and number (Dr) decreased
with increasing exposure time (min) and with decreasing
EOB concentration non-linearly (Fig. 1 A-F; Table 2).

The non-linearity observed in Di can be attributed to “over-
processing” (Paniwnyk, 2017; Tan et al., 2016), wherein a long
time of sonication exposition can increase the droplet size due
to coalescence. On the other hand, low exposure times did
not allow for efficient droplet size reduction (e.g., treatments
7; Table 1 and Fig. 1). Moreover, a high EO to Tween ratio
could mitigate the US overprocessing effect since it would
reduce the free surfactant available to degradation. The EOB
and Tween 80 ratio may also greatly influence the size distri-
bution. Excess surfactants treated with ultrasound may form
micelles with larger sizes (Yang et al., 2022). Otherwise, the
decrease of Tween 80 in relation to EOB concentration may
also be related to a positive effect with volume distribution
(Dv) increase due to insufficient surfactant to high oil amount
(e.g., treatments 3, 4, and 6; Table 1 and Fig. 1G). Concerning
Dn 90, the positive effect from EOB concentration in a linear
manner may be attributed to the greater substrate (oil) in the
nanosystem (p <0.05; Table 2).

Different formulation patterns called “fingerprints” can
be observed through the radar chart (Fig. 1G; Bianchin
et al., 2015). Some formulations showed a characteristic
of uniform monomodal profile distribution. For instance,
the formulations with EOB to Tween 80 ratios of 1:4 (e.g.,
treatments 1 and 2) and 1:1.81 (e.g., treatments 8, 9, 10,
and 11) reached uniform distribution profile with sizes infe-
rior or equal to 100 nm (Di 90) and average size less than
25 nm (Di 50). Otherwise, the ratio 1:1 showed Di 90 val-
ues > 160 nm and Di 50> 65 nm (e.g., treatments 3, 4, and 6;
Fig. 1G). Previous studies have highlighted that proportions
between 1:1 and 1:3 (EO to Tween 80) allow obtaining NEs
with sizes < 180 nm (da Silva et al., 2022). However, in the
present study, ratios equal to 1:4 or 1:1.81 were promising,
achieving smaller droplet sizes (<100 nm).

Da Silva et al. (2023b) reached mean droplet sizes (Di 50)
ranging from 54.47 to 84.07 nm, with oregano EO, carvac-
rol, or thymol at 10 mg/mL, coated with Tween 80 (2.9%;
1:3) and subjected to sonication at 157.5 W for 4.9 min
(Power=13.83 W; AED=81.3 kl/mL). Yang et al. (2022)
reached NEs with sizes between 16.3 and 17 nm from thyme
EO (10 mg/mL) with Tween 80 (10 mg/mL; 1:1) at 350
W during 5 and 15 min (power, ultrasound intensity or
AED values were not informed); meantime, size increased
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Fig.1 2D (A, C, and E) and 3D (B, D, and F) surface plots for the
effect of ultrasound time exposition and essential oil blend (EOB)
concentration on the drop size distribution from 11 experiments gen-
erated by central composite rotatable design. A, B Ninety percent of
the population of drops of cumulative intensity (Di); C, D 90% of the

together with Tween 80 (20 mg/mL; 1:2), resulting in
47.8 nm. Other studies obtained NE through various coat-
ings, such as Hasheminya and Dehghannya (2022), which
used Tween 80 and span 80 as coating, achieved an aver-
age droplet size (z-average) of 84.32 nm in a 1:1 ratio of
surfactant and EO using ultrasound process. Besides, Hem-
matkhah et al. (2020) used Tween 80 to obtain NE from
Cumin Seed EO, showing average droplet sizes of 100.3 nm
with the same method. Furthermore, lemongrass EO coated
with alginate and Tween 80 (1:1:1 ratio) showed different
average droplet sizes after being exposed to different soni-
cation times with 34.95 to 5.12 nm, however, showing a
multimodal distribution (Salvia-Trujillo et al., 2013). Finally,
Xu et al. (2020) reached sizes ranging from 81.67 to 82.09
in obtaining NE with Tween 80 coating cinnamon EO and
different concentrations of ascorbic acid (0 to 10 g/L) using
the microfluidizer technique. An important fact to be high-
lighted is that the studies above used only average size data
(z-average), not using distribution values by intensity, vol-
ume, and number (D90, D50, and D10).
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population of drops of cumulative volume (Dv); E, F 90% of the pop-
ulation of drops of cumulative number (Dn); G radar chart for D10,
D50, and D90 values (size of 10%, 50%, and 90% of the population
of drops) of cumulative intensity (Di), volume (Dv), and number (Dn)

Despite not adjusting to the model (Rzadj, 0.46; LOF,
0.01), the PDI brought important information about the
NEOB homogeny and stability. Briefly, NEs with a mono-
modal profile on the radar chart showed low PDI values,
equal to or less than 0.25 (Supplementary Table 1), except
for treatment 5 with the lowest EOB to Tween 80 ratio (1:50)
and 7 subjected to the lowest ultrasound time exposure
(0.32 min; U.L., 0.76 W/cm? and AED, 0.42 kj/mL). The
PDI is still little studied concerning the variables used in
the present study. Nevertheless, it is already been reported
that increasing surfactant reduces the PDI to a certain point,
wherein it is smaller than 0.25 (da Silva et al., 2022, 2023a)
or 0.30 (Pongsumpun et al., 2020) which are indicators of
good homogeneity in droplet sizes.

Zeta Potential
The zeta values varied from —3.78, being able to reach—26 mV.

Furthermore, in Fig. 2B, it is possible to observe a sudden
increase in the negative charge when (I) the EOB to Tween 80
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Table 2 Summarized ANOVA

- : Factors? Di 90* Dv 90 Dn 90

analysis and effect estimates

of the significant variables EE SE EE SE EE SE

(p <0.05) from central

composite rotatable design Intercept 196.93 8.98 6.90 0.82 5.56 0.52
EOB -9.70 1.06 - - 1.26 0.05
Time —13.70 0.61 - - - -
EOB? 0.61 0.03 0.08 0.006 - -
Time? 0.25 0.01 - - - -
EOB.Time 0.14 0.02 0.01 0.001 - -
LOF 19.15 - 4.98 2.37
MSE 27.53 - 0.78 0.71
R 0.93 - 0.99 0.98
Factors Zeta potential MIC FRAP

EE SE EE SE EE SE

Intercept -6.77 0.87 3.46 0.16 1.03 0.01
EOB 0.58 0.11 -0.40 0.02 0.01 0.0009
Time -0.49 0.03 - - -0.02 0.001
EOB? -0.02 0.004 0.01 0.001 - -
Time? - - - - 0.00076 0.00005
EOB.Time 0.02 0.003 - - - -
LOF 18.99 12.48 15.36
MSE 0.33 0.03 0.0003
R 0.76 0.73 0.82

adj

MIC minimum inhibitory concentration, FRAP ferric-reducing antioxidant power, EE effect Estimates,
SE standard error, EOB essential oil blend concentration (mg/mL), Time min, LOF lack of fit, MSE mean

square error, Rzadj adjusted R? value

Size of 10%, 50%, and 90% of the drop population of cumulative intensity (Di), volume (Dv), and number

(Dn

®Only the effects and standard deviations of the variables that demonstrated statistical significance are

reported

ratio enhanced (EOB concentration reduced) and (II) with the
increase of time of exposure to ultrasound. Indeed, this may
have been observed mainly with treatments 2, 5, and 8 (Sup-
plementary Table 1).

The surfactant is mainly responsible for the charge of an
NE (Raviadaran et al., 2018), and the Tween 80 is a non-ionic
surfactant wherein its negative charge is attributed to the pres-
ence of residues of its fragmentation by ultrasound (free fatty
acids; Ahmed et al., 2012; McClements, 2021; Raviadaran
et al., 2018). Therefore, Tween 80 may be fragmented by the
increased exposure to ultrasound, causing the release of free
fatty acids and thereby changing the surface charge (da Silva,
et al., 2023a). It reinforces our suggestion that excess Tween
80 may have influenced the charge reduction (Supplementary
Table 1).

In partial agreement with our findings, Yang et al.
(2022) reached the highest charge value (—28.7+0.3 mV)
in the middle range of Tween 80 with thyme EO (1:1)
using a power of 450W by 10 min. Moreover, these
authors suggested the sonication time reduction when a
high ultrasound power was used to reach higher negative

@ Springer

zeta potential values. Da Silva, et al. (2023a) observed the
same behavior using oregano EO, carvacrol, or thymol
with Tween 80 at 1:1 and 1:3.5 ratios. However, these
authors reached the highest charge (— 12.40+0.72 mV)
closer to this study by applying ultrasound power of 412
W for 10 min. Moreover, Hemmatkhah et al. (2020),
with Tween 80 coating Cumin Seed EO, showed values
of —0.3 mV with 200 W for 15 min. In our study, lower
zeta potentials (— 26 mV; higher negative charge) could be
achieved by high ultrasound times and low EOB concen-
trations (Fig. 2); however, it might not be interesting for
antimicrobial and antioxidant activities and, consequently,
not for industry.

Anti-Escherichia coli Activity

The ultrasound time exposition (min) did not influence the
antimicrobial activity (MIC; p>0.05; Table 2). However,
with higher EOB concentration, higher antimicrobial activ-
ity (lower MIC) was non-linearly observed (p <0.05). The
response surface plots of MIC are depicted in Fig. 3A, B.
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Fig.2 2D (A) and 3D (B) surface plots for the effect of ultrasound time exposition and essential oil blend (EOB) concentration on zeta potential
(mV) from 11 experiments generated by central composite rotatable design

The MIC values ranged from 0.45 to 4 mg/mL, wherein
the lowest MIC values were observed in the intermediate
concentrations of EOB, emphasizing its non-linear effect
(Fig. 3B; Supplementary Table 1).

The NEOB evaluated in this study comprised thyme
and lemongrass EOs, which previously showed synergistic
potential against E. coli (Torres Neto et al., 2022). This syn-
ergistic effect was attributed to its composition containing
different chemical groups, such as phenols (thymol and car-
vacrol) and aldehydes (geranial and neral), mainly responsible
for antibacterial activity, especially against Gram-negative
bacteria. Moreover, due to poor solubilization in water, EOB
needs to be coated with an emulsifier, such as Tween 80,
that modifies its physical-chemical properties, increasing
antimicrobial activity (Jamali et al., 2021).

The emulsifier concentration significantly influences the
NE activity since it changes the droplet coating and size dis-
tribution (Yang et al., 2022). In the present study, the anti-
microbial activity increased as EOB concentration increased
(Fig. 3A, B). The antimicrobial effectiveness of EOs has been
well-reported in the literature (da Silva, et al., 2023b; Torres
Neto et al., 2022). Moreover, the smaller sizer obtained may
have contributed to the increase in antimicrobial activity since
intermediate EOB concentrations showed the lowest MIC val-
ues (Table S1). The NEs facilitate the entry of EOs through
the outer membrane of bacteria due to the nanometric size
and hydrophilic groups present in the surfactant, and Tween
80 demonstrates great interaction with the E. coli membrane
through chemical bond interaction or self-assembly (Majeed
et al., 2016; Mushtaq et al., 2023; Sepahvand et al., 2021;
Yang et al., 2022). The non-linearity pattern found for MIC
values also may be attributed to the influence of the surfactant

amount in releasing oil, wherein the high Tween 80 level
(in the case of lower EOB concentration) may form larger
micelles encapsulating EOs and impair their actions (Ghazy
et al., 2021).

Similarly, da Silva, et al. (2023a) evaluated NEO obtained
by ultrasound and observed reduced MIC values for E. coli.
These authors reported a reduced antimicrobial activity for
treatments with high Tween 80 concentration in relation
to EO (2.5:1 and 2:1). The same pattern was observed by
Yang et al. (2022) using sodium dodecyl sulfate (SDS) and
cetylpyridinium chloride (CPC) combined with Tween 80.

Antioxidant Activity

The EOB concentration increased the ferric ion-reducing
capacity (FRAP), showing a positive linear effect (p <0.05;
Table 2; Fig. 3C, D), and the ultrasound exposition time
showed a negative linear and positive quadratic effect. It
means high EOB concentrations and low and high ultra-
sound exposure times (Fig. 3C, D) increased the FRAP. The
reduction of the DPPH radical did not fit the model (Rzadj,
0.79; LOF, 0.02), but it was positively correlated with FRAP
(p <0.05; Supplementary Table 2).

In short, these results can be explained by the different
factors involved in the NE production (e.g., ultrasound time
exposition, EOB to Tween 80 ratio, the EO composition,
and EO concentration; Cai & Wang, 2021). The relation-
ship between ultrasound’s influence on the antioxidant
activity in EOs is contradictory in the literature. Jiménez
et al. (2018) observed an increase in the antioxidant activity
(DPPH) of NE (with sodium alginate together with span 20,

@ Springer



2764

Food and Bioprocess Technology (2024) 17:2757-2769

-3
<27
<22
<17
<12
0 2 4 6 8 10 12 14 16 18 20 22 22gm<o7

Concentration <02

| ERK
<1375
<1275
<1175
<1075
Bl <0975
0 2 4 6 8 10 12 14 16 18 20 22 24gm <0875

Concentration W <0775

Fig.3 2D (A, C) and 3D (B, D) surface plots for the effect of ultra-
sound time exposition and essential oil blend (EOB) concentration on
minimum inhibitory concentrations (MIC; A, B) and ferric-reducing

hydrophilic-lipophilic balance, Tween 80, Tween 40, and
Tween 20 in the formulation) loaded with C. zeylanicum
EO after the ultrasound process (750 W, 50% duty cycle,
and 12 min). This effect was justified by the reduction in the
size of the oil droplets, which increased the surface area per
unit mass, thus improving the activity of the hydrophobic
components. Otherwise, the ultrasound process may also
cause oxidative changes in lipids, increasing the amount of
free radicals (Jadhav et al., 2023). These facts emphasize the
non-linearity observed aforementioned.

Furthermore, Tween 80 can interact with phenols present
in EOs through its free hydroxyl groups of the sorbitan moi-
ety (El-Sayed et al., 2017), thereby reducing the antioxidant
activity of EOs. Moreover, ultrasound affects lipid portions,
releasing free fatty acids, generating variable effects on NEO
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depending on EO to Tween 80 ratios (da Silva, et al. 2023a),
emphasizing the need to optimize these variables to obtain
an effective nanoemulsified system.

The ferric ion-reducing capacity is based on the single
electron transfer (SET) mechanism, and the reduction of the
DPPH is based on hydrogen atom transfer (HAT) and the
SET (Munteanu & Apetrei, 2021; Preedy, 2009). In other
words, the SET is specific for antioxidant compounds such
as phenols. At the same time, methods with multiple mecha-
nisms of action (e.g., DPPH) include other compounds able
to neutralize free radicals through the loss of allylic hydro-
gen atoms (Olszowy & Dawidowicz, 2016), explaining our
findings for FRAP and DPPH.

In this sense, it is possible to infer that HAT activity was
little explained by independent variables and their ranges
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evaluated in this study. It may be attributed to EOB compo-
sition containing 40% of lemongrass, which is composed of
high concentrations of geranial and neral (45.5% and 33.7%,
respectively), which have an antioxidant mechanism based
on HAT (Supplementary Fig. 1; Torres Neto et al., 2022).

Optimization and Validation

It is known that the effects of nanoemulsified EOs with
Tween 80 obtained through ultrasound are conflicting in
the literature mainly due to the EO composition, EO to sur-
factant ratio, and ultrasound processing conditions. There-
fore, optimizing these variables considering multiple biolog-
ical activities, such as anti-Escherichia coli and antioxidant
ones, is crucial to filling gaps in the literature.

The optimal conditions found were 20.518 mg/mL of
EOB and 35.677 min of ultrasound (Fig. 4), which resulted
in a MIC value for E. coli of 0.44 mg/mL and FRAP value
of 1.17 pmol TROLOX equivalent/g. It is worth mention-
ing that the optimal EOB condition to obtain the maximum

anti-Escherichia coli and antioxidant activities simultane-
ously was an EOB to Tween 80 ratio close to 1:1 with the
highest EOB concentration. Although this ratio increases the
droplet size (Fig. 1G), it directly influences NE bioactivity,
wherein Tween 80 reduction decreases the hydrophilic layer
and, thus, the surface tension, facilitating the availability of
EOB (Mcclements et al., 2021; Tadros et al., 2004).

The optimal conditions found in this study resulted in an
average droplet size value of 68.88 +2.84 nm (Di 50) and
153.2+10.1 nm (Di 90), besides a PDI of 0.287 +0.005.
It indicates a nanoemulsion with good stability since coa-
lescence effects can occur at PDI values greater than 0.4,
making it unstable (Golfomitsou et al., 2018; Pongsumpun
et al., 2020).

The models were externally validated, including three
different EOB concentrations (5, 10, and 20.518 mg/mL)
combined with an ultrasound time exposition of 35.67 min.
In our study, the Af values ranged from 1.66 to 1.38 and Bf
values from 1.45 to 1.28, indicating good accuracy of the
models (Ross et al., 2000).

Profiles for Predicted Values and Desirability
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Fig.4 Desirability plot showing the optimal ultrasound time exposition and essential oil blend (EOB) concentration to achieve the minimum
inhibitory concentrations (MIC) and maximum ferric-reducing antioxidant power (FRAP)
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UVC-LED Exposure

The NEOBs externally validated were exposed to UVC-
LED to observe their oxidative stability. For that, NEOBs
at the same EOB concentrations described in the “Opti-
mization and Validation” section were prepared, resulting
in different EOB to Tween 80 ratios (1:1, 1:2, 1:4), which
were submitted to UVC-LED power of 1.78 mW/cm? for
20, 40, and 60 min (2.14 4.27, and 6.41 J/em?, respec-
tively; Fig. 5).

An increase in droplet diameter was observed as the
UVC-LED dose increased (Fig. SA—C), which was more pro-
nounced in Di (90), see Fig. 5C. It is interesting to observe
that, even at the highest dose (6.41 J/cm?; 60 min), the influ-
ence on droplet size was lower in ratios 1:1 (20.518 mg/mL)
and 1:2 (10 mg/mL) than in the ratio 1:4 (5 mg/mL; Fig. 5A,
B; Di 90). In general, the droplet size of the NEOB con-
taining the highest amount of Tween 80 in relation to EOB
concentration was more affected, regardless of UVC-LED.

B
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Fig.5 Radar chart of nanoemulsion loaded essential oil blend
(NEOB) at 20.518 (A), 10 (B), and 5 (C) mg/mL exposed to different
exposure times of UVC-LED at 1.78 mW/cm?, where D10, D50, and
D90 values represent size of 10%, 50%, and 90% of the population of
drops of cumulative intensity (Di), volume (Dv), and number (Dn); D
ferric-reducing antioxidant power (FRAP) values during UVC-LED
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This effect can be attributed to the possible formation of
larger micelles (“Droplet Size and PDI” section) in NEOB
with a higher amount of Tween 80, which can be reinforced
by its monomodal distribution (Fig. 5C). Despite that, the
highest amount of Tween 80 in relation to EOB concentra-
tion showed higher negative values of zeta potential by form-
ing free fatty acids from the Tween 80 degradation induced
by ultrasound. Furthermore, our findings may reinforce this
explanation, wherein NEOB containing EOB to Tween 80
ratio of 1:4, 1:2, and 1:1 had zeta potential values of — 1
5.45+2.26,—4.67+1.36, and — 8.00 + 1.12, respectively.
Moreover, to our knowledge, there are no reports about the
influence of oxidation on the size stability of oil-in-water
nanoemulsions with Tween 80. However, the protective
effect of the EOB against the effects of UVC-LED cannot
be ruled out.

Regarding biological activity, different effects were
observed (Fig. 5SD-F). The ferric ion-reducing capac-
ity decreased with increasing EOB concentration and
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exposition; E DPPH free radical scavenging activity values during
UVC-LED exposition; and F minimum inhibitory concentrations
(MIC) against Escherichia coli during UVC-LED exposition. Bars
represent average +standard deviation (n=3). Different letters indi-
cate significant differences (p <0.05) among NEOB over exposition
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UVC-LED dose, where the formulation with the highest
Tween ratio (1:4) provided greater protection to the com-
pounds followed by 1:2 and 1:1 (p <0.05; Fig. 5D). On the
other hand, higher amounts of EOB in relation to Tween
80 led to higher DPPH radical inhibition capacity through-
out UVC-LED exposure (p <0.05; Fig. 5E). Likewise, the
anti-Escherichia coli activity remained more elevated in the
formulations with the highest EOB concentration in relation
to Tween 80 ratio (p <0.05; Fig. 5F).

Despite the protection from phenolic compounds in response
to NE exposure to oxidative stress (Fig. 5D; Bayram & Decker,
2023), UVC induces the degradation of these molecules (Wu
et al., 2001). Following this hypothesis, this effect can be
observed by the reduction of FRAP values when the EOB con-
centration is higher than Tween 80 ones, generating a NEOB
with increased phenol content, which tends to migrate close to
the oil/water interface (Ryu et al., 2018), thus, increasing the
exposure of the oil core to UVC-LED stress.

On the other hand, phenols maintained certain biological
stability of EOB through retaining antioxidant mechanisms
(HAT; DPPH) and anti-Escherichia coli activity (Fig. 5E,
F). Furthermore, greater control was observed with EOB
to Tween 80 ratio close to 1:1 during UVC-LED exposure
(p» <0.05). Thus, the biological activity was maintained even
with larger droplet sizes, which may be attributed to the
thickness of the surfactant layer, enhancing the release of
compounds present in EOB (Tadros et al., 2004).

Conclusion

EOB to Tween 80 ratio and ultrasound exposition time non-
dependently affected physical-chemical and biological activity.
The optimal biological conditions (the highest anti-Escherichia
coli and antioxidant activities) were achieved by 20.518 mg/
mL of EOB and 35.677 min of ultrasound, which led to a
monodisperse formulation with a droplet size below 200 nm.
Furthermore, this EOB to Tween 80 ratio close to 1:1 was the
most stable concerning biological activity during UVC-LED
exposure, even at high doses (6.41 J/cm?). It emphasizes the
successful synergistic combination of optimized EOBs and the
physicochemical properties of NEs, effectively contributing to
further in situ studies and the industrial application of NEOB.
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