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Abstract: Bergamot essential oil (BEO) is well-known for
its food preservation activity, as well as anticancer efficacy.
However, the poor BEO water solubility and deriving low
bioaccessibility have limited its wider applications. The
incorporation in nanoemulsions of BEO and its refined
fractions was investigated to enhance its dispersibility in
water to promote its antimicrobial activity, tested against
Escherichia coli, Lactobacillus delbrueckii, and Saccharo-
myces cerevisiae, and its cytotoxicity already at low con-
centrations. Different nanoemulsion formulations were
tested based on food-grade ingredients, which were char-
acterized in terms of hydrodynamic diameter and poly-
dispersity index, and physical stability. The antimicrobial
activity against all the tested micro-organisms was
observed to be higher for BEO in its initial composition,
than the light fraction, richer in D-limonene, f3-pinene, and
y-terpinene, or the heavy fraction, richer in linalyl acetate
and linalool. Remarkably, the use of BEO nanoemulsions
notably enhanced the antimicrobial activity for all the
tested oils. BEO exhibited also a measurable cytotoxic ac-
tivity against Caco-2 cells, which was also enhanced by the
use of the different nanoemulsions tested, in comparison
with free oil, which discourages the direct use of BEO
nanoemulsions as a food preservative. Conversely, BEO
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nanoemulsions might find use in therapeutic applications
as anticarcinogenic agents.
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1 Introduction

Essential oils (EOs) are naturally-derived ingredients,
which can be found in flowers, buds, seeds, leaves,
herbs, wood, fruits, and roots of different plants [1, 2].
They consist of a mixture of volatile compounds, mainly
synthesized by plants as a defense mechanism, which
can be classified in two main groups, namely (a) terpenes
and terpenoids and (b) aromatic and aliphatic constitu-
ents [3], accounting for 20-85% of EO composition, with
the other components being generally present at signifi-
cantly lower or trace concentrations. EOs are character-
ized not only by a strong and pungent flavor and aroma,
which contributed to their well-known use as perfume
constituents and flavoring agents, but also by insecti-
cidal, antimicrobial, antioxidant, anti-inflammatory
properties [1-5], promoting their application in pharma-
ceutical, nutraceutical, and cosmetic products. However,
it must be remarked that above a certain dosage, EOs
might negatively influence human health, due to the high
content in terpenes [6].

Bergamot essential oil (BEO), recovered from the peel
of the Citrus bergamia Risso et Poiteau plant [7], finds wide
use in the fragrance, pharmaceutical, cosmetic, and food
industries [8]. It contains up to 93-96% of volatile com-
pounds, especially monoterpenes (25-53% of limonene),
linalool (2-20%), and linalyl acetate (15-40%). BEO also
presents a variable percentage (4-7%) of non-volatile
compounds, such as pigments, waxes, coumarins, and
psoralens [9, 10].

Besides being a valuable and expensive fragrance for
the perfume industry, BEO is also reported to have note-
worthy biological activity [8], of interest especially in pain
relief [11-13], wound healing [14], neuroprotective action
[15, 16], sedative, calming, and soothing action [10-19],
antibacterial and antifungal activity [20-23], anti-
inflammatory action [24, 25], as well as anticancer activity,
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with cytotoxicity reported against human neuroblastoma
cells [26-28].

Generally speaking, citrus EOs are considered to be
non-toxic, non-mutagenic, and non-carcinogenic, and,
therefore, are characterized by a generally regarded as safe
(GRAS) status [8, 29]. However, BEO is reported to have a
phototoxic effect due to the presence of bergapten, leading
to chronic skin pigmentation and carcinogenesis in the
presence of UV light. No hazards are reported for
furanocoumarin-free oil, such as rectified BEO [8].

Because of EOs’ reactivity and hydrophobicity, their use
in water-based products requires a suitable carrier [4, 5],
which ensures adequate physical stability of EOs, including
also their protection from evaporation, and possibly enables
a controlled release [30]. Oil-in-water (O/W) emulsions and
nanoemulsions are especially suitable for the delivery of EOs,
because of their oil-based core, high loading capability, and
the large variety of available food-grade emulsifiers and sta-
bilizers, for tailoring the compatibility with the final product.

In previous papers, the researchers demonstrated the
antimicrobial effect of citrus EOs nanoemulsions, including
BEO, when incorporated in an edible coating deposited on
broccoli florets [31] and green beans [32], as well as the
fungitoxic activity in vitro of BEO nanoemulsions of different
formulations [33]. Moreover, recent studies have pointed out
that citrus oils and their emulsions, which are widely used as
flavoring agents in food and beverage products due to their
flavor, exhibit a certain non-digestibility and instability,
which can be partially corrected by blending them with tri-
acylglycerol oils (e. g. corn oil or medium-chain triglyceride
oil) in emulsion preparation [34].

This work aims at investigating BEO incorporation in
nanoemulsions, to enhance its antimicrobial activity
against Escherichia coli, Lactobacillus delbrueckii sp. lactis,
and Saccharomyces cerevisiae, and cytotoxic activity
against epithelial colorectal adenocarcinoma cells (Caco-
2), with a specific focus on the BEO composition, nano-
emulsion formulation, and effect of nanoemulsion droplet
size distribution.

Micro-organisms were selected among non-pathogens
because they belong to classes with well-distinct cell mem-
brane characteristics (E. coli belongs to the Gram-negative
bacteria, L. delbrueckii belongs to the Gram-positive bacteria,
and S. cerevisiae is a yeast cell with a eukaryotic cell struc-
ture), based on the consideration that EO attack can be ex-
pected to take place on the cell membrane [1].

Caco-2 cells were selected because they are routinely
used in the assessment of potential cytotoxicity of nano-
emulsions on the small intestine [35, 36]. However, they are
used also in the study of anticancer activity of EOs nano-
emulsions for therapeutic applications [37].
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2 Materials and Methods
2.1 Materials

BEO, obtained from cold pressing of bergamot peels, was obtained
from the Stazione Sperimentale per le Industre delle Essenze e dei
Derivati dagli Agrumi (Italy). Whey protein isolates (WP) Volactive
UltraWhey 90 were obtained from Volac Int. Ltd (Orwell, UK). Ac-
cording to manufacturer specifications, WP consisted of f3-lactoglob-
ulin (50-60% wt), glycomacropeptide (15-20% wt), a-lactalbumin
(15-20% wt), bovine serum albumin (1.0-2.0% wt), immunoglobulin
G (1.0-2.0% wt), immunoglobulin A (0.1-1.0% wt), and lactoferrin
(0.1-0.5% wt). Acetylated distarch adipate modified starch (MS)
CLEARAM1 CH20 was obtained from Reire s.r.l. (Reggio Emilia, Italy).
Sugar esters (SE), polysorbate Tween 20 (T20), glycerol monooleate
(GMO) were acquired from Sigma-Aldrich (Germany). Corn oil (CO)
(Giglio Oro, Carapelli, Italy) was used as a ripening inhibitor.

All chemicals and solvents used in this study were purchased
from Sigma Aldrich (Milan, Italy) unless otherwise specified. All
growth media for culturing micro-organisms were purchased from
Oxoid Ltd (UK). MilliQ water was used in the preparation of O/W
nanoemulsions and for the preparation of all reagents and buffers.

2.2 Characterization of the bergamot essential oil

BEO composition was determined by gas chromatography-mass spec-
troscopy (GC-MS) analysis (GC—MS Finnigan-Focus, Thermo-Fisher Sci-
entific, UK), as previously described [31, 38]. An RTX-5 SIL MS capillary
column (30 m long, 0.25 mm i.d. and 0.25 um film thickness) was used
with a cross-linked stationary phase of polyethylene glycol (Restek), with
the following conditions: helium as the carrier gas, injector in split-mode
with a split flow of 20 mL/min at 250 °C, ion source at 250 °C, transfer line
at 260 °C. The compounds were separated using a temperature program
with an initial temperature of 80 °C for 10 min and a temperature gradient
of 25 °C/min to reach 250 °C, which was maintained for 10 min. The
sample (3 uL) was injected using the split technique. The ionization was
produced by electronic impact at 70 eV. The eluted compounds were
identified using the retention times and by comparing their mass spectra
with a spectral library of known standard compounds. The identification
was carried out in full scan mode between 40 and 400 amu.

GC-MS analysis was carried out on the BEO as received, and on
three different light fractions obtained from a glass laboratory distil-
lation unit (Microglass Heim Srl, Italy) with the boiler kept, respec-
tively, at 40 °C, 50 °C or 60 °C in an oil bath, and with the condensation
section cooled with flowing water at 15 °C. GC-MS analysis provided
the peak area for each identified compound, from which the relative
concentrations in comparison with the other components’ areas were
determined, similarly to previously reported analyses of the compo-
sition of citrus EOs [31].

2.3 Nanoemulsion preparation

Oil-in-water (O/W) nanoemulsions were prepared using BEO as
received (yellow-green color), as well as the light (top) and heavy
(residue) fractions of distillation at 40 °C, which corresponded,
respectively, to a colorless oil distillate and a greenish distillation
residue (green color). Different nanoemulsion formulations were
tested, whose formulations are described in detail in Table 1. In
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general, BEO was mixed with CO to prevent Ostwald ripening [30-40],
in a weight ratio of 1:1, determined through preliminary experiments.
Blank nanoemulsions were prepared by completely replacing BEO
with CO. Nanoemulsions were stabilized using different emulsifiers,
such as WP, WP in combination with MS (1:1 wt ratio), SE, GMO in
combination with T20 (1:1 wt ratio), based on previously tested
nanoemulsion formulations [31-43]. Sodium phosphate buffer
(50 mM, pH = 7.4) was always used as the continuous aqueous phase.

Primary emulsions were obtained by high shear mixing of all the
ingredients with an Ultra Turrax T25 (IKA Labortechnik, Jahnke und
Kunkel, Germany) at 24,000 rpm for 4 min, keeping the samplesinanice
bath. Afterward, high-pressure homogenization (HPH) was applied,
using a laboratory bench Nano Debee 45 (BEE International, USA)
equipped with a valve orifice (130 pum) and operated at 300 MPa, for 3
passes. During high-pressure homogenization treatment, the inlet tem-
perature of the process fluid was maintained at 5 °C through a jacketed
tank inlet, while the outlet temperature was quickly reduced to 5 °C in a
heat exchanger located immediately downstream of the orifice valve.

A dynamic light scattering (DLS) device (Zetasizer Nano ZS, Mal-
vern Instruments, Alfatest, Italy) was used to characterize the droplet
size distribution of nanoemulsions in terms of hydrodynamic diameter
(dy, or z-average) and polydispersity index (PdI), measuring the back-
scattered (173°) light through samples diluted 1:10 with sodium phos-
phate buffer (50 mM, pH = 7.4) to avoid multiple scattering effects within
polystyrene cuvettes. The measurements were carried out at 25 °C.

Physical stability of BEO nanoemulsions was assessed by moni-
toring the changes in dy and PdI after a freeze-thaw cycle (freezing
at —20 °C for 24 h, followed by room temperature thawing for 24 h) or
subjecting nanoemulsions to heating directly in the DLS cell, ac-
cording to the following, software-controlled, temperature program:
temperature ramping from 25 °C to 85 °C at 1 °C/min heating rate,
sample holding at 45, 65 and 85 °C for 1 h before each measurement.
Measurements were carried out on diluted samples (1:10 in buffered
water, pH 7.4) at the required temperature, with the adjustment of the
solvent properties to the measurement temperature automatically by
the DLS software. The dilution did not have any measurable effect on
particle size at room temperature.

Table 1: Nanoemulsion formulations, given in mass percent. The
continuous phase is always a sodium phosphate buffer (50 mM,
pH = 7.4).

Code Oil phase Emulsifier

WP 10% CO 4% WP

WP-B 5% CO, 5% BEO 4% WP

WP/MS 10% CO 2% WP, 2% MS
WP/MS-B 5% CO, 5% BEO 2% WP, 2% MS

SE 10% CO 1% SE

SE-B 5% CO, 5% BEO 1% SE

G/T-1 10% CO 0.75% GMO, 0.75% T20
G/T-B-1 5% CO, 5% BEO 0.75% GMO, 0.75% T20
G/T-2 4% CO 0.75% GMO, 0.75% T20
G/T-B-2 2% CO, 2% BEO 0.75% GMO, 0.75% T20
G/T-3 1.5% CO 0.75% GMO, 0.75% T20
G/T-B-3 0.75% CO, 0.75% BEO 0.75% GMO, 0.75% T20

Ingredients: bergamot essential oil (BEO), corn oil (CO), glycerol
monooleate (GMO), modified starch (MS), sugar esters (SE), Tween 20
(T20), whey proteins (WP).
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Each measurement was repeated twice on independently pre-
pared samples, with the means and standard deviations calculated.

2.4 Microbial cultures

The experiments were carried out on three different microbial species
grown up to stationary phase in an aerated incubator: Gram-negative
bacteria Escherichia coli (ATCC 26), Gram-positive bacteria Lactoba-
cillus delbrueckii sp. lactis (ATCC 4797), and yeast Saccharomyces
cerevisiae (ATCC 16664).

E. coli was grown in Tryptone Soy broth (Oxoid, UK) at 30 °C for
18-24 h, L. delbrueckii in De Man, Rogosa and Sharpe (MRS) broth
(Oxoid, UK) at 32°C for 48 h, and S. cerevisiae in MRS broth (Oxoid, UK)
at 32 °C for 48 h, based on a previously validated protocol [38]. After
incubation, the microbial cultures reached approximate concentra-
tions of 10" CFU/mL for E. Coli, 10° CFU/mL for L. delbrueckii, and
10° CFU/mL for S. cerevisiae.

2.5 Kinetics of microbial inactivation

The kinetics of inactivation was studied for the three micro-organisms,
upon treatment with pure BEO or BEO nanoemulsions (G/T-B-2
formulation). Based on preliminary experiments (data not reported), a
concentration of BEO of 1.8% wt, corresponding to the minimum
inhibiting concentration (MIC), was used in this study. Not only the
pure BEO “as received” was tested, but also the distilled (light) and the
residue (heavy) fractions were tested. Control experiments were car-
ried out with blank nanoemulsions (G/T-2 formulation), added at the
same concentration as G/T-B-2.

A volume of 100 mL of microbial culture (each one in its culture
broth, as specified in Section 2.4) was placed in test tubes, where oils
(pure or in nanoemulsion) were added at the desired concentrations
and tested. The tubes were subsequently incubated at temperatures
and times according to the micro-organism specification. At time in-
tervals of 1 h, 1 mL of sample was removed from the tubes to perform
decimal dilutions and plate seeding. Briefly, 1 mL of each sample was
used to prepare decimal dilutions, which were plated in duplicate with
Plate Count agar (Oxoid, UK) for E. coli and MRS agar (Oxoid, UK) for
L. delbrueckii and S. cerevisiae, as previously described in details [38,
44)]. The plates were incubated at 30 °C for 24 h for E. coli, and at 32 °C
for 48 h for L. delbrueckii and S. cerevisiae. All the samples were pre-
pared in duplicate plates.

The pure BEO tests were conducted by adding to the microbial
culture 1.0% wt of Tween 80, to promote its dispersion, considering
that BEO solubility, as experimentally measured, is of 0.05% wt,
whereas nanoemulsions were added directly to the microbial culture.
Preliminary experiments showed that Tween 80 addition did not alter
the growth of the tested micro-organism over the considered time
scale. BEO was added to the microbial culture within 30 min from
preparation to avoid any changes in composition due to the loss of
volatile compounds.

2.6 Caco-2 cell culture

The human epithelial colorectal adenocarcinoma cells (Caco-2) cells
were obtained from the American Type Culture Collection (ATCC, HTB-
37) (Rockville, MD). Cells were maintained as a monolayer in a hu-
midified incubator at 37 °C in Dulbecco’s Modified Eagle’s Medium
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(DMEM), supplemented with 10% fetal bovine serum (FBS) and 100
U/mL penicillin, 100 mg/mL streptomycin, in an atmosphere of 5%
CO,. The day before treatment, cells were seeded into 96-well plates to
allow cell attachment. Treatments were performed by culturing cells with
blank nanoemulsions (WP, WP/M, SE, G/T-1, G/T-2, and G/T-3) or nano-
emulsions containing different BEO concentrations (WP-B, WP/MS-B,
SE-B, G/T-B-1, G/T-B-2, and G/T-B-3). The Caco-2 cell treatments were
carried out for 48 h at different nanoemulsion volumetric dilutions (1:100,
1:250, 1:500, and 1:1000). Control cells were treated with corresponding
dilutions of Hanks’ balanced salt solution (HBSS)-10 mM Hepes.

2.7 Cytotoxicity

The Cell Proliferation Kit II (XTT) (Sigma Aldrich, 11465015001) was
performed to evaluate the cytotoxic effects of the different nano-
emulsions and BEO. Specifically, Caco-2 cells (10* cells/well) were
seeded in 96-well plates (Fisher Scientific) and treated for 48 h. After
treatments, cells were incubated with 100 pL of XTT working solution
(0.5 mg/mL in culture medium) for 4 h at 37 °C, following the manu-
facturer’s instruction. The absorbance readings were acquired at a
wavelength of 490 nm using a microplate reader model 680 Bio-Rad.
After evaluating cell cytotoxicity, the total protein content was deter-
mined by using the Micro BCA protein assay kit (Thermo Fisher Scientific
Inc., US). Briefly, the cells were washed with ice-cold phosphate buffer
solution (PBS), and incubated for 15 min with 150 pL RIPA lysis buffer
(Thermo Scientific, 89900), followed by the addition of 150 mL of Micro
BCA working reagent and incubated at 37 °C for 2 h, according to man-
ufacturer’s instructions. The absorbance at 562 nm was detected using a
microplate reader. The cytotoxicity measurements were then normalized
on the amount of total protein content in each well.

Cytotoxic tests were carried out for all the nanoemulsions listed in
Table 1. For WP-B, WP/MS-B, SE-B, and G/T-B-1 (5.0% wt initial BEO
concentration), cells were treated with 500, 200, 100, and 50 mg/L BEO
concentrations, respectively. For G/T-B-2 (2.0% wt initial BEO concentra-
tion), the used dilutions contained 200, 80, 40, and 20 mg/L respectively,
of final BEO concentrations. Starting from an initial BEO concentration of
0.75% wt, Caco-2 cells were treated with G/T-B-3 containing 75, 30, 15, and
7.5 mg/L BEO, respectively. In the case of pure BEO, the volumetric di-
lutions corresponded to BEO concentrations of 8200, 3280, 1640, and
820 mg/L, when considering an oil density of 0.82 g/mL, which is an
average value of the measurements for different citrus peel oils [45].

2.8 Statistical analysis

All data obtained were represented as mean + standard deviation of
triplicate independent experiments unless differently indicated.
Daniel’s XL toolbox within Excel was used to perform one-way Anal-
ysis of Variance (ANOVA) tests followed by the Tukey method, with the
overall significance level set at p < 0.05.

3 Results and Discussion
3.1 Composition of BEO and its fractions

The composition of the BEO used in this work is reported
in Table 2. The main volatile compounds of BEO are
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D-limonene, linalyl acetate, and linalool, which combined
account for more than 80% (relative concentration) of the
BEO components, followed by f3-pinene, y-terpinene, a-
pinene, sabinene and myrcene, which combined account
for more than 17%, and with all the residual components in
relative concentrations below 0.5%. A recent review iden-
tified D-limonene (28.0-45.0%), linalyl acetate (18.0-
28.0%), linalool (4.0-20.0%), f-pinene (4.0-11.0%),
y-terpinene (3.0-12.0%) and a-pinene (1.0-1.8%) as the
main volatile components in the bergamot peel [8], which
is in excellent agreement with the data shown in Table 2.

In general, D-limonene in the bergamot peel is signif-
icantly lower than in the peel of other citrus fruits, such as
orange, mandarin, and lemon. Conversely, linalyl acetate,
linalool, and f3-pinene are contained in higher amounts in
the bergamot peel essential oil [8]. Remarkably, bergamot
peel is characterized also by other distinctive non-volatile
components, which have not been detected by the used
GC-MS technique, such as bergamottin (0.68—2.75%), ber-
gapten (0.11-0.33%) and bergaptol (0-0.19%) [8].

The distillation of BEO, controlled through the reboil-
ing temperature (40°, 50° and 60 °C), was carried out to
obtain BEO fractions with different concentrations of the
key components, with the final goal of developing a stan-
dardized BEO formulation, especially when BEO is derived
from biologically different sources. The results of Table 2
show that at 40 °C a noteworthy increase in the relative
concentration of D-limonene, 8-pinene, and y-terpinene is
observed, which, together, account for almost 80% of all
the compounds of the distillate, whereas the concentra-
tions of linalyl acetate and linalool are considerably
decreased. At 50 °C, D-limonene concentration is still very
high (but lower than at 40 °C), y-terpinene is increased and
f-pinene is reduced, together with linalyl acetate and
linalool, which, however, are higher than at 40 °C. Coher-
ently with their volatilities, for a distillate produced at 60 °
C, D-limonene is decreased to about 10%, whereas linalyl
acetate and linalool are considerably increased to a com-
bined value of 80%, and only a residual content of y-ter-
pinene (4%) is observed above the 1% threshold. The heavy
fractions exhibit a specular composition with respect to the
light fractions, with the enrichment in less volatile com-
pounds, such as linalyl acetate and linalool.

Previous studies have shown that all the major com-
pounds of bergamot (linalyl acetate, linalool, limonene, a-
pinene, and f3-pinene) exhibit a non-negligible antimicro-
bial activity, which depends on the bacterial species,
against which they are tested [46]. The average antimi-
crobial activity is generally ranked, by several authors, as
follows: linalyl acetate < limonene < f$-pinene < a-
pinene < linalool [46-48]. It was also observed that the
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Table 2: Relative concentration (%) of the main volatile compounds of bergamot essential oil (BEO) and its light and heavy fractions obtained

from laboratory distillation at different reboiler temperatures.

Compound BEO BEO 40 °C BEO 50 °C BEO 60 °C

Light Heavy Light Heavy Light Heavy
D-limonene 34.09 59.69 20.99 52.12 22.20 10.79 53.44
linalyl acetate 27.76 7.01 38.13 15.56 35.58 56.97 3.19
Linalool 18.52 6.18 24.68 11.68 22.89 24.18 13.71
B-pinene 6.65 9.69 5.08 4.55 7.98 0.23 11.98
y-terpinene 6.59 10.41 4.62 11.62 3.28 3.98 8.74
a-pinene 1.41 1.43 1.40 0.35 2.09 0.00 2.58
Sabinene 1.15 1.65 0.90 0.83 1.36 0.05 2.07
Myrcene 0.91 1.47 0.63 1.05 0.82 0.18 1.52
a-thujene 0.37 0.37 0.36 0.09 0.54 0.00 0.67
(E)-B-ocimene 0.29 0.32 0.27 0.37 0.24 0.17 0.39
a-sinensal 0.28 0.00 0.42 0.01 0.46 0.02 0.50
Eugenol 0.28 0.00 0.41 0.00 0.45 0.00 0.50
Geranial 0.27 0.03 0.39 0.09 0.38 0.41 0.15
N-methyl-methyl anthranilate 0.25 0.03 0.36 0.08 0.36 0.37 0.15
B-caryophyllene 0.20 0.02 0.29 0.06 0.29 0.31 0.10
Neral 0.19 0.03 0.26 0.08 0.26 0.30 0.09
a-terpinene 0.15 0.22 0.11 0.19 0.12 0.04 0.23
Nerol 0.12 0.01 0.18 0.02 0.19 0.09 0.15
geranyl acetate 0.12 0.01 0.17 0.04 0.17 0.27 0.00
p-cymene 0.10 0.73 0.00 0.34 0.00 0.19 0.02
o-terpineol 0.08 0.02 0.10 0.05 0.09 0.17 0.00
Nonanal 0.05 0.04 0.05 0.00 0.08 0.13 0.00
Camphene 0.04 0.04 0.03 0.02 0.05 0.00 0.07
Decanal 0.04 0.01 0.05 0.03 0.04 0.09 0.00
(2)-B-ocimene 0.03 0.04 0.03 0.05 0.02 0.04 0.02
Valencene 0.03 0.00 0.05 0.01 0.05 0.02 0.04
methyl eugenol 0.02 0.00 0.03 0.01 0.03 0.04 0.00
B-bisabolene 0.01 0.01 0.01 0.04 0.00 0.24 0.00
neryl acetate 0.00 0.03 0.00 0.07 0.00 0.36 0.00
Terpinolene 0.00 0.41 0.00 0.51 0.00 0.27 0.00

chiral properties of volatile compounds seem to be of minor
importance for their antimicrobial activities [47].

Based on these considerations, it was decided to
compare, in the antimicrobial tests against E. coli, L. del-
brueckii, and S. cerevisiae, the initial BEO with the light
fraction obtained through distillation at 40 °C (light BEO),
richer in D-limonene and poorer in linalool and linalyl ac-
etate, and the residual fraction (heavy BEO), which is,
conversely, poorer in D-limonene and richer in linalool and
linalyl acetate. The different BEO fractions were also tested
when incorporated in nanoemulsions, according to the
formulations reported in Table 1.

3.2 Nanoemulsions stability

The hydrodynamic diameter and polydispersity index of the
different formulations tested in this work, as measured
immediately after fabrication and after a freeze-thaw cycle,

are reported in Table 3. In general, it can be observed that the
use of macromolecular emulsifiers, such as WP, offers better
protection of nanoemulsions than small-molecule emulsi-
fiers, such as GMO/T20 combination or SE [40]. This is
clearly shown in Table 3 after a freeze-thaw cycle, with only
WP and WP/MS nanoemulsions exhibiting a limited varia-
tion, whereas SE and G/T emulsions exhibited more relevant
changes in dy, especially when also BEO was included in the
formulation. The only exception can be observed for lower
oil fractions (G/T-3 and G/T-B-3), whose dy values increased
from about 70 nm to more than 200 nm.

Hence, when comparing the nanoemulsions with the
same oil fraction (10% wt, made of CO alone), the stability
to a freeze-thaw cycle, assessed as percentage variation of
the dy and PdI, can be ranked as WP > WP/MS > SE > G/T-1.
Remarkably, the same classification (WP-B > WP/
MS-B > SE-B > G/T-B-1) is maintained in the presence of BEO
(5% wt CO and 5% wt BEO), although the presence of BEO
promotes the instability phenomena and larger values of
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dy and PdI are observed. In some cases (denoted by an
asterisk in Table 3), nanoemulsions underwent phase
separation, when subjected to the freeze-thaw cycle. Pre-
vious studies have shown that macromolecular emulsifiers
can form a thick layer at the water-oil interface, which
prevents the coalescence of emulsion droplets when com-
pressed against each other because of the formation of ice
in the continuous phase [49]. In contrast, small-molecule
emulsifiers, such as SE, GMO, and T20, are not able to form
a sufficiently resistant protective layer around the emul-
sion droplets [50].

Concerning the use of WP alone, the addition of MS
likely contributed to the destabilization phenomena of
depletion flocculation, due to the free, non-adsorbing
starch molecules in suspension [51]. When reducing the oil
fraction (CO alone or together with BEO), considerably finer
droplet sizes were obtained. This observation can be
attributed mainly to the higher surfactant-to-oil ratio, as
surfactant concentration (0.75% wt GMO and 0.75% wt
T20) had not been changed, in agreement with the most
accredited theories on the required emulsifier concentra-
tion for stable emulsions [52].

Nanoemulsion stability has also been verified at
increasing temperature, in the range between 25 and 85 °C,
as shown in Figure 1in terms of dy. The corresponding data
are reported also in Table S1 of Supplementary Material
along with the PdI values. The results show that the
physical stability of the tested nanoemulsions at increasing
temperature stability is always high, with the variations in
dy generally comprised within +25%. The largest variations
were observed in the presence of MS (WP/MS and WP/
MS-B), probably because of the occurrence of depletion
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attraction between droplets, caused by high levels of non-
adsorbed emulsifier [53], and when using SE (SE and SE-B),
which is not able to provide enough interfacial barriers,
when the droplet core is in liquid form [50]. Moreover, the
presence of BEO slightly decreased the observed stability,
likely due to the higher dependence of volatility and sol-
ubility of the oil phase on temperature [54].

Based on these results, the antimicrobial tests have
been carried out on G/T-B-2, which is characterized by a
sufficiently small hydrodynamic diameter (138 nm) and
polydispersity index (0.14). G/T-B-2 nanoemulsions were
prepared both with pure BEO and with its light and heavy
fractions at 40 °C, without observing any measurable
variation in size distribution. Moreover, the antimicrobial
activity of this formulation had already been verified in
previous studies against E. coli and Salmonella typhimu-
rium [32].

3.3 Antimicrobial activity

Figure 2 shows the kinetics of inactivation of E. coli,
L. delbrueckii, and S. cerevisiae, exposed to BEO in free form
or nanoemulsion, at a concentration of 1.8% wt, which by
far exceeds BEO solubility in water (solubility ~ 0.05% wt).
The data are also reported in Tables S2 for E. coli, Table S3
for L. delbrueckii, and Table S4 for S. cerevisiae of Supple-
mentary Material. From all graphs of Figure 2, it is evident
how the antimicrobial activity, and therefore the inactiva-
tion kinetics, were improved and accelerated when
bergamot oil was in emulsified form. It must be remarked
that, because microbiological data are inherently variable,

Table 3: Nanoemulsion size distribution expressed as hydrodynamic diameter dy (nm) and polydispersity index Pdl (-) after preparation and

after a freeze-thawing cycle.

After preparation

After freeze-thawing

Code dy Pdi dy Pdl
WP 246 + 6 0.36 + 0.01 271+ 4 0.27 £ 0.01
WP-B 226 +0 0.25 +0.00 256 + 28 0.38+0.13
WP/MS 240+ 8 0.4 +0.01 315+ 10 0.39+0.14
WP/MS-B 298 +7 0.27 £ 0.04 456 + 47 0.31 +0.01
SE 220+ 10 0.39 + 0.04 341+72 0.22 + 0.06
SE-B 175+ 3 0.18 + 0.02 2800 + 1697* 0.14 + 0.01
G/T-1 254 + 2 0.20 £ 0.01 3989 + 4866* 0.31 +£0.02
G/T-B-1 225+1 0.20 + 0.01 5389 + 4805* 0.22 +0.12
G/T-2 142 +1 0.15 + 0.01 743 + 292 0.13 +£0.02
G/T-B-2 138+ 1 0.14 + 0.01 3426 + 2006* 0.21 £ 0.07
G/T-3 70+ 0 0.14 + 0.01 299 +19 0.18 £ 0.03
G/T-B-3 73+1 0.16 + 0.01 224 + 3 0.56 + 0.62

" Extended physical instability of nanoemulsion was observed, with phase separation of the oil phase.
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in addition to the statistical analysis, the reader should
consider the differences observed in Figure 2 as meaningful
only when they are > 1 Log CFU/mL. Additionally, in time-
kill tests, a compound is considered to exhibit a micro-
bicidal effect when a lethality percentage of 90% is
observed within 6 h [55], which, in the cases of Figure 2,
corresponds to 1 Log CFU/mL.

When the concentration of the antimicrobial com-
pound, required for microbial inhibition or inactivation, is
considerably above the solubility concentration of the
compound (1.8 vs. 0.05% for BEO), the role of the delivery
system appears to be extremely important to ensure ho-
mogeneous dispersion of EO in the aqueous phase,
providing a high specific surface area for interaction with
the microbial cell membranes. In contrast, when a non-
encapsulated compound is added at concentrations above
its solubility, it is not able to efficiently reach the microbial
cell membranes. This is in agreement with previous data
collected by the researchers about the antibacterial or
antifungal activity of different EOs in emulsified form,
with respect to their free form [33-44]. Moreover, it has
been suggested that the emulsifier might also play a
notable role in the micelle-mediated mass transfer of the
EO that is released from the emulsion droplets and/or
which permeate through biological membranes [4-30].
The hypothesis of micelle-mediated mass transfer of EO
components is coherent with the experimental observa-
tion that the antibacterial activities of different EO
emulsions were not influenced by the concentration of
the surfactant [56, 57].

Figure 2 also compares the antimicrobial action of the
distilled fractions (distillate and distillation residue) with
the initial BEO, highlighting that the latter is more active,
with faster inactivation kinetics. Probably, the synergistic
interaction of the main BEO components, such as linalool,

}Z D bl
& @

(p < 0.05) within each nanoemulsion
formulation.

limonene, linalyl acetate, f3-pinene, and y-terpinene is
more effective than the use of higher concentrations of
D-limonene, f-pinene and y-terpinene (light BEO) or
linalool and linalyl acetate (heavy BEO). Not many studies
have focused on this aspect to date. In agreements with our
findings, it was shown that the phytotoxic activity of Citrus
aurantiifolia EO is higher than the activity of its main
constituents, limonene, and citral [58]. Likely, the higher
antimicrobial or phytotoxic activity of EOs than their con-
stituents can be explained either in terms of the potential
synergy among major and minor EO constituents [59], or
the modulation of the activity of the main components by
other minor components [60]. Remarkably, the encapsu-
lation in nanoemulsion is capable of efficiently promoting
the antimicrobial activity against E. coli, L. delbrueckii, and
S. cerevisiae, also for the light and heavy fractions of BEO.
However, it must be remarked that the measured antimi-
crobial activities of nanoemulsions containing light and
heavy fractions are lower than for the nanoemulsion con-
taining the non-fractionated BEO, in line with what
observed for non-emulsified EOs. In this case, the nano-
emulsions might have contributed also to a better persis-
tence of the more volatile compounds in the system than
BEO in free form. However, more detailed studies are
necessary to clarify this aspect, which, to date, has not
been adequately addressed by the scientific literature on
the topic.

Another aspect that should be considered when
analyzing the results of Figure 2 is the role played by the
emulsifier. The blank nanoemulsions did not exhibit any
measurable antimicrobial effect against the tested micro-
organisms (data not reported). However, it can not be
excluded that the emulsifiers might affect the BEO’s
mechanism of action, by exerting an intrinsic antimicrobial
activity and promoting mass transfer and interaction with
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icant differences (p < 0.05) within each time

group.

5

time (h)

time (h)

which is considerably lower than the BEO concentrations
used in the antimicrobial tests. Remarkably, negligible

the microbial cells [61-63], contributing to the differences

observed in Figure 2.

, SE-B, and

WP/MS-B

G/T-B-1 nanoemulsions, when tested at lower BEO con-

differences were observed for WP-B,

3.4 Cytotoxicity

centrations. It must be highlighted that a reduction of the
optical density of 50% is generally considered to be bio-

-2 cells treated for

48 h with a 1/100 dilution of the different blank nano-
emulsions (2 PL of nanoemulsion in a final volume of

Cell viability results, carried out on Caco

logically meaningful when considering the correlation

with human toxicity [64]. As shown in Table 3, these

nanoemulsions differed not only in terms of composition

200 pL), showed the absence of cytotoxicity compared to
control cells (Figure 3A, with the data reported also in Ta-

but also of hydrodynamic diameter (dy ranged from 175 nm
for SE-B to 298 nm for WP/MS-B). Moreover

also the

>

ble S5 of Supplementary Material). Moreover, a statistically

nanoemulsion prepared with a combination of GMO and

not significant increase in optical cell density was observed
(p = 0.05). Conversely, the treatment with the same BEO

T20 did not show notable differences in cytotoxicity, when

compared to similar BEO concentrations

despite the hy-

]

dilution reached a relevant reduction of cell viability

drodynamic diameters were considerably different: dy for

G/T-

and 1/1000 of

each nanoemulsion were tested (Figure 3B, with the data
reported also in Table S6 of Supplementary Material).

(Figure 3A). Dilutions of 1/100, 1/250, 1/500,

-B-2 was 138 nm, and for G/T-B-

for G/T

B-1was 254 nm,

3 was 78 nm. Finally, the addition of pure BEO always

with a significant

(p < 0.05) reduction in cell viability with respect to control.

resulted in measurable cytotoxicity,

BEO-containing nanoemulsions resulted to be cyto-
toxic for final BEO concentrations larger than 100 mg/L

The cytotoxic activity of BEO has already been un-

(corresponding to 1/100 and 1/200 dilution of WP-B, WP/  doubtedly demonstrated [26, 27]. This work shows how the

MS-B, SE-B, and G/T-B-1 and 1/100 dilution of G/T-B-2),

cytotoxic activity of BEO is enhanced by its encapsulation in
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Figure 3: Caco-2 cell viability expressed as optical density (0.D.) at
490 nm of the cells in the culture media, after treatment for 48 h with
(a) different blank nanoemulsions and (b) BEO nanoemulsions at
varying the dilution level, in comparison with pure BEO. Asterisks
denote statistically significant differences (p < 0.05) with the control.

nanoemulsion. The comparison of the lowest nanoemulsions
dilution (1/100) for WP-B, WP/MS-B, SE-B and G/T-B-1 (final
BEO concentration of 500 mg/L), with the highest dilutions
for pure BEO (1/500 and 1/1000, corresponding to final BEO
concentrations of 1640 and 820 mg/L, respectively), in fact,
shows that Caco-2 cell viability at 48 h is lower for nano-
emulsions, despite the lower BEO applied concentration,
thus highlighting that the nanoemulsions contributed to
increasing not only BEO antimicrobial activity against E. coli,
L. delbrueckii, and S. cerevisiae, but also BEO cytotoxicity.
Previous studies have already highlighted the
increased cytotoxicity of EO nanoemulsions with respect to
free EOs, when combining Tween 80 and PEG 400 as sur-
factant and co-surfactant [65], Tween 20 and Tween 80 as
surfactants [66], or when using polyoxyl 40 hydrogenated
castor oil [67], or chitosan as a stabilizer [68]. In some
cases, the emulsifier/stabilizer might have an active role in
inducing a cytotoxic effect, such as in the case of chitosan
[69], or for polysorbates (or Tween) 20, 60, and 80 [70]. In
particular, small-molecule surfactants, such as poly-
sorbates, may cause the redistribution of the junction of
proteins, which leads to the increment of paracellular
permeability in cellular monolayer [70], hence promoting a
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synergistic effect with EOs, which might better permeate
through cell monolayers, and eventually cause the leakage
of cytoplasmic contents [66]. Remarkably, EOs nano-
emulsion cytotoxicity was reported to depend also on
nanoemulsion formulation, including not only the type
and concentration of emulsifier(s) but also the composition
of the oil phase [67], especially if the EO is mixed with a
ripening inhibitor [71-73]. This effect might be regarded as
indirect, by affecting the emulsion mean droplet size, and
hence its specific surface area, or direct, as discussed in
Section 3.3, when the mass transfer of EO to the cells is
affected by the presence of surfactant or emulsifier micelles
in the continuous phase [30], also contributing to the
resulting cytotoxic effect.

Several factors intervening in the cytotoxic activity of
EOs when encapsulated in nanoemulsions, including the
EOs composition, the behavior at the interfaces and in
the continuous phase of the emulsifiers, and the different
types of possible interactions of EOs with cells (for
example, direct release or release mediated by surfactant
or emulsifier micelles towards the cell membranes, elec-
trostatic or affinity-driven interactions of membrane
charged patches with nanoemulsion droplets [4]). Given
the complexity of these factors and their interaction,
further studies are needed to better clarify the role of
nanoemulsions as delivery systems for the cytotoxic action
of BEO. In particular, the preliminary studies reported in
this work suggest caution in the direct use of BEO nano-
emulsions as preservative agents in food, because of the
potential risks associated with human consumption at the
concentrations at which antimicrobial activity against
E. coli, L. delbrueckii, and S. cerevisiae is observed. At these
concentration levels, a notable reduction is observed in the
viability of Caco-2 cells, which are used to assess the
cytotoxicity in the small intestine [35, 36]. Therefore, it can
be considered that BEO nanoemulsions are more suitable
for therapeutic applications, to replace the use of organic
solvents, such as ethanol or dimethyl sulfoxide, typically
used to dissolve BEO and other hydrophobic compounds
[74]. A lipid-based delivery system, which is formulated
with food-grade ingredients, and which can increase the
water solubility and in vitro anticancer activity of the
encapsulated components, is likely to support the devel-
opment of BEO as an anticancer agent [28].

4 Conclusions

This work showed that bergamot essential oil (BEO) is a
valuable natural product, with remarkable antimicrobial
and cytotoxic activity. In particular, its activity derives
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from the synergistic action of its main components, such
as linalool, linalyl acetate, limonene, and f-pinene,
which are well-balanced in the oil as obtained from
bergamot peels. The concentration of more volatile com-
ponents (e. g. D-limonene, f8-pinene and y-terpinene) in a
distillate, or of the less volatile components (linalool and
linalyl acetate) in the residual fraction of distillation, re-
sults in a lower antimicrobial activity than the original
BEO, as verified against test micro-organisms, such as
Gram-negative E. coli, Gram-positive L. delbrueckii and
S. cerevisiae yeasts. Moreover, due to the low solubility of
BEO in water (about 0.05% wt), its use as a natural anti-
microbial compound, which is active in the aqueous
phase where micro-organisms proliferate, requires its
incorporation in nanoemulsions. It was shown that
nanoemulsions enhanced the antimicrobial activity
against the tested micro-organisms, with respect to the
use of free BEO. However, BEO exhibited a measurable
cytotoxic activity against Caco-2 cells already at a con-
centration of 100 mg/L, which is well below the concen-
tration level used in antimicrobial tests, showing that
they are not suitable for the direct use as a preservative
agent in products intended for human consumption.
Interestingly, the emulsification of BEO promoted the
cytotoxic activity in comparison with free BEO, without
any measurable variation observed among the different
formulations tested, using as emulsifiers whey proteins,
alone or in combination with MS, sugar esters, and a
combination of GMO with Tween 20. These results sug-
gest that BEO nanoemulsions could find more suitable
applications as naturally-derived surface decontami-
nation agents or in the development of anticancer
agents.
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