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Abstract Nanoemulsions exhibit a number of advantages

to carry and deliver lipophilic compounds such as essential

oils (EOs) due to their good stability and high surface area

per volume unit. The purpose of this work was to assess the

long-term stability of nanoemulsions of clove and lemon-

grass (LG) EOs and their principal components eugenol and

citral (CI), respectively, at 3 different concentrations (2, 5 or

10 times their respective minimum inhibitory concentra-

tions) and at two storage temperatures (1 �C and 21 �C).
The initial droplet size of LG and CI-loaded nanoemulsions

was below 100 nm and most of them kept droplet sizes in

the nano-range until the end of storage at both temperatures.

The f-potential was lower than - 40 mV, but it increased

through storage, indicating a weaker alginate adsorption at

the oil surface at both temperatures. The antimicrobial

activity increased with the EOs concentration and was

negatively affected by the highest storage temperature.

Nanoemulsions containing CI and LG were able to signifi-

cantly decrease Escherichia coli counts during storage,

particularly at 1 �C. Nanoemulsions containing 1.0 and

2.0% w/w CI and 2.5% w/w LG were the most efficient in

reducing Botrytis cinerea growth through storage, mainly at

1 �C. The nanoemulsions containing 1.0 and 2.0% w/w CI,

as well as, 1.25 and 2.5% w/w LG better maintained their

stability and antimicrobial effect along 6-months storage

mainly when at 1 �C, making those nanoemulsions suit-

able as edible coatings for food preservation. Future studies

should be oriented to evaluate the impact of these

nanoemulsions on the organoleptic properties of coated

foods and their potential toxicity.
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Introduction

Fruit and vegetables are important components of the

human diet, being their consumption essential for a good

nutrition and to prevent a wide number of chronic diseases

(Schneeman 2004). However, fruits and vegetables are

highly perishable due to physiological processes and

microbial spoilage. Losses inflicted throughout the supply

chain by pathogen-induced diseases are the major compo-

nent of food wastage. Among these pathogens, Botrytis

cinerea, the cause of grey mold, is considered one of the

most important postharvest decays of fresh fruit and veg-

etables (Wang et al. 2010). The greatest concern with

human pathogens on fresh fruits and vegetables are enteric

pathogens, as Escherichia coli, that is able to cause disease

through contamination of our food supply (Chekabab et al.

2013).

Edible coatings have a high potential to carry active

ingredients such as antimicrobial compounds, and can be

used to extend fruit and vegetables shelf life (Salvia-Tru-

jillo et al. 2015b). Essential oils (EOs) as Lemongrass (LG)
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and clove (CL), as well as their main components being

citral (CI) and eugenol (EU), respectively, according to

Hakkı et al. (2007) and Mohamed Hanaa et al. (2012); have

been shown to have inhibitory activities against various

bacteria and fungi (Aguilar-González et al. 2015; Guerreiro

et al. 2015).

EOs are recognized by the consumers as ‘‘natural’’

components which makes them highly appreciated for

application in many commercial food and beverage prod-

ucts since there is an increased demand for natural rather

than synthetic additives. However, due to their low water

solubility and intense aroma, they present limitations for

being incorporated into food products, especially at

microbiologically efficient high concentrations (Salvia-

Trujillo et al. 2014). Therefore, EOs nanoencapsulation

may be an alternative regarding their application in foods

(Salvia-Trujillo et al. 2015a). EOs-based nanoemulsions

have been applied in food products with the purpose to

extend their shelf life keeping or improving the appear-

ance, flavour, aroma as well as nutritional quality (Salvia-

Trujillo et al. 2015b). Oil-in-water (O/W) nanoemulsions

consist of a lipid phase dispersed in an aqueous continuous

phase, being each oil droplet surrounded by a thin inter-

facial layer of emulsifier molecules, with an average size

lower than 200 nm (Tadros et al. 2004). Nanoemulsions

exhibit several important advantages over conventional

emulsions for certain applications due to their optical

clarity, high physical stability, and ability to increase the

bioavailability of lipophilic bioactives (Salvia-Trujillo

et al. 2015a).

Nevertheless, EOs-based nanoemulsions may present

some changes in their dropet size, polydispersity and f-
potential, mainly if their components show relative high

water solubility and mobility (Artiga-Artigas et al. 2018).

The main destabilization phenomena suffered by EOs-

based nanoemulsions is Ostwald ripening (OR), which is

attributed to diffusion of the dispersed phase through the

continuous phase and a spontaneous trend toward a mini-

mal interfacial area between the continuous and the dis-

persed phases (Wooster et al. 2008). Therefore, OR will

cause the growth of larger particles at the expense of

smaller ones with the dispersed phase being transported

through the continuous phase over time. Additionally,

nanoemulsions containing EOs are prone to suffer coales-

cence, phenomenon that occurs when two oil droplets

contact due to the weak steric repulsion between them, and

they unify in a sole larger droplet (Qian and McClements

2011). These destabilization phenomena may limit the

available period for the effective application of

nanoemulsions.

EOs-based nanoemulsions require the evaluation of their

stability throughout storage (Guerra-Rosas et al. 2016).

Therefore, the aim of the present work was to evaluate the

stability and antimicrobial activity against E. coli and

Botrytis cinerea of nanoemulsions containing LG–EO,

CL–EO or their main components CI and eugenol EU, over

storage at different temperatures.

Materials and methods

Materials

LG–EO (Cymbopogon citratus), whose major components

are CI a and CI b (30–40% w/w and 30–35% w/w,

respectively), and CL–EO (Syzygium aromaticum), which

contains 80–90% EU, 15% EU acetate and 5–12% beta

caryophyllene, were purchased from Oils4life (United

Kingdom) (Hakki et al. 2007; Mohamed Hanaa et al.

2012). CI and EU were obtained from Agrós Organics

(Portugal) and Fluka (Portugal), respectively. Food-grade

sodium alginate (MANUCOL�DH) was supplied by FMC

Biopolymer Ltd (Scotland, U.K.). Information provided by

the manufacturer indicates that viscosity and pH of a

solution 1% is 40–90 mPa and 5.0–7.5, respectively.

Tween 80 (Polyoxyethylenesorbitan Monoesterate) (Lab

Scharlab, Spain) was used as food-grade nonionic surfac-

tant. Ultrapure water, obtained from Millipore Milli-Q fil-

tration system (0.22 lm) was used for the formulation and

analysis of nanoemulsions. All culture mediums used in

microbiology assays, Tryptone Soy Broth, McConkey agar

and Potato Dextrose Agar were obtained from Bioakar

Diagnostics, Beauvais, France.

Methods

Determination of minimum inhibitory concentration (MIC)

The antimicrobial activity of CL and LG EOs and their

principal components (EU and CI, respectively) against

bacteria and fungi was determined by the microdilution

method as described previously by Faleiro et al. (2005)

(Supplementary material Table 6). The tested concentra-

tions for CL and LG EOs and their major components EU

and CI were 0.04, 0.06, 0.08, 0.10, 0.15, 0.20, 0.25, 0.30,

0.35 and 0.40% (w/w) diluted in Tween 20 (2%, w/w). The

Escherichia coli S3 and Listeria monocytogenes EGD

(Supplementary material Table 6), were maintained at

- 80 �C and recovered in TSA plates, which were incu-

bated at 37 �C for 24 h. From each plate a loop was used to

inoculate 10 mL of TSB, and the culture was incubated

overnight at 37 �C with continuous agitation at 120 rpm.

Each well of a flat-bottom microplate (Greiner, abortech-

nick, Frichenhausen, Germany) was filled with 180 lL of

TSB supplemented with CL, LG, EU or CI at the appro-

priate concentration. Twenty microliters of the bacterial

2722 J Food Sci Technol (May 2019) 56(5):2721–2736

123



suspension prepared with the culture medium supple-

mented with the EO at the proper concentration was used to

inoculate each well. The growth was followed by spec-

trophotometry (OD600nm) in a microplate reader (Tecan

Infinite M200, Tecan, Austria). Wells containing the cul-

ture medium supplemented with Tween 20 or chloram-

phenicol (30 lg/mL) were included, as control. A set of

wells containing the culture medium with no antimicrobial

agent represented the negative control. Three biologic and

three technical replicates for each strain were used (N = 6).

The MIC value was considered the lowest concentration of

the essential oil component that caused the inhibition of the

bacterial growth (no increase in the OD600nm after 24–48 h)

(Faleiro et al. 2005).

The MIC value for fungi was determined as described

by Camele et al. (2012). The mould strains were main-

tained in PDA. The mould culture was prepared by drop-

ping10 lL of single suspensions containing 1 9 104

conidia/mL of each Penicillium digitatum, P. expansum

and Botritys cinereal culture into PDA plates supplemented

with each compound at appropriate concentration.

PDA plates with 0.2% w/w Tween 20 and with no

compound were used as control. Three replicates for each

compound dose were performed. The inhibitory effect of

the EOs against each tested mould was determined after

3–14 days incubation period at 25 �C, taking into account

when control colonies margins reached plate edges.

Primary emulsion formation

Sodium alginate (2% w/w) was dissolved in water at 70 �C,
with continuous stirring until it was completely dissolved

and the solution was cooled down to 25 �C. A primary

emulsion was made by mixing the alginate aqueous solu-

tion with the EO and Tween 80 (Supplementary material

Table 7) with a laboratory T-25 digital Ultraturrax (IKA,

Staufen, Germany) working at 11,000 rpm, for 2 min fol-

lowing the methodology proposed by Artiga-Artigas et al.

(2017).

Concentrations of the CL and LG EOs and their main

components (EU and CI, respectively) used in the emul-

sions were based on their minimum inhibitory concentra-

tions (MIC), by using 2, 5 or 10 times higher oil

concentrations than their MIC values. Tween 80 concen-

tration was bound an oil/surfactant ratio of 1:3 (Supple-

mentary material Table 7).

Nanoemulsion formation

After primary emulsion preparation, nanoemulsions were

obtained by microfluidization (M-110P, Microfluidics,

USA) at 150 MPa for 5 cycles following the methodology

used by Artiga-Artigas et al. (2017). Nanoemulsions were

cooled down at the outlet of the microfluidization unit

through an external coil immersed in a water bath with ice,

so temperature was kept at 10 �C. For stability studies,

aliquots of nanoemulsions were placed in capped plastic

test tubes and stored at room temperature (21 �C) or at

1 �C, in the absence of light. Analytical determinations

were performed just after preparation and along storage

time (2, 4 and 6 months) at both temperatures.

Nanoemulsions characterization

Droplet size, polydispersity and f-potential The average

droplet size of the nanoemulsions was determined by

dynamic-light-scattering (DLS), using a Zetasizer Nano-ZS

laser diffractometer (Malvern Instruments Ltd., Worces-

tershire, UK), working at 633 nm and equipped with a

backscatter detector (173�), which is used to specifically

measure submicron particles. Polydispersity index (PdI),

which represents the distribution of particle size, was also

recorded from the instrument during the DLS measure-

ment. PdI values near 1 indicate a heterogeneous or mul-

timodal distribution of droplet sizes, whereas those near 0

give an idea of monomodal distribution.

The f-potential (mV) of the oil droplets in the

nanoemulsions was determined by phase-analysis light

scattering (PALS) measuring their electrophoretic mobility

using an automated capillary electrophoresis device (Ze-

tasizer Nano ZS series, Malvern Instruments Ltd,

Worcestershire, UK), working at 633 nm laser at 25 �C. It
determines the surface electrical charge of the droplets

dispersed in the continuous phase. An aliquot was with-

drawn from the storage tube at the mean level of

nanoemulsion height and then were diluted 10 times with

milli-Q water to avoid multiple scattering effects and

stirred to ensure sample homogeneity.

Measurements of both parameters (droplet size and f-
potential) were performed along storage time (2, 4 and

6 months) at 1 �C and 21 �C.

Color The color of nanoemulsions was assessed at room

temperature (± 25 �C), using a Minolta Chroma Meter

CR-400 colorimeter (Konica Minolta Sensing, Inc., Osaka,

Japan) with an illumination D65 and 10� observer angle, to
determine the L* value (lightness), a* value (redness) and

b* value (yellowness). The device was calibrated with a

standard white plate (Y = 94.0; x = 0.3133, and

y = 0.3194). The results were expressed as mean values of

whiteness index (WI), calculated with Eq. (1) (Salvia-

Trujillo et al. 2014):

WI ¼ 100� ðð100� LÞ2 þ ða2 þ b2ÞÞ0:5 ð1Þ
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Antimicrobial activity The antimicrobial activity of the

nanoemulsions was assessed by evaluating the in vitro

inactivation of Escherichia coli S3 isolated from a ready-

to-eat fruit salad at the Microbiology laboratory of

Biomedical Research Center from University of Algarve

(Portugal), and Botrytis cinerea DSM 877 (German Col-

lection of Microorganisms and Cell Cultures) provided to

the culture collection of the Microbiology laboratory of the

University of Algarve (Portugal). The antimicrobial activ-

ity determinations were performed just after preparation of

the nanoemulsions and along storage time (2, 4 and

6 months) at 1 �C and 21 �C.
The method used to evaluate the inhibition of E. coli

growth was adapted from the previously described by

Ferreira et al. (2010). Briefly, E. coli was cultured in

Tryptone Soy Broth during 18 h at 37 �C with continuous

agitation at 120 rpm. The bacterial numbers reached 109–

1010 colony-forming units/milliliter (CFU/mL). A 0.5 mL

of the bacterial culture was transferred to 0.5 mL of each

EO-alginate or essential oils components (EOC)-alginate

nanoemulsion (Supplementary material Table 7) and

4.5 mL of sterile Milli-Q water. The bacterial viability was

determined by sampling the homogenate after 30 min.

Serial dilutions of the bacterial suspension were prepared

and inoculated on McConkey Agar. A control was per-

formed with the same method by replacing the

nanoemulsion with sterile Milli-Q water.

The inhibition experiments were conducted at room

temperature. The inoculated plates were incubated at 37 �C
for 24 h. The dilution that showed a minimum of 30

colonies was selected to determine the viable cells.

The CFU number was calculated using the formula:

number of colonies 9 dilution factor/volume unit.

In vitro antifungal activity of the nanoemulsions was

determined by measuring the growth inhibition of B.

cinerea through a modification of the method described by

Abd-Elsalam and Khokhlov (2015). Three wells of 5 mm

diameter were punched and aligned in the Petri dishes

containing Potato Dextrose Agar (PDA) as shown by

(Balouiri et al. 2016) for the agar well diffusion method. A

volume of 50 ll of nanoemulsion was dropped in each

well. The plates were kept in a refrigerator at 4 �C for 2 h,

to allow the diffusion of the nanoemulsion across the PDA

medium. The control was performed with the medium

without the addition of nanoemulsion. After that, plates

were inoculated with Botrytis mycelial disc (4 mm) in the

middle well and incubated at 25 ± 1 �C.
Mycelial growth of B. cinerea was expressed as mean

values of fungus lag phase (time elapsing until exponential

growth starts) and duplication time (td), calculated with

Eq. (2) where l is the specific growth rate (3) (Waites et al.

2001):

td ¼ ½ln 2�=l ð2Þ
l ¼ d½ln x=x0�=dt ð3Þ

where, xo is the initial biomass (or cell density) and x is the

biomass (or cell density) at time t.

Statistical analysis

The formation process of each nanoemulsion was repeated

3 times and each replicate was analyzed twice to obtain

mean values for the measured parameters. Statistical

analysis of experimental data was done by a multifactor

analysis of variance using statistical package SPSS version

20 (IBM Corporation, New Orchard Road, Armonk, NY

10504, USA) and was compared using the Tukey test to

determine differences among concentrations and storage

temperature used for each EO and its main compound,

between EOs, between main compounds, among EO and

main compounds and along the storage time, at 5% sig-

nificant level (interval of confidence 95%). All results were

expressed as mean ± standard deviation.

Results and discussion

Essential oils and essential oil components

antimicrobial activity

The observed MIC values for EOs and EOCs are indicated

in the Supplementary material (Table 8). For bacteria tes-

ted, E. coli S3 showed a higher MIC value for LG (0.25%)

in contrast to and CI that achieved 0.20%. The observed

MIC values are higher than those reported for LG (0.12%)

and CI (0.15%) by Naik et al. (2010) and Guerreiro et al.

(2015). However, Hemaiswarya and Doble (2009) reported

a MIC of 20 mM (0.33%) for CI against Gram negative

bacteria. This dissimilarity may be associated with several

factors, including different strains tested and differences in

the methodology used (Faleiro et al. 2005). Both bacteria

tested had low MIC values for CL (0.06%) and for EU

(0.08%). The same MIC value of EU for Listeria was

reported by Apolónio et al. (2014). EOs and EOCs used

were active against all the tested moulds. For B. cinerea

and P. digitatum, the MIC of LG was slightly higher than

that of CI and the MIC of EU was higher than that of the

CL for P. digitatum and P. expansum.

According to these results and considering that the

nanoemulsions loaded with EOs or EOCs prepared during

this work may be applied to foods with long-term storage,

where oils volatilization can occur, they were prepared

with concentrations of EOs or EOCs higher than the cor-

responding MIC.
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Droplet size

Significant differences were observed in the nanoemulsions

droplet size related to the loaded EOs or their main com-

ponents, (CI or EU) (Table 1). LG and CI-nanoemulsions

presented the smallest droplet sizes, followed by CL-na-

noemulsions and EU-nanoemulsions, which presented the

highest droplets.

For producing emulsions with droplet sizes in the nano-

range, it is necessary large amount of surfactant and/or

energy (Tadros et al. 2004). For this reason, the

nanoemulsions of the present work were obtained from

coarse emulsions submitted to microfluidization and in the

presence of the surfactant Tween 80. In the present study,

CL, LG, CI or EU/Tween 80 ratio of 1/3 was maintained in

order to assure the complete coating of lipid droplets sur-

face with adsorbed surfactant molecules, according to Qian

and McClements (2011). Moreover, the same processing

conditions and sodium alginate concentration was used in

the formation of all nanoemulsions, thus the influence of

biopolymer on the observed droplet size differences was

avoided.

In all cases, the droplet sizes in our work were higher

than those reported by Salvia-Trujillo et al. (2015a). Per-

haps, the number of cycles used for obtaining nanoemul-

sions has contributed to these differences. In the present

work, five cycles were used, whereas those authors have

used 3 cycles for producing nanoemulsions that incorporate

essential oils including those of LG and CL. The droplet

size increases with increasing the input energy, either by

increasing the microfluidization pressure or number of

cycles. In both cases, the probability of collision and coa-

lescence is higher and the timescale of collision is shorter

than the timescale of adsorption, consequently, the sur-

factant loses its capacity for involving the fresh interface of

the newly formed droplets (Salvia-Trujillo et al. 2015a).

This hypothesis can be supported by the results of Salvia-

Trujillo et al. (2015a) for nanoemulsions with CL and LG.

Table 1 Droplet size (nm) of the nanoemulsions loaded with lemongrass (LG), citral (CI), clove (CL) and eugenol (EU) along storage at 1 �C
and 21 �C

Nanoemulsion code Storage temperature Droplet size (nm)

Day 0 2 months 4 months 6 months

LG 0.5% 1 �C 36.45 ± 2.42 aC 220.51 ± 26.84 aA 139.07 ± 24.70 aB 25.72 ± 1.15 abC

LG 1.25% 30.25 ± 1.30 bB 45.83 ± 18.66 cA 35.47 ± 15.87 bB 31.99 ± 9.22 aB

LG 2.5% 31.43 ± 1.29 bA 45.36 ± 28.05 bcA 27.67 ± 7.07 bcA 37.04 ± 19.47 aA

LG 0.5% 21 �C 36.45 ± 2.42 aB 103.67 ± 5.61 bA 16.06 ± 1.84 cC 16.43 ± 2.62 bC

LG 1.25% 30.25 ± 1.30 bA 20.10 ± 1.29 dB 15.40 ± 0.76 cC 14.38 ± 0.29 bC

LG 2.5% 31.43 ± 1.29 bA 25.53 ± 1.37 cdB 14.82 ± 0.51 cC 14.89 ± 0.35 bC

CI 0.4% 1 �C 38.41 ± 3.19 aC 65.97 ± 10.12 cB 70.44 ± 28.82 aB 94.31 ± 11.33 aA

CI 1% 24.44 ± 1.43 cB 18.46 ± 0.53 dB 26.56 ± 5.16 bB 41.23 ± 21.70 bA

CI 2% 32.12 ± 2.22 bB 30.64 ± 6.88 dB 28.39 ± 10.81 bB 52.19 ± 28.94 bA

CI 0.4% 21 �C 38.41 ± 3.19 aB 115.88 ± 19.58 aA 53.08 ± 31.57 bB 45.67 ± 6.27 bB

CI 1% 24.44 ± 1.43 cA 25.28 ± 3.26 dA 18.97 ± 4.44 bB 13.85 ± 0.54 cC

CI 2% 32.12 ± 2.22 bB 89.89 ± 7.70 bA 14.84 ± 0.54 bC 14.83 ± 0.21 cC

CL 0.12% 1 �C 335.95 ± 5.89 aB 367.03 ± 57.96 abB 377.35 ± 88.68 aB 515.61 ± 55.26 aA

CL 0.3% 47.59 ± 2.23 bC 80.33 ± 14.54 cB 73.98 ± 7.72 bcB 124.4 ± 18.98 cdA

CL 0.6% 40.8 ± 2.67 bC 230.5 ± 81.51 bAB 157.88 ± 84.35 bcB 237.63 ± 35.83 bcA

CL 0.12% 21 �C 335.95 ± 5.89 aA 236.05 ± 79.5 bAB 148.6 ± 93.62 bcB 132.14 ± 91.51 cdB

CL 0.3% 47.59 ± 2.23 bB 75.76 ± 29.03 cA 25.16 ± 7.93 cB 30.73 ± 20.13 dB

CL 0.6% 40.8 ± 2.67 bB 65.97 ± 56.05 cB 207.17 ± 207.4 abAB 262.33 ± 154.11 bA

EU 0.16% 1 �C 262.6 ± 43.27 abA 116.4 ± 37.54 abC 189.87 ± 57 aB 163.9 ± 29.71 aBC

EU 0.4% 183.83 ± 17.66 bA 72.61 ± 9.78 bcC 109.83 ± 20.57 bB 180.86 ± 30.55 aA

EU 0.8% 403.32 ± 227.29 aA 161.68 ± 132.71 aB 238.47 ± 45.93 aAB 105.92 ± 20.76 bB

EU 0.16% 21 �C 262.6 ± 43.27 abA 108.74 ± 18.33 abB 133.77 ± 54.83 bB 116.97 ± 29.79 bB

EU 0.4% 183.83 ± 17.66 bA 21.8 ± 4.19 cB 14.54 ± 0.81 cB 16.19 ± 2.18 dB

EU 0.8% 403.32 ± 227.29 aA 13.18 ± 1.00 cB 14.70 ± 1.11 cB 15.60 ± 1.81 dB

The values followed by the same lowercase, in the same column and same essential oil nanoemulsions and by the same uppercase in the same

row are not significantly different by Tukey test, at P\ 0.05
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Those authors found that the size of CL-nanoemulsions,

after microfluidization was similar to those observed in the

coarse emulsion. However, it was expected that microflu-

idization would shorten the size of the droplets. Those

results may indicate that for EU or CL–EO, Tween 80 was

not the most adequate surfactant as it was for CI or LG

nanoemulsions, at least for the concentrations tested. Such

different behaviour of CL or EU and LG or CI may be

attributed to diverse factors such as those already reported

by Salvia-Trujillo et al. (2015a): molecular structure,

concentration of volatile compounds in the case of the EOs

which are constituted by thousands of compounds, vis-

cosity, interfacial tension, and surfactant affinity. Alginate

concentration in our nanoemulsions was twofold higher

than that used by Salvia-Trujillo et al. (2015a), and it is

suggested that during microfluidization, the excess of

alginate molecules that were not adsorbed at oil droplets

were repelled, remaining in the emulsion as surfactant

micelles or aggregates of the biopolymer molecules that do

not contain oil (Artiga-Artigas et al. 2017), with effect on

the droplet size measured. Moreover, CI is a mixture of cis-

and trans-isomers. The molecular weight of each isomer is

152.12 g/mol and the topological polar surface area (sum

of surfaces of polar atoms in the molecule) is 17.07 Å2,

which is smaller and less polar than EU (164.08 g/mol and

29.46 Å2, respectively) (Fernandes and Gattass 2009). The

higher polarity of EU makes it more soluble in the aqueous

phase than CI, which can be other factor that contributed to

the larger droplet sizes of CL and EU-nanoemulsions than

in the LG and CI-nanoemulsions.

LG-nanoemulsions and CI-nanoemulsions stored at 1 �C
showed droplet sizes in the nano-range (\ 95 nm) until the

end of storage, with the exception of LG 0.5%, which

increased significantly after 2 months then decreased,

being at the end of the experiment similar to the other

concentrations (Table 1). When stored at 21 �C, LG 0.5%,

CI 0.4% and CI 2%-nanoemulsions droplet size increased

during the first 2 months, and afterwards it decreased

(Table 1). This decrease could be explained because sedi-

mentation in the bottom of the bottle was observed in all

LG and CI-nanoemulsions, thus indicating nanoemulsion

instability.

The higher the temperature of storage, the higher the

solubility and diffusivity of the nanoemulsions disperse

phases (oils in O/W emulsions), and therefore an increase

of the Ostwald ripening rate may occur (Gupta et al. 2016).

Thus, at 1 �C, this process was slower and the droplet size

was maintained or slightly increased during the 6 months

of storage, while at 21 �C it was faster and the larger

particles formed by Ostwald ripening were quickly

deposited at the bottom of the storage tubes while at the

middle height of the tubes, where the aliquots were col-

lected for measurements, the smallest particles remained.

Although the density of the dispersed oil phase is lesser

than the continuous water, the density of the stabilizing

layer around a nanoemulsion droplet is higher than the

density of the oil (Rodrı́guez-Burneo et al. 2017).

According to Saberi et al. (2013) the rate of droplet growth

due to Ostwald ripening increases with increasing tem-

perature. However, it is usually difficult to establish with

accuracy the droplet growth in oil-in-water emulsions

because both coalescence and Ostwald ripening led to a net

increase in mean droplet size (McClements 2005).

Regarding the stability of EU-nanoemulsions, they

showed a large decrease in droplet size during the first

2 months of storage and then stabilization at both tem-

peratures (Table 1). For CL-nanoemulsions stored at 1 �C
there was an increased in droplet size, while at 21 �C a

pattern cannot be established for the changes of droplet size

over time. These results are probably linked to the fact that

eugenol and hence the EOs that contain it in their com-

positions, such as CL, are specifically prone to Ostwald

ripening due to its relatively high solubility in water (Wang

et al. 2010). In fact, Abd-Elsalam and Khokhlov (2015)

obtained EU-nanoemulsions with excellent long-term sta-

bility and relatively small particle size, when the surfactant

was added together with a ripening inhibitor as sesame and

bean oil (long-chain triglycerides). These mixed oil

nanoemulsions were stable because the entropy gain

associated with the mixing acts as a thermodynamic barrier

to Ostwald ripening (Wooster et al. 2008).

Differences in droplet size observed in the present work

among EOs or their main compounds-loaded nanoemul-

sions might be attributed to their molecular structure,

concentration of volatile compounds, interfacial tension or

surfactant affinity to each type of EO or their main com-

pounds (Salvia-Trujillo et al. 2015a).

Polydispersity

Polydispersity values below 0.2 indicate uniformity among

oil droplet sizes or monomodal distributions and therefore

better stability, whereas values close to 1 indicate a

heterogeneous or multimodal distribution (McClements

et al. 2012). In our case, values were closer to 1 indicating

heterogeneous distribution.

The different volatile compounds (CI and EU) or vola-

tile oils (LG and CL) tested and their concentrations had

different effects on polydispersity of their nanoemulsions

(Table 2). LG and CI-nanoemulsions had the lowest

polydispersity at the highest EO concentrations (Table 2).

For CL- and EU-nanoemulsions, the decrease of polydis-

persity index with the increase of EO concentration did not

happen. For example, the highest concentration of EU

(0.8%) produced the EU-nanoemulsion with the highest

polydispersity index, whereas for CL-nanoemulsion, the
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concentration of CL–EO was 0.3% (Table 2). When the

concentration of EU or CL increases (the ratio EO/sur-

factant is always 1/3), a higher number of droplets will be

formed, including those with large size due to the reasons

aforementioned. The DLS technique for measuring particle

size analyses the fluctuations in scattered light intensity.

Large particles scatter light more strongly than small par-

ticles (Salvia-Trujillo et al. 2015a). The formation of high

amounts of large droplets, affect the homogeneity of dro-

plet size distribution, which results on increased polydis-

persity index. In the case of LG or CI-emulsions, with the

increase of the EO concentration and that of surfactant able

to adsorb them, more and more small droplets were

formed. The concentrations of Tween 80 used in the pre-

sent work to keep the ratio EO/surfactant 1/3 are above its

critical micellar concentration (0.012 mM, that is,

& 15 mg/L of this surfactant) (Qian and McClements

2011), therefore, micellar phases are formed and when

larger concentrations of surfactant are used, the micellar

phases lead to an increase of the effective viscosity of the

continuous phase and, according to the ratio gd/gc (dis-

persed to continuous phases), smaller droplets are origi-

nated (Table 1), beyond the reduction of interfacial tension

(McClements 2005). As small droplets scatter light less

strongly than large particles the polydispersity index

decreased for CI and LG-nanoemulsions (Table 2).

During storage, LG nanoemulsions showed a decrease in

polydispersity at both temperatures, but starting later when

storage took place at 1 �C. CI-nanoemulsions maintained

the polydispersity values at 1 �C, while at 21 �C, it

decreased (Table 2). CL-nanoemulsions polydispersity

remained almost constant at both temperatures. At 21 �C,
EU-nanoemulsions polydispersity had a tendency to

decrease with time. Although it is not possible to establish

a pattern for polydispersity at 1 �C, values at the end of the

experiment were 3 times higher than at 21 �C.
The polydispersity change throughout storage seems to

be linked to the maintenance or increase of particle size

Table 2 Polydispersity of the nanoemulsions with different concentrations of lemongrass (LG), citral (CI), clove (CL) and eugenol (EU), at day

0 and after 2, 4 and 6 months of storage at 1 �C and 21 �C

Nanoemulsion code Storage temperature Polydispersity

Day 0 2 months 4 months 6 months

LG 0.5% 1 �C 0.78 ± 0.11 aA 0.85 ± 0.21 aA 0.87 ± 0.16 aA 0.45 ± 0.07 aB

LG 1.25% 0.65 ± 0.04 bA 0.60 ± 0.19 bA 0.44 ± 0.04 bB 0.43 ± 0.05 aB

LG 2.5% 0.67 ± 0.04 bA 0.53 ± 0.21 bB 0.33 ± 0.03 cC 0.38 ± 0.03 aC

LG 0.5% 21 �C 0.78 ± 0.11 aA 0.49 ± 0.18 bB 0.29 ± 0.05 cdC 0.29 ± 0.03 bC

LG 1.25% 0.65 ± 0.04 bA 0.37 ± 0.02 bB 0.20 ± 0.03 dC 0.17 ± 0.03 cC

LG 2.5% 0.67 ± 0.04 bA 0.45 ± 0.02 bB 0.09 ± 0.01 eC 0.13 ± 0.06 cC

CI 0.4% 1 �C 0.71 ± 0.07 aB 0.83 ± 0.10 aA 0.64 ± 0.08 aB 0.71 ± 0.03 aB

CI 1% 0.51 ± 0.06 bA 0.29 ± 0.03 dC 0.42 ± 0.06 bB 0.51 ± 0.13 bA

CI 2% 0.49 ± 0.09 bA 0.50 ± 0.05 cA 0.44 ± 0.11 bA 0.46 ± 0.13 bA

CI 0.4% 21 �C 0.71 ± 0.07 aA 0.48 ± 0.05 cB 0.39 ± 0.14 bB 0.49 ± 0.17 bB

CI 1% 0.51 ± 0.06 bA 0.51 ± 0.05 cA 0.35 ± 0.13 bB 0.16 ± 0.04 cC

CI 2% 0.49 ± 0.09 bB 0.71 ± 0.03 bA 0.15 ± 0.05 cC 0.16 ± 0.04 cC

CL 0.12% 1 �C 0.49 ± 0.22 aB 0.86 ± 0.19 aA 0.65 ± 0.14 bcAB 0.59 ± 0.18 bcB

CL 0.3% 0.72 ± 0.13 aB 1.00 ± 0.00 aA 0.73 ± 0.04 aB 0.77 ± 0.14 abB

CL 0.6% 0.58 ± 0.11 aB 0.88 ± 0.15 aA 0.88 ± 0.15 aA 0.97 ± 0.05 aA

CL 0.12% 21 �C 0.49 ± 0.22 aA 0.64 ± 0.14 aA 0.57 ± 0.37 bcA 0.41 ± 0.14 dA

CL 0.3% 0.72 ± 0.13 aA 0.68 ± 0.39 aA 0.31 ± 0.12 cB 0.47 ± 0.17 dAB

CL 0.6% 0.58 ± 0.11 aA 0.65 ± 0.38 aA 0.46 ± 0.28 bcA 0.57 ± 0.20 bcA

EU 0.16% 1 �C 0.77 ± 0.14 aA 0.43 ± 0.19 bcB 0.41 ± 0.13 cB 0.55 ± 0.22 bB

EU 0.4% 0.29 ± 0.05 bB 1.00 ± 0.00 aA 1.00 ± 0.00 aA 0.87 ± 0.24 aA

EU 0.8% 0.92 ± 0.12 aA 0.49 ± 0.23 bB 0.64 ± 0.12 bB 1.00 ± 0.00 aA

EU 0.16% 21 �C 0.77 ± 0.14 aA 0.29 ± 0.03 cdB 0.25 ± 0.07 dB 0.23 ± 0.03 cB

EU 0.4% 0.29 ± 0.05 bA 0.35 ± 0.07 bcdA 0.30 ± 0.04 cdA 0.35 ± 0.1 cA

EU 0.8% 0.92 ± 0.12 aA 0.20 ± 0.05 dB 0.23 ± 0.04 dB 0.29 ± 0.09 cB

The values followed by the same lowercase, in the same column and same essential oil nanoemulsions and by the same uppercase in the same

row are not significantly different by Tukey test, at P\ 0.05
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when stored at 1 �C and the decrease through storage at

21 �C. The deposition of the larger particles generated by

coalescence and/or Ostwald ripening would have allowed

that particles with the closest sizes have remained in the

middle zone of storage tubes where the aliquots for anal-

ysis were collected, thus explaining the higher reduction of

polydispersity for nanoemulsions maintained at 21 �C.
Also, Saberi et al. (2013) reported a polydispersity

decrease in nanoemulsions composed by 10% oil phase

(100% vitamin E acetate) ? 10% surfactant phase (Tween

80) ? 80% aqueous phase (40% glycerol in buffer), with

increased storage temperature (5, 20 and 37 �C). The origin
of this effect can be related to progressive dehydration of

the polar head group of the non-ionic surfactant molecules

(Tween 80) as the temperature raised. This process reduces

the hydration repulsion between the droplets thereby

allowing them to get closer. In addition, head group

dehydration means that the optimum curvature of the sur-

factant monolayer moves closer to unity, which favors an

ultra-low interfacial tension and promotes droplet coales-

cence and droplet growth due to Oswald ripening

(McClements 2005; Saberi et al. 2013).

f-potential

Particles with f-potential more positive than ? 30 mV or

more negative than - 30 mV are usually considered to be

stable, since electrical charge of droplets is strong enough

to assume that repulsive forces between droplets are pre-

dominant in the nanoemulsion (Salvia-Trujillo et al.

2015a). In the beginning of the experiment, almost all

nanoemulsions of the present study fulfill this requirement

(Table 3). All nanoemulsions tested presented negative f-
potential values, despite the fact that a neutral or slightly

negative electrical charge was expected at the oil–water

interface, according to the non-ionic low-mass nature of

Tween 80 (Artiga-Artigas et al. 2017). It has been reported

that a nonionic emulsifier/surfactant can give a negative

Table 3 f-potential (mV) of the nanoemulsions with different concentrations of lemongrass (LG), citral (CI), clove (CL) and eugenol (EU), at

day 0 and after 2, 4 and 6 months of storage at 1 �C and 21 �C

Nanoemulsion code Storage temperature f-potential (mV)

Day 0 2 months 4 months 6 months

LG 0.5% 1 �C - 49.36 ± 2.44 cAB - 46.76 ± 4.22 dB - 46.03 ± 1.95 eB - 51.91 ± 2.51 cA

LG 1.25% - 43.73 ± 2.75 bD - 15.48 ± 1.18 aA - 27.99 ± 1.99 cC - 22.42 ± 1.84 bB

LG 2.5% - 40.62 ± 1.18 aD - 16.12 ± 2.16 aC - 11.17 ± 1.34 aA - 13.88 ± 0.98 aB

LG 0.5% 21 �C - 49.36 ± 2.44 cC - 45.41 ± 3.03 dBC - 41.80 ± 2.57 dB - 25.56 ± 4.59 bA

LG 1.25% - 43.73 ± 2.75 bD - 37.32 ± 4.54 cC - 25.60 ± 3.31 cB - 17.08 ± 3.50 aA

LG 2.5% - 40.62 ± 1.18 aD - 29.00 ± 3.25 bC - 17.76 ± 1.89 bB - 14.00 ± 2.89 aA

CI 0.4% 1 �C - 55.88 ± 2.76 bB - 40.63 ± 3.23 cA - 39.53 ± 3.04 dA - 39.02 ± 3.63 dA

CI 1% - 47.22 ± 4.16 aC - 31.66 ± 5.35 bAB - 26.71 ± 4.32 bcA - 34.67 ± 3.51 cdB

CI 2% - 44.47 ± 2.75 aC - 20.05 ± 3.53 aAB - 16.78 ± 2.91 aA - 24.88 ± 8.55 abB

CI 0.4% 21 �C - 55.88 ± 2.76 bD - 22.40 ± 8.40 aA - 39.98 ± 3.17 dC - 32.46 ± 4.89 bcdB

CI 1% - 47.22 ± 4.16 aC - 32.30 ± 2.42 bB - 29.25 ± 3.21 cAB - 27.26 ± 4.80 abcA

CI 2% - 44.47 ± 2.75 aC - 18.41 ± 3.58 aA - 23.76 ± 2.37 bB - 20.53 ± 2.95 aAB

CL 0.12% 1 �C - 53.36 ± 4.1 aB - 52.77 ± 2.24 bB - 49.37 ± 2.91 dAB - 45.26 ± 5.06 cA

CL 0.3% - 55.78 ± 2.91 aC - 32.26 ± 4.67 aA - 40.86 ± 4.41 bcB - 43.01 ± 3.37 cB

CL 0.6% - 53.43 ± 2.82 aC - 30.77 ± 3.67 aA - 38.18 ± 2.80 bB - 31.20 ± 3.14 bA

CL 0.12% 21 �C - 53.36 ± 4.1 aC - 52.89 ± 1.64 bC - 45.34 ± 2.02 cdB - 29.06 ± 4.35 bA

CL 0.3% - 55.78 ± 2.91 aC - 34.57 ± 3.98 aB - 30.93 ± 6.91 aB - 19.14 ± 2.92 aA

CL 0.6% - 53.43 ± 2.82 aC - 30.66 ± 2.44 aA - 40.80 ± 9.43 bcB - 31.78 ± 5.60 bA

EU 0.16% 1 �C - 58.49 ± 3.71 cB - 56.41 ± 4.64 eAB - 46.37 ± 3.22 dA - 52.08 ± 3.72 eB

EU 0.4% - 44.46 ± 3.72 bB - 34.86 ± 7.03 cA - 28.6 ± 1.93 bcA - 45.34 ± 4.06 dB

EU 0.8% - 22.82 ± 3.16 aA - 19.65 ± 3.54 aA - 16.2 ± 1.51 aA - 19.24 ± 1.44 aA

EU 0.16% 21 �C - 58.49 ± 3.71 cC - 48.18 ± 4.19 dB - 32.36 ± 4.53 cA - 25.87 ± 5.24 bA

EU 0.4% - 44.46 ± 3.72 bC - 26.61 ± 1.78 bB - 26.33 ± 3.50 bAB - 21.07 ± 2.00 abA

EU 0.8% - 22.82 ± 3.16 aA - 19.74 ± 1.58 aA - 23.51 ± 3.09 bA - 34.54 ± 3.81 cB

The values followed by the same lowercase, in the same column and same essential oil nanoemulsions and by the same uppercase in the same

row are not significantly different by Tukey test, at P\ 0.05
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charge to oil droplets, due to preferential adsorption of

hydroxyl ions from the aqueous phase or to the presence of

anionic impurities such as free fatty acids in the surfactant

or oil phases (McClements, 2005). Moreover, the anionic

groups of sodium alginate molecules dispersed in the

aqueous phase have a strong influence in the f-potential
values. Mechanical treatment of emulsions such as

microfluidization, it might cause the opening of the

biopolymer chain by mechanical shear, releasing free

hydroxyl and carboxyl groups from their molecular struc-

tures available to bind with water (Artiga-Artigas et al.

2017). These deprotonated alcohols or carboxylic acids (R–

O- or R0CO2
-, respectively) contributed to increase the

negative charge in the interface of the droplets (Artiga-

Artigas et al. 2017).

Generally, LG-nanoemulsions exhibited the less nega-

tive and CL-nanoemulsions the more negative f-potential
values.

According to Guerra-Rosas et al. (2016) differences

observed in the f-potential of emulsions and nanoemul-

sions formulated with different essential oils might be

attributed to differences in the dissociation degree and

number of ionizable compounds of oils. Therefore, the

differences in the f-potential observed among essential oils

might be due to differences between the adsorption of the

surface-active compounds in the oil–water interface (Sal-

via-Trujillo et al. 2015a). Moreover, f-potential varied

significantly depending on the concentration of the differ-

ent components of the emulsions and the type of oil used

(Artiga-Artigas et al. 2018). Just made LG and CI-na-

noemulsions showed the more negative f-potential values
at the lowest concentration tested. The f-potential values
reported by Salvia-Trujillo et al. (2015b) for LG-na-

noemulsions stabilized with the same nonionic surfactant

had more negative f-potential than the obtained in this

work and did not presented differences among the EO

concentration incorporated. However, our f-potential val-
ues for LG and CL-nanoemulsions were similar to results

obtained by Salvia-Trujillo et al. (2015a) for nanoemul-

sions containing 1% (v/v) lemongrass or 1% (v/v)

clove ? 1% (w/v) of sodium alginate ? 1% (v/v) of Tween

80. CL-loaded nanomeulsions did not show significant

differences in f-potential values regardless the tested

concentrations.

In all nanoemulsions tested, less negative f-potential
values were observed throughout storage at both tempera-

tures (Table 3). This may be due to a reduction of

adsorption of alginate molecules at the droplets interface

(Guerra-Rosas et al. 2016). So, the initial, more negative f-
potential values for all EOs nanoemulsions were not suf-

ficient to achieve electrostatic stabilization and therefore,

being highly unstable, prone to particle aggregation and

sedimentation.

Whiteness index

All fresh nanoemulsions showed a decrease in WI values

with increased oil concentration, except LG-nanoemulsions

in which the decrease was not significant (Table 4). It is

known that the emulsion color depends mainly of light

scattered, the refractive index of continuous and dispersed

phase, oil concentration, droplet concentration and size

(McClements 2002). Large particles scatter the light more

intensely than smaller ones, which cause an increase in the

lightness, opacity and WI of emulsions (Qian and McCle-

ments 2011). In this regard, transparency of nanoemulsions

is highly desirable. Salvia-Trujillo et al. (2015a, b) reported

lower WI values for nanemulsions containing clove (1%)

? alginate 2% and lemongrass EO (0.1, 0.5 and 1%)

? alginate 2% than the values found in the present study.

The higher size of droplets obtained in this study for

lemongrass and clove-nanoemulsions may explain these

differences.

According to Salvia-Trujillo et al. (2014) the color of

the emulsions was basically determined by the oil and

Tween 80 concentrations, namely, the lower the lemon-

grass essential oil and the higher the Tween 80 concen-

trations, the lower the WI. However, in this study, although

the proportionality of essential oil to Tween 80 was the

same, the WI decreased as the EO concentration increased.

This can be explained by reduction of droplet size with

increasing oil concentration (Table 1), since small particles

scatter light less strongly.

During storage at both temperatures, the WI value of the

nanoemulsions containing LG and CI remained practically

constant. CL and EU-nanoemulsions maintained WI values

at both temperatures, except EU at the higher concentra-

tion, which increased in the first 2 months. There was no

significant difference between the two temperatures for all

EO (Table 4). These results are not explained only by the

reduction of average droplet size that occurred through

storage especially at the highest temperature. Probably,

others droplet characteristics, as droplet concentration and

droplet aggregation, that influence the optical properties of

oil-in-water emulsions, have intervened (Qian and

McClements 2011).

Antimicrobial activity

EOs antimicrobial effectiveness depends, not only, on their

active compounds but also on their concentration (Guerra-

Rosas et al. 2016). In addition, the storage temperature may

interfere with the antimicrobial properties of the EOs

(Salvia-Trujillo et al. 2014). Therefore, the antibacterial

action against E. coli of all nanoemulsions was evaluated

immediately after being prepared and along storage period.
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LG and CI-nanoemulsions were effective in reducing

E. coli growth at 5X and 10X the MIC, in a similar way for

both storage temperatures. Nevertheless, LG at 2X MIC

(0.5%) was effective in reducing E. coli but only in fresh

made nanoemulsions.

All CL- and EU-nanoemulsions showed little or no

antimicrobial activity from the beginning and throughout

storage at both temperatures (Table 5). This means that CL

and EU suffered a significant loss in their antimicrobial

efficacy when incorporated into nanoemulsions. It was

found that the MIC of CL and EU against E. coli S3 was

0.06% and 0.08%, (w/w), respectively. However, just pre-

pared nanoemulsions containing CL 0.6% and EU 0.8%

(10X the MIC) reduced the bacterial viability only by 0.16

and 0.2 log CFU/ml, respectively. This was unexpected

since antimicrobial efficacy of clove and eugenol based

O/W emulsion has been confirmed previously by various

studies (Abd-Elsalam and Khokhlov 2015; Salvia-Trujillo

et al. 2015a). Nevertheless, Terjung et al. (2012) reporting

EU-nanoemulsions with Tween 80 surfactant, found that

small droplets (200 nm) were less effective than larger

droplets (3000 nm). They suggest that sequestration of

phytophenols at the interface resulted in less availability in

the aqueous phase and ultimately limited their efficacy as

antimicrobials. On the other hand, Ma et al. (2016)

reported a negative effect of Tween 80 on the antimicrobial

activity of EU which was attributed to a strong

hydrophobic binding between Tween 80 and EU reducing

the amount of EO available to interact with bacteria.

Moreover, Majeed et al. (2016) referred that MIC values

obtained against GNB (E. coli) and GPB strains (Listeria

monocytogenes and Staphylococcus aureus) were less for

CL-nanoemulsion in comparison with CL ? Tween80-

nanoemulsion, and also time kill dynamic experiment

results showed that CL-nanoemulsion was more effective

at inhibiting the growth of GPB and GNB strains in com-

parison with CL ? Tween80-nanoemulsion. In fact, it has

been observed that antimicrobial activity of EU was

Table 4 Whiteness index of the nanoemulsions with different concentrations of lemongrass (LG), citral (CI), clove (CL) and eugenol (EU), at

day 0, and after 2, 4 and 6 months of storage at 1 �C and 21 �C

Nanoemulsion code Storage temperature Whiteness index

Day 0 2 months 4 months 6 months

LG 0.5% 1 �C 73.27 ± 0.60 aA 73.08 ± 0.52 abA 73.40 ± 0.17 aA 73.54 ± 0.02 aA

LG 1.25% 72.39 ± 1.17 aA 72.68 ± 0.56 abA 73.22 ± 0.17 abA 73.25 ± 0.04 cA

LG 2.5% 72.26 ± 1.03 aA 72.30 ± 0.88 bA 73.07 ± 0.14 abA 72.60 ± 0.12 dA

LG 0.5% 21 �C 73.27 ± 0.60 aA 73.46 ± 0.05 aA 73.51 ± 0.11 aA 73.54 ± 0.03 aA

LG 1.25% 72.39 ± 1.17 aA 72.55 ± 0.66 bA 73.08 ± 0.47 abA 73.46 ± 0.02 abA

LG 2.5% 72.26 ± 1.03 aA 72.39 ± 0.67 bA 72.87 ± 0.74 bA 73.31 ± 0.03 bcA

CI 0.4% 1 �C 73.18 ± 0.32 aA 73.16 ± 0.18 aA 73.12 ± 0.21 aA 73.47 ± 0.03 aA

CI 1% 72.44 ± 0.20 bA 72.12 ± 1.44 abA 72.89 ± 0.41 abA 73.43 ± 0.06 aA

CI 2% 71.75 ± 0.25 cA 69.77 ± 4.07 abA 72.42 ± 0.75 bA 72.19 ± 0.32 bA

CI 0.4% 21 �C 73.18 ± 0.32 aA 72.81 ± 0.62 aA 73.25 ± 0.19 aA 73.38 ± 0.05 aA

CI 1% 72.44 ± 0.20 bA 72.66 ± 1.19 aA 73.09 ± 0.42 aA 73.44 ± 0.05 aA

CI 2% 71.75 ± 0.25 cAB 68.57 ± 5.13 bB 73.07 ± 0.45 aAB 73.33 ± 0.03 aA

CL 0.12% 1 �C 72.97 ± 0.91 aAB 73.57 ± 0.05 aA 73.14 ± 0.66 aAB 72.51 ± 0.16 bB

CL 0.3% 71.65 ± 0.83 bA 72.48 ± 0.63 abA 72.60 ± 0.61 aA 72.41 ± 0.05 bA

CL 0.6% 67.18 ± 0.66 cB 68.81 ± 2.56 abAB 71.16 ± 1.18 bA 70.84 ± 0.06 cA

CL 0.12% 21 �C 72.97 ± 0.91 aA 73.50 ± 0.22 aA 73.48 ± 0.21 aA 73.61 ± 0.02 aA

CL 0.3% 71.65 ± 0.83 bB 73.76 ± 0.54 aA 73.40 ± 0.35 aA 73.53 ± 0.05 aA

CL 0.6% 67.18 ± 0.66 cA 66.93 ± 9.65 bA 73.48 ± 0.13 aA 73.49 ± 0.05 aA

EU 0.16% 1 �C 73.30 ± 0.73 aA 73.59 ± 0.15 aA 73.51 ± 0.04 aA 73.57 ± 0.07 aA

EU 0.4% 70.42 ± 2.44 bA 71.65 ± 2.31 bA 71.23 ± 0.93 bA 71.80 ± 0.20 bA

EU 0.8% 58.70 ± 1.32 cB 65.91 ± 1.59 cA 67.53 ± 1.22 cA 67.74 ± 0.08 cA

EU 0.16% 21 �C 73.30 ± 0.73 aA 73.63 ± 0.06 aA 73.6 ± 0.07 aA 73.54 ± 0.04 aA

EU 0.4% 70.42 ± 2.44 bB 73.40 ± 0.25 abA 73.39 ± 0.30 aA 72.22 ± 0.14 bAB

EU 0.8% 58.70 ± 1.32 cC 72.53 ± 1.18 abA 73.33 ± 0.22 aA 66.06 ± 0.43 dB

The values followed by the same lowercase, in the same column and same essential oil nanoemulsions and by the same uppercase in the same

row are not significantly different by Tukey test, at P\ 0.05
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affected by the emulsifier. EU-nanoemulsions containing

Tween80 (Terjung et al. 2012) or whey protein-mal-

todextrin conjugates (Shah et al. 2013) exhibited a higher

MIC or MBC than free EU. The emulsions prepared with

gum arabic could lower the MIC and MBC or not adversely

affect the antimicrobial activity (Hu et al. 2016).

For most of nanoemulsions, the results showed that

antimicrobial effectiveness of EO-nanoemulsions against

E. coli increased as their EO-concentration increased and

this effect was higher at 1 �C than at 21 �C (Table 5). It

can be observed that nanoemulsions decreased their

antimicrobial capacity through storage time. It is known

that the overall antibacterial effect of EO largely depends

on their volatile composition, which may be an explanation

for the loss of EO-nanoemulsion antimicrobial capacity

over the storage period. Recently, Guerra-Rosas et al.

(2016) confirmed that the loss of EO-nanoemulsions

antimicrobial activity was related to the loss of their

volatile compounds during long term storage. Generally,

antimicrobial capacity of EO-nanoemulsions against E. coli

presented the following order: LG[CI[EU = CL-na-

noemulsions (Table 5).

Clove and LG–EO and their principal components EU

and CI were active against B. cinerea DSM 877. These

EOs showed MIC values of 0.06% and 0.25% (w/w),

respectively (unpublished data). In the current work, B.

cinerea mycelial growth was initially completely inhibited

by nanoemulsions containing LG 2.5% (Fig. 1a, b) or CI at

1 and 2% (Fig. 1c, d). Nevertheless, after 2 months of

storage, these nanoemulsions did not inhibit the fungal

growth, but the fungus showed longer lag phases (Fig. 1a,

c) when exposed to nanoemulsions stored at 1 �C, although
similar duplication times at both storage temperatures was

achieved (Fig. 1b, d).

Table 5 Growth of Escherichia coli S3 (log CFU/ml), after exposure (30 min) to nanoemulsions supplemented with different concentrations of

lemongrass (LG), citral (CI), clove (CL) and eugenol (EU), at day 0, and after 2, 4 and 6 months of storage at 1 �C and 21 �C

Nanoemulsion code Storage temperature Growth of Escherichia coli S3 (log CFU/ml)

Day 0 2 months 4 months 6 months

Control 9.04 ± 0.06 Ab 8.63 ± 0.01 abC 9.13 ± 0.04 abB 9.67 ± 0.03 aA

LG 0.5% 1 �C 4.96 ± 0.04 bC 8.09 ± 0.07 bB 8.51 ± 0.19 abB 9.40 ± 0.24 aA

LG 1.25% 4.06 ± 0.04 cC 3.97 ± 0.15 dC 6.75 ± 0.18 cB 7.74 ± 0.22 dA

LG 2.5% 2.64 ± 0.10 dC 2.74 ± 0.00 eC 3.30 ± 0.00 dB 7.23 ± 0.34 cA

LG 0.5% 21 �C 4.96 ± 0.04 bC 8.57 ± 0.05 aB 8.92 ± 0.30 abB 9.58 ± 0.03 aA

LG 1.25% 4.06 ± 0.04 cD 6.85 ± 0.03 cC 8.72 ± 0.07 abB 9.50 ± 0.04 aA

LG 2.5% 2.64 ± 0.10 dD 3.79 ± 0.07 dC 7.98 ± 0.08 bB 8.46 ± 0.26 bA

CI 0.4% 1 �C 8.71 ± 0.03 bBC 8.92 ± 0.06 aB 8.52 ± 0.12 bcC 9.22 ± 0.13 abA

CI 1% 5.73 ± 0.03 cB 5.60 ± 0.07 cB 8.15 ± 0.43 cA 8.47 ± 0.20 bA

CI 2% 3.54 ± 0.16 dB 4.00 ± 0.31 dB 5.40 ± 0.39 dA 6.23 ± 0.65 cA

CI 0.4% 21 �C 8.71 ± 0.03 bB 8.43 ± 0.02 bB 9.17 ± 0.06 aA 9.36 ± 0.29 aA

CI 1% 5.73 ± 0.03 cD 8.39 ± 0.13 bC 8.90 ± 0.12 abB 9.20 ± 0.06 abA

CI 2% 3.54 ± 0.16 dD 5.52 ± 0.06 cC 8.79 ± 0.04 abA 8.90 ± 0.05 abA

CL 0.12% 1 �C 9.11 ± 0.30 aA 8.32 ± 0.01 dB 8.88 ± 0.02 cA 9.22 ± 0.09 bA

CL 0.3% 8.91 ± 0.13 aB 8.51 ± 0.05 cC 9.23 ± 0.12 bA 9.30 ± 0.04 bA

CL 0.6% 8.88 ± 0.19 aB 8.41 ± 0.05 cdC 9.13 ± 0.09 bAB 9.30 ± 0.02 bA

CL 0.12% 21 �C 9.11 ± 0.30 aB 8.79 ± 0.05 aB 9.20 ± 0.05 bAB 9.53 ± 0.10 aA

CL 0.3% 8.91 ± 0.13 aB 8.82 ± 0.05 aB 9.25 ± 0.05 abA 9.26 ± 0.10 bA

CL 0.6% 8.88 ± 0.19 aB 8.80 ± 0.00 aB 9.46 ± 0.12 aA 9.54 ± 0.01 aA

EU 0.16% 1 �C 8.91 ± 0.12 aB 8.36 ± 0.10 bcC 8.86 ± 0.20 cB 9.25 ± 0.05 cdA

EU 0.4% 8.89 ± 0.10 aB 8.50 ± 0.05 abcC 9.14 ± 0.13 abcAB 9.23 ± 0.07 cdA

EU 0.8% 8.84 ± 0.11 aA 8.26 ± 0.10 cB 9.01 ± 0.12 bcA 9.09 ± 0.04 dA

EU 0.16% 21 �C 8.91 ± 0.12 aBC 8.76 ± 0.07 aC 9.42 ± 0.07 aA 9.11 ± 0.12 dB

EU 0.4% 8.89 ± 0.10 aB 8.36 ± 0.21 bcC 9.04 ± 0.21 bcB 9.46 ± 0.05 bA

EU 0.8% 8.84 ± 0.11 aB 8.29 ± 0.06 cC 9.26 ± 0.08 abA 9.40 ± 0.11 bcA

The values followed by the same lowercase, in the same column and same essential oil nanoemulsions and by the same uppercase in the same

row are not significantly different by Tukey test, at P\ 0.05
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Fig. 1 Growth of Botritys cinerea in the presence of nanoemulsions

with different concentrations of: lemongrass EO, lag phase (a) and
duplication time (b); citral, lag phase (c) and duplication time (d);
clove EO, lag phase (e) and duplication time (f) and eugenol, lag

phase (g) and duplication time (h). The effect of nanoemulsions in

Botrytis growth, were tested when they were produced (day 0) and

after 2, 4 and 6 months of storage at 1 �C and at 21 �C. * Without

mycelial growth. Data shown represent the mean ± standard

deviation
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It has been shown that nanoemulsions loading LG–EO

clearly improved the essential oil antimicrobial activity

towards nine bacteria and ten fungal strains, including B.

cinerea (Bonferoni et al. 2017). In that case, Minimum

Fungicidal Concentration (MFC) value for nanoemulsion

was 0.5% (of solution with 1.5 mg lemongrass/mL).

In this study, nanoemulsions containing CL and EU

were not so effective as LG and CI in reducing the fungus

growth (Fig. 1e–h). During storage, only the

Fig. 1 continued
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nanoemulsions containing the highest concentrations of

those EOs caused increased lag phases up to 4 months

storage (Fig. 1e, g), and similar fungus doubling time up to

6 months for both storage temperatures (Fig. 1f, h). This

slightly inhibition in fungus growth can be attributed to the

negative effect of Tween 80 on the antimicrobial activity of

EU as reported by Ma et al. (2016). Effectively, the

mycelial growth of B. cinerea was very susceptible to free

EU with EC50 values of 38.6 lg/mL (Wang et al. 2010).

And also, the CL–EO vapors effectiveness against B.

cinerea was demonstrated by in vitro and in vivo assays

(Aguilar-González et al. 2015).

Conclusion

This study demonstrates that the oil phase composition (oil

type and concentration), as well as, storage temperature

had a significant influence on physical stability and

antimicrobial activity of nanoemulsions.

Throughout storage, LG 1.25% and 2.5%-nanoemul-

sions and CI 1.0% and 2%-nanoemulsions maintained the

values of droplet size, polydispersity, f-potential and WI

close to their initial values and prolonged their inhibitory

effect on bacterial and fungi growth, making them suit-

able for commercial purposes.

CL and EU-nanoemulsions had droplet size higher than

100 nm and with low antimicrobial effect even when they

were fresh due to a strong hydrophobic binding between

Tween 80 and these EOs.

All tested EO-nanoemulsions become less stable and

lost antimicrobial activity faster when stored at high tem-

perature (21 �C), thus storage at low temperature is

preferable.

Based on the analyzed parameters (droplet size, poly-

dispersity, f-potential, whiteness ı́ndex, E. coli viability,

induction of B. cinerea lag phase and duplication times) the

LG and CI nanoemulsions at the 2 higher concentrations

and stored at 1 �C, maintained better for long term storage

(6 months) their properties. Therefore, further studies need

Fig. 1 continued
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to be done to confirm their effectiveness on the preserva-

tion of food products, maintaining their organoleptic

properties and safety.
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