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Abstract

In this study, the effect of emulsifier and preparation technique on physicochemical properties and antioxidant/antimicrobial
activity of plant oil (Ilemongrass and oregano, 1:1)/citrus extracts incorporated in oil-in-water (O/W) microemulsion in com-
parison to coarse emulsion, was investigated. The optimization of O/W microemulsion was performed by two surfactants with
different hydrophilic-lipophilic balance values and two techniques of preparation such as sonication and microfluidization.
The stability of microemulsions during storage time regarding to the droplet size, {-potential, viscosity, total polyphenolics
content, total flavonoids content, antioxidant, antiradical and antimicrobial activity were assessed. Micro-emulsification
increased the bioactivity of plant oil/citrus extracts by increasing the surface area of droplets induced by size decrement.
Microfluidized and sonicated emulsions showed the same relatively stable profile during storage time. Micro-emulsification
improves the functionality of plant oil/citrus extracts, such as antioxidant and antiradical activity. An increment about 16-32
times in antimicrobial activity of plant oil/citrus extracts was also attained. Furthermore, the morphology of microemulsions

observed by transmission electron microscopy, confirmed a mono-dispersed nano-sized emulsion.
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Introduction

Nowadays, one of the top research areas in food safety and
quality is the extraction and characterization of new natu-
ral ingredients with biological activity that can be further
incorporated into functional foods, contributing to con-
sumer’s well-being [1]. Therefore, the increasing demand
by consumers for foods and beverages containing natural
preservatives has generated intensive research on innova-
tive preservation methods [2]. Natural compounds derived
from plants such as essential oils (EOs), phenolic com-
pounds and related compounds are recognized as strong
antimicrobials/antioxidants. In recent years, citrus phenolic
compounds have attracted great attention due to their strong
antimicrobial properties, high yields, aromas and flavors and
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particularly their flavonoid components [3]. Citrus flavo-
noids have nutritional properties and also a large spectrum of
biological activity such as antioxidant, antimicrobial against
a wide range of Gram-negative/positive bacteria. They also
exhibited antiviral activity against rhino- and poliomyelitis
viruses [4].

Similarly to most bioactive compounds, natural antimi-
crobials are chemically reactive species which may interact
with food matrix ingredients causing to change their anti-
microbials activity. To inhibit growth of microorganisms,
antimicrobial compounds must directly interact with the tar-
get microorganisms and partition into either the microbial
membranes or the microbial intracellular space. It should
be also mentioned that physical and chemical processes can
alter the structure and functionality of antimicrobials, as
they can reduce the effectiveness of the antimicrobials in
the vicinity of food pathogens or spoilage organisms [5, 6].
Moreover, the limited water solubility of some antimicrobial
compounds reduces their effectiveness and the homogeneity
of their distribution in food matrices which is required to
insure the total inhibition of microbial growth [7].
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An innovative approach to overcome these problems is
the encapsulation of bioactive compounds in nano-sized-
Biosystems. The Biosystems can increase their physical
stability and form a protective layer around the core, iso-
lating it from its surrounding environment until its release
is triggered, avoiding undesirable interactions of the bio-
active ingredient with other food components or chemi-
cal reactions that could lead to its degradation, possible
undesirable consequences on taste and odour, as well as
negative health [8-10].

One of these innovative Biosystems includes micro-
emulsion, a transparent colloidal, optically isotropic and
thermodynamically stable system with wide applications
in the chemical, food, cosmetic and pharmaceutical indus-
tries [11]. Several characteristics make microemulsions
advantageous system for natural antimicrobials protection
in food systems. This colloidal carrier has a high load-
ing capacity, a good thermodynamic stability and can
overcome the diffusional barrier of bacterial membranes
to hydrophobic/hydrophilic molecules due to their high
solubilizing capacity, nano-sized structures also favors the
molecules bioavailability and increases their permeation
[12].

The aim of this study is the optimisation of microemul-
sion that contains natural biomolecules such as citrus phe-
nolic compounds in combination with plant oil extracts
using two techniques; sonication and microfluidization and
different hydrophilic-lipophilic balance (HLBs). The phys-
icochemical and biological stability of microemulsions dur-
ing 1 month of storage was assessed in comparison with
coarse emulsion by considering the droplet size, {-potential,
viscosity, total polyphenolics content (TPC), total flavonoids
content (TFC), antioxidant and antimicrobial activity.

Materials and methods

Materials

Citrus extract (BIOSECUR F440D®) was kindly provided
by Biosecur Lab Inc. (Mont St-Hilaire, QC, Canada). The
organic plant oil extracts (lemongrass and oregano, 1:1)
used were purchased from Bio-Lonreco Inc. (Dorval, QC,
Canada). ULTRALEC® P Deoiled Soya Lecithin was pro-
vided by ADM Ltd. (Lloydminster, AB, Canada). Sucrose
monopalmitate (Habo Monoester P90) was kindly provided
by COMPASS Food Pte Ltd. (Tuas, Singapore). All other
reagents of analytical grade were obtained from Sigma-
Aldrich (Oakville, ON, Canada).
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Microemulsion formulations

The microemulsion formulations were optimized according
to the method that was developed in our laboratory [10]. The
O/W contains plant oil extracts and BIOSECUR F440D® with
ratio of 1:3 (W/W) was optimized with different emulsifier:oil
phase ratio (1 and 1.5) and various HLB values in presence
of lecithin (HLB ~7) and lecithin—sucrose monopalmitate
(HLB =12 with 45:55 ratio, HLB = 14 with 36:64 ratio) as
emulsifiers. The colloidal suspension containing plant oil
extracts with emulsifiers dispersed in water, were subjected
to sonication or microfluidization to obtain the homogeneous
emulsion solution.

Sonication method

The oil-in-water (O/W) microemulsion, contains plant oil
extracts, BIOSECUR F440D® with ratio of 1:3 (W/W), 1%
(W/W) lecithin and sucrose monopalmitate with different ratio
(45:55%, 36:64%) as emulsifiers, was prepared by sonication.
The emulsifiers were solubilized in bi-distilled water under
agitation (1 h at 20 °C). The BIOSECUR F440D® and plant oil
extracts were also added to emulsifier solution under stirring.
Thereafter, the pre-emulsion was homogenized with a high
sheer laboratory homogenizer (Ultra-Turrax T25, Germany) at
10,000 rpm for 40 s. The colloidal suspension was subjected
to sonication (20 °C) at 40 kHz, and 70% of full power for 5,
10, 15 and 20 min (1 s ON and 1 s OFF) to obtain a homo-
geneous microemulsion (Sonicator Vibra cell 75115, Fisher
Scientific Co.).

Microfluidization method

The O/W mixture with the same compositions as ones pre-
pared for the sonication experiments were used to form
microemulsion by microfluidization. The pre-emulsions was
prepared with Ultra-Turrax homogenizer as mentioned above.
After that, the colloidal suspension was subjected to microflu-
idization, using an electric-hydraulic M-110P Microfluidizer®
equipped with a Diamond Interaction Chamber for emulsions
downstream (Microfluidics International Corp., Newton, MA,
USA). Optimization was performed at pressures of 15,000,
20,000 and 25,000 psi in 1-2 cycles (at 25 °C). Coarse emul-
sions with the same composition as microemulsions were
prepared with a magnetic stirrer (30 min) to compare with
microemulsion.
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Physicochemical characterization
Size and {-potential

The mean diameter, size distribution and {-potential of
microemulsions were determined upon empirical dilu-
tion of the samples using dynamic light scattering (DLS)
technique employing a Zetasizer Nano ZS (Malvern Instru-
ments Ltd., Germany). As, viscosity directly affects the
Brownian motion of nano-particles and thus the calculated
emulsion size result, therefore, sample should be diluted
to an appropriate concentration. The software used is DTS
Nano, version 6.12 supplied by the manufacturer (Malvern
Instruments Inc., MA, USA). To avoid multiple scattering
effects, microemulsions were diluted (1:50), and then the
sample was put into a standard capillary electrophoresis
cell equipped with gold electrodes. All measurements were
carried out at 20 °C by considering a medium viscosity of
1.33 and medium refractive index of 1.333. Results were
presented as an average diameter of particle (z average) with
the polydispersity index (PDI) and {-potential of the micro-
emulsion [13].

Viscosity

The viscosity of samples (16 mL) was determined using a
Brookfield LVDV-II+ viscometer (Brookfield Eng. Lab.,
MA, USA) equipped with a UL (Ultra-Low) adapter using
the “closed tube” method to control the temperature. The
ULA spindle was used in measurements, as well as the Win-
gather V2.1 program for data collection and calculations.
The absolute viscosity (cP) of the samples was determined
at room temperature according to the type of rotational axis
and the shear rate.

Turbidity (1)

Turbidity analysis of the microemulsions was carried out by
measuring the absorbance of undiluted samples at 600 nm
using a UV-visible spectrophotometer Scinco S-3100
(Betatek Inc., ON, Canada).

Total polyphenolic contents (TPC)

Total phenolic content in each emulsion was determined
by spectrophotometry according to the Folin—Ciocalteu
method. The sample was mixed with H,O and Folin—Cio-
calteu’s reagent and vortexed for 30 s. After 6 min reaction,
2 mL of sodium carbonate monohydrate 20% (w/v) were
added and the total mixture was heated at 40 °C (in a water
bath) for 20 min. The absorbance of the final solution (blue

color) was measured at 760 nm, using a UV-visible spec-
trophotometer Scinco S-3100 (Betatek Inc.) with a blank
(water and reagents) placed in the reference cell. A standard
curve with gallic acid was established and TPC results were
expressed as microgram gallic acid equivalents (GAE) per
milliliter of sample [14].

Total flavonoids content (TFC)

Total flavonoid content was estimated using a colorimetric
method described previously [15]. Briefly, 0.25 mL of the
sample or (+)-catechin standard solution was mixed with
1.25 mL of distilled water in a test tube followed by the addi-
tion of 75 pL of a 5% NaNO, solution. After 6 min, 150 pL
of a 10% AICl;-6H,0 solution was added and allowed to
stand for another 5 min before adding 0.5 mL of 1 M NaOH.
The mixture was brought to 2.5 mL with distilled water and
mixed well. The absorbance was measured immediately
against the blank at 510 nm using a spectrophotometer
Scinco S-3100 (Betatek Inc.) in comparison with the stand-
ards prepared similarly with known (+)-catechin concentra-
tions. TFC results were expressed as microgram of catechin
equivalents per milliliter of sample.

Antioxidant activity assays

The antioxidant activity of the microemulsion was assessed
by two common techniques. For all antioxidant assays,
standard chemicals were used for comparison.

Phosphomolybdate assay for total antioxidant capacity
(TAQ)

The total antioxidant capacity (TAC) assay of samples was
carried out by the phosphomolybdenum method described
by Ahmed et al. [16] with slight modification. The sample
was dissolved in 1 mL methanol. Ascorbic acid was used as
a standard. A stock solution of ascorbic acid (5000 mg/L)
was prepared in distilled water, from which dilutions were
made ranging from 25 to 500 mg/L. In a test tube, 300 L.
of the sample was mixed with 3 mL phosphomolybdate rea-
gent (0.6 M sulfuric acid, 28 mM sodium phosphate and
4 mM ammonium molybdate). The test tube was covered
with aluminum foil and incubated at 95 °C for 90 min. The
mixture was then allowed to reach room temperature and its
absorbance was recorded at 765 nm. Blank was run using the
same procedure but containing an equal volume of methanol
instead of the samples. The TAC (%) was estimated using
Eq. (1):
Control absorbance — Sample absorbance

TAC (%) = X 100.
(%) Control absorbance
(D
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DPPD assay to determine the free radical scavenging
capacity (FRSC)

The antioxidant capacity of samples evaluated according to
a modified procedure of the DPPD (N, N-diethyl-p-phenylen-
ediamine) colorimetric method as described by Salmieri and
Lacroix [17]. This method serves to measure the effect of
the presence of antiradical agents against reactive oxygen
species (ROS) such as superoxide anions (-O, "), hydroxyl
radicals (-OH), singlet oxygen ('0,) and their by-products
(H,0,, HOCI) generated by the electrolysis of a saline solu-
tion. A volume of 200 pL of sample was added to a cell
containing 3 mL of 0.15 M NaCl and submitted to elec-
trolysis for 1 min (10 mA DC, 400 V) using a power sup-
ply (Bio-Rad, model 1000/500, Mississauga, ON, Canada).
After electrolysis, an aliquot of 200 uL. was added to 2 mL
of DPPD solution (25 mg/mL). The generated oxidative spe-
cies react instantly with DPPD, producing a red coloration
that can be measured at 515 nm using a spectrophotom-
eter Scinco S-3100 (Betatek Inc.). The FRSC (antiradical
capacity) is then equivalent to the capacity of samples to
inhibit the accumulation of oxidative species (able to oxidize
DPPD) and, consequently, to reduce the red coloration. The
reaction advancement was quantified using a non-electro-
lyzed NaCl solution (no oxidative species, ascribed to 100%
scavenging, i.e., positive control) and an electrolyzed NaCl
solution (in the absence of antioxidants, ascribed to 0% scav-
enging, i.e., negative control). The scavenging percentage
was calculated according to Eq. (2):

Scavenging percentage (%) = [1 — (OD sample
— OD negative control)/(OD positive control )
— OD negative control)] x 100.

Trolox® (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid), a water-soluble vitamin E analogue,
was employed as a standard, and its calibration curve was
obtained using concentrations ranging from 100 to 700 pg/L
in 30% (v/v) ethanol. FRSC results were expressed as micro-
gram of Trolox equivalents per milliliter of sample.

Transmission electron microscopy (TEM)

Visualization of morphology and structure of microemulsions
was carried out by TEM with a negative staining method. To
perform TEM observations, a drop of diluted-emulsion was
placed on Formvar—carbon-coated copper grid (200 mesh and
3 mm diameter HF 36) for 5 min. The excess of the liquid was
removed using the filter papers. After drying the grid at room
temperature, a drop of phosphotungstic acid (3%) was placed
on the copper grid containing the emulsion and left for 3 min
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at room temperature. Thereafter again, the excess of the liquid
was removed using the filter papers and after drying the grid
at room temperature, the micrographs were collected using a
transmission electron microscope (HITACHI, H-7100) operat-
ing at 75 kV. Micrographs were recorded using an AMT Image
capture Engine or Olympus TEM CCD camera.

Minimal inhibitory concentration (MIC)
determination

Antimicrobial activity of citrus phenolic compounds/plant
oil extracts incorporated in microemulsion was evaluated by
MIC determination.

Preparation of cultures

Stock cultures of E. coli O157:H7 EDL933, Listeria mono-
cytogenes 2812, Aspergillus niger (ATCC 1015) and Penicil-
lium chrysogenum (ATCC 10106) were, respectively, stored
at — 80 °C in Tryptic Soy Broth (TSB) medium for bacteria
(Oxoid LTD., Basingstoke, England) and Potato Dextrose
Broth (PDB) for fungi containing glycerol (10% V/V). On
the day of the experiment, the bacterial and fungal con-
centration of each culture was adjusted to 10° CFU/mL or
10% conidia/mL, respectively for MIC determination.

Microbial analysis

The MIC value of each antimicrobial agent was determined
in sterilized flat-bottomed 96-well microplate according to
the serial microdilution method as described by Turgis et al.
[18]. Briefly, serial dilutions of the microemulsion were
made in Mueller Hinton Broth (MHB, DIFCO) for bacte-
ria and in Potato Dextrose Broth (PDB, DIFCO) for fungi
and dispensed into 96-well microplates. Each sample was
diluted by MHB medium pre-added in 96-well microplate, to
obtain serial concentrations. Each well was then inoculated
with pathogenic strain at a concentration of 10® CFU/mL or
10° conidia/mL. The microplate was incubated aerobically
for 24 h at 37 or 28 °C, for bacteria and fungi, respectively.
Then, the absorbance was measured at 595 nm in an Ultra
Microplate Reader (Biotek instruments, Winooski, VT,
USA). The MIC was defined as the lowest concentration
of microemulsion showing a complete growth inhibition of
the tested bacterial strains (related to a measured absorbance
that is equal to the absorbance of the blank).

Statistical analysis

The experiments were conducted in triplicate (n=3). An
analysis of variance (ANOVA) and Duncan’s multiple-range
tests were employed to statistically analyze all results. The
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analysis was performed using STATISTICA 8.0 software
(STATSOFT Inc., Thulsa, USA). Differences between means
were considered significant when the confidence interval
was lower than 5% (p <0.05).

Results and discussions
Sonication method

Sonication generates the emulsions by cavitation phenom-
ena. As bubbles grow and migrate, they collapse in fluid
and leads to an extremely high pressure. High pressure cre-
ates strong waves to disturb the fluid near the sonicating
tip, break up immiscible liquid phase and causes to mix the
emulsion’s two-phases. An increase in input power produces
more cavities and stronger waves. This cavitation mechanism
apparently differs from that by microfluidizer, in which the
shear force plays a major role [19].

Sonication time

To optimize the sonication method, lecithin-based emulsions
were prepared at different times of sonication (5, 10, 15 and
20 min). It was observed by increasing the time of sonica-
tion, the droplet size decreased from 170 to 90 nm (Fig. 1).
The droplet size also decreased with increasing sonication
intensities at 40, 60 and 70% of full power. Obviously, high-
power sonication induced stronger mechanical vibrations
and produced more powerful shock waves, thereby resulting
in smaller emulsion droplets than those produced in low-
power sonication.

The obtained results highlighted that after 20 min of soni-
cation, the particles sizes were only weakly affected by the
sonication times, as 20 min of sonication appeared to be
sufficient to obtain the desired nano-sized emulsion. Some
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Fig. 1 Effect of sonication time on particle size of 1% lecithin-based
emulsions. Different lowercase letters represent significant differences
in droplet size of emulsion (p <0.05)

studies have shown that beyond a certain critical size, even
in additional energy applied to break the droplets, the droplet
size remains constant [20]. Based on preliminary obtained
results, 20 min of sonication was considered to obtain the
desired size.

HLB optimization

Indeed, the HLB index also provides a useful starting point
in the emulsifier selection to provide an emulsion of good
stability. Regards to this subject and to prepare a more stable
microemulsion, lecithin was combined with sucrose mono-
palmitate (HLB =18) to prepare different HLB values as
following; SME 12 (sonicated microemulsion with HLB 12)
and SME 14 (sonicated microemulsion with HLB 14).

Microemulsions with selected HLBs prepared in differ-
ent sonication times (Fig. 2). It was observed, HLB caused
by emulsifiers’ combination had significant effect on drop-
let size of emulsion like as sonication time. As by increas-
ing the HLLB value more than 10, preferable HLB for O/W
emulsions, the emulsion droplet size significantly decreased,
e.g., for 5 min of sonication the size decreased from 170 nm
(HLB=7) to 97 nm (HLB =14) (p <£0.05). Surfactants as
surface-active agents reduced the interfacial tension neces-
sary enough to break up the droplets to smaller size but not
too much to simply disrupt the droplets. These findings are
in accordance with results of Kaci et al. (2016) and Arab
Tehrany et al. [21, 22] who described the effect of lecithin
on emulsion properties.

At effective HLB values, surfactant presents appropriate
surface activity at the droplet surface to provide the protec-
tion against coalescence and coagulation [23]. No significant
difference in droplet size of two emulsions with HLB 12 and
14 prepared at 10 min (90-95 nm), 15 min (77-80 nm) and
20 min (68-75 nm) of sonication, was observed (p > 0.05).
Furthermore, by increasing the sonication time, the appear-
ance of emulsion became clear from yellow color which
indicates the formation of the microemulsion with smaller
size (Fig. 2a).

Emulsifier:oil ratio

Concentration of emulsifier depends on different factors
such as minimum preferred droplet size, emulsion applica-
tion, emulsifier chemical structure, oil phase quantity and
quality and also long-term stability of a specified emul-
sion system [23]. Here it was observed, by increasing the
emulsifier concentration, the droplet size decreased because
of interfacial tension’s decrement induced by emulsifier
(Fig. 2b). However, emulsions with high surfactant concen-
trations (emulsifier:oil phase of 1.5:1) and small droplet size
(<45 nm) may have a potential risk to be toxic for human
cells and also may not be commercially interesting for food
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Fig.2 a Effect of sonication time on particle size of emulsion with
different HLB values. b Presents the effect of emulsifier: oil ratio on
droplet size reduction of sonicated emulsion. ¢ Presents the effect of

companies because of legal and cost concerns. Addition-
ally, based on some empirical rules, the surfactant forms
micelles in an aqueous solution when its concentration
exceeds some critical level, known as the critical micelle
concentration (CMC). Thus, when surfactant is added to
a solution above the CMC, the number of micelles tends
to increase as same as the size or shape of the individual
micelles [23]. As emulsifier:oil phase ratio of 1:1 presented
also a stable microemulsion with acceptable particle size, it
was considered in this study.

Microemulsion characterization

Microemulsions with preferred HLB values (12 and 14) and
emulsifier:oil ratio of 1, prepared by sonication (20 min),
characterized by considering the size, {-potential, PDI,
pH and viscosity (Table 1). Emulsion with HLB 14 pre-
sented smaller droplet size but no significant differences
(p>0.05) were observed in the size, { potential, PDI, pH
and viscosity of microemulsion prepared with two different
HLBs (Table 1). Microemulsions with particle size about
58-60 nm, low PDI and viscosity of 1.21 cP were prepared
by 20 min of sonication (Fig. 3).

HLB (7, 12 and 14) on color of sonicated emulsions (20 min). Differ-
ent lowercase letters represent significant differences in droplet size
of emulsion (p <0.05)

{-Potential is an important parameter to determine the
stability of various colloidal dispersions. The values of the
zeta potential significantly show the extent of electrostatic
repulsion between particles in dispersion. For molecules and
particles in nano-scale, a high zeta potential (absolute value
higher than 30) presents higher stability. When the potential
is less, the dispersion tends eventually to aggregate. Soni-
cated microemulsions with positive {-potential % 51-55 mV
presented a remarkable factor of stability.

Microfluidization method

Microfluidizer is high shear fluid processors, which converts
pressure energy into shear and forces, resulting in desired
droplet size that happens in an interaction chamber. The
degree of emulsification was determined by the design of the
microchannel inside the interaction chamber, the introduced
pressure, and the emulsification time (number of cycles that
the suspension passed through the chamber). Microfluidizer
consistently generate significantly higher shear than other
methods and more uniform particle size reduction [24].
Microemulsions optimization with HLB 12 and 14 at dif-
ferent pressures (15,000, 20,000 and 25,000 psi) and number

Table 1 Characterization

: . Samples Size (nm) {-potential (mV) PDI pH Viscosity (cP)
results of sonicated (20 min)
and microfluidized samples SME 12 60.81+1.55*  552+1.20° 024+0.07° 232400  121+001°
(20.000 psi/2 passages) SME14  5853+0.13%  51.4+2.53° 02740020  230+00°  121+0.05
MME 12 67.23 +1.60* 51.7+1.85% 0.15+0.03* 2.3+0.0° 1.21+0.02*
MME 14 65.35+1.63* 54.5+1.97* 0.17+£0.02% 2.31+£0.0* 1.21+0.03*

*For each parameter, values followed by the same lowercase letters are not significantly different (p <0.05)

SME 12 Sonicated microemulsion with HLB 12; SME 14 Sonicated microemulsion with HLB 14; MME 12
Microfluidized microemulsion with HLB 12; MME 14 Microfluidized microemulsion with HLB 14
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Fig.3 Morphology and structure of droplets in the sonicated emulsion (HLB =12)

of cycles (1 and 2) have done by microfluidization method.
It was observed, by increasing the intensity of disruptive
energy during the emulsification or by recirculating the
emulsion (increasing the time of emulsification), the size
of emulsion and viscosity decreased (170-70 nm) and the
color became clear (Fig. 4). The obtained results are in good
agreement with the results of Salvia-Trujillo et al. [25]. They
observed the average droplet size, viscosity and whiteness
index of microemulsions decreased by increasing the pro-
cessing pressure and the number of passes [25].

Based on preliminary results, increment of emulsifica-
tion pressure more than 25,000 psi, had no significant effect
(p>0.05) on droplets size. Furthermore, according to the
obtained results, emulsion prepared by microfluidization at
20,000 psi, after two passages through the microfluidizer
presented the same droplet size as 20 min of sonication.
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Fig.4 a The effect of pressure and number of microfluidization on
microemulsion size (HLB 14). b Presents the emulsions prepared
with lecithin/sucrose monopalmitate with two HLB (12 and 14) in
three pressures (15,000, 20,000 and 25,000 psi), (A, B and C presents

To compare the effect of HLB on droplet size of emul-
sion prepared by microfluidization (in 20,000 psi—2 cycles),
emulsions with HLB 12 and 14 were prepared (Table 1). A
negligible difference between the droplet sizes of emulsion
with higher HLB value (14) was observed. Although, no
significant differences (p > 0.05) in size, { potential, PDI,
pH and viscosity of microfluidized microemulsions prepared
with two different HLBs were noted.

Antimicrobial analysis

The effect of emulsification on antimicrobial activity of
plant oil/citrus extracts loaded in microemulsion was com-
pared with coarse emulsion (Table 2). Microemulsions pre-
pared with two techniques presented the same antimicro-
bial activity against pathogenic bacteria and spoilage fungi,

HLB 12), (A’, B’ and C' presents HLB 14) after two cycles. Differ-
ent lowercase letters represent significant differences in droplet size
of emulsion (p <0.05)
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L. monocytogenes, E. coli, A. niger and P. chrysogenum,
respectively. No significant difference was observed between
microemulsions prepared with two techniques (p > 0.05).
However, a significant difference between microemulsions
and coarse emulsion was observed (p <0.05). Emulsifica-
tion improved noticeably the antimicrobial properties of
microemulsions (MIC decreased) in compared to coarse
emulsions. Micro-emulsification increased the antimicro-
bial activity of emulsions about 16-32 times higher than
coarse emulsion against foodborne pathogen bacteria like
as L. monocytogenes, E. coli, and spoilage fungi such as A.
niger and P. chrysogenum, by decreasing the droplets size.

As emulsion droplet size decreases, its bioavailability
increases, which facilitates the penetration and transloca-
tion of emulsion in bacterial membrane and increases the
antimicrobial activity. These findings are in good agree-
ment with the results of Salvia-Trujillo et al. [26, 27]. Sal-
via-Trujillo et al. [26] observed that microfluidized nanoe-
mulsions induced a significant reduction in population of
E. coli in compared to coarse emulsion and ultrasonicated
nanoemulsions [24]. Furthermore, they found that edible
nanoemulsion-based coatings with lemongrass EO droplets
in the nano-range exhibited a faster and greater inactivation
of E. coli during storage time in compared to conventional
emulsions [27]. Salvia-Trujillo et al. [27] also observed
that microfluidized nanoemulsions contain lemongrass or
clove essential oil showed an enhanced antimicrobial activ-
ity against E. coli in compared to coarse emulsions [28].
Furthermore, Otoni et al. [29] concluded that droplet size
reduction to a few hundreds of nanometers improved the
antimicrobial properties of the nanoemulsified films against
spoilage fungi in bakery products.

It should be also mentioned that the antimicrobial activ-
ity of microemulsion not only depends on its droplet size
but also on their compositions. The antifungal activities of
plant oil/citrus extracts loaded in microemulsion are related

to their major phenolic constituents. These phenolic com-
pounds interact with cell membrane and alter its permeabil-
ity, leading to leakage of cell contents, which are essential
to microorganism survival [30].

The presence of citrus extract in microemulsion is an
effective factor on its antimicrobial activity. A possible syn-
ergic effect between citrus and plant oil extracts led to this
noticeable antibacterial and antifungal activity. Citrus phe-
nolic compounds have a large spectrum antibacterial activ-
ity against a wide range of Gram-negative/positive bacteria
[31]. Randazzo et al. [32] also observed that citrus extract
induced a largest spectrum of inhibition against 76 strains of
L. monocytogenes. Citrus extract mainly acts on the mem-
brane and causes conformational and/or compositional dam-
ages in some components of the cell membrane [32]. Many
studies have also shown that phenolic compounds present
in citrus extract can affect enzyme activity, cause protein
denaturation, modify cell permeability, interfere with the
bacterial membrane function, induce permeability in the
cell membrane causing release of the cell constituents, and
decrease the ATP concentration and intracellular pH. Their
activity can also relate to the inactivation of membrane-
bound proteins [32, 33].

Emulsion stability
Size

The stability of emulsions prepared by tow techniques were
assessed (Fig. 5). As it was observed, coarse emulsions
presented the droplet size about 345-390 nm at day 0 and
then after, a significant increment was observed during the
first month of storage (440-480 nm) (p <0.05). As after
1 month of storage, the precipitation was observed. A sig-
nificant difference (p <0.05) was observed between coarse
emulsion and microemulsions prepared with sonication

Table 2 MIC values of

‘ Samples* MIC (PPM)**

emulsion-based natural

antimicrobials against bacteria L. monocytogenes E. coli A. niger P. chrysogenum

and fungus
CE 12 1875° 3750° 7500° 2812°
CE 14 1875° 3750° 7500° 2812°
MME 12 58.59* 234.37* 234.37% 117.19*
MME 14 58.59% 234.37* 234.37% 117.19*
SME 12 58.59* 234.37* 234.37% 117.19*
SME 14 58.59* 234.37* 234.37% 117.19*
Property Gram(+) bacteria Gram(—) bacteria Fungi Fungi

*CE 12, Coarse emulsion with HLB 12; CE 14, Coarse emulsion with HLB 14

**For every bacteria, MIC values followed by the different lowercase letters are significantly different

(» <0.05)

MME 12 Microfluidized microemulsion with HLB 12; MME 14 Microfluidized microemulsion with HLB
14; SME 12 Sonicated microemulsion with HLB 12; SME 14 Sonicated microemulsion with HLB 14
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and microfluidization. In the first days of storage, a slight
increase in droplet size of all microemulsions was observed
which can be explained by the required time to attain the
thermodynamically stable system after micro-emulsification.
Microemulsions with HLB 12 prepared by two techniques
(MME 12, SME 12) presented negligibly more stable pro-
files during 2 months of storage (4 °C). No significant differ-
ence (p>0.05) was observed between the size assessments
of microfluidized-emulsion and sonicated-emulsion with
HLB 12.

Microemulsions with HLB 14 prepared by two techniques
(MME14, SME14) presented negligibly higher droplet size
profiles during the storage time (p > 0.05). This size differ-
ence was also observed more noticeably in coarse emulsion
with HLB 14 in compared to ones with HLB 12 (p <0.05).
This increment in emulsion size happened during the first
week of storage and then after a stable profile was obtained.
The results confirmed that micro-emulsification with two
techniques increased the emulsion stability by decreasing
the droplet. These results are in good agreement with the
results of Salvia-Trujillo et al. [25] and Juttulapa et al. [33].

Zeta potential

Zeta potential ({) is an important tool for understanding the
state of the nanoparticle surface and predicting the long-
term stability of emulsion. No significant increment was
observed in zeta potential of microemulsions prepared with
two methods and HLB values (p > 0.05). Coarse emulsion
showed {-potential about 50 mV in the first days but a con-
tinuous decrement to 21.2 mV was observed during the first
month of storage that confirmed large droplets with non-
homogenous charge noticeably tend to coagulate more than
smaller size.

500

450 g . 7 ‘ ——MME 14
400 4 I T - | e MME 12
350 4 —4—SME 14
£ 3004 ——SME 12
& 250 CE 14
£
g 2004 —=—CE12
]
N 150
100 o
~ = ==—2—4% ; o — — be
50 4 - - - - s =
0 - - - . .
0 10 20 30 40 50 60
Time (Day)

Fig.5 Particle size distribution of sonicated/microfluidized samples
in terms of storage time. MME 12 (microfluidized microemulsion
with HLB 12), MME 14 (microfluidized microemulsion with HLB
14), SME 12 (sonicated microemulsion with HLB 12), SME 14 (soni-
cated microemulsion with HLB 14) in comparison with coarse emul-
sion (coarse emulsion with HLB 12, coarse emulsion with HLB 14)

Viscosity

Viscosity and concentration of dispersed phase are also
effective factors on nano-sized emulsions stability. The
properties like as viscosity, density, polarity, interfacial
tension and concentration of oil phase determine its bulk
physicochemical properties. These properties may have an
appreciable influence on the formation, stability, and qual-
ity attributes of a food emulsion [34]. As by increasing the
viscosity of oil phase, droplet size increased and higher
disruption energy needs to create the smaller size. Further-
more, the minimum size of droplets that can be produced by
some methods depends on the ratio of the viscosity of the
dispersed phase to that of the continuous phase. However,
some studies also show that the droplet size is independent
of viscosity of liquid samples in systems that breakup is
occurring in turbulent flow [23].

As it is observed in Fig. 6a, no significant increment
(p>0.05) in viscosity of microemulsions was observed dur-
ing the storage time. Coarse emulsion with larger droplet
size had viscosity higher than microemulsions and viscosity
increment was observed during the first month of storage.
Coagulation can lead to viscosity increment and emulsion
instability.

Turbidity (1)

The turbidity measurement of emulsions was performed and
a significant difference between coarse emulsions and micro-
emulsions was observed (p <0.05) although no significant
difference between microemulsions was detected (p > 0.05).
A slight increment in turbidity of emulsions was observed
but microemulsions showed stable values during the stor-
age time. A significant difference (p <0.05) between coarse
emulsions with two HLB values can be related to the major
presence of lecithin in emulsion with HLB 12 in compared
to HLB 14 (Fig. 6b).

Emulsification led to decrease in the turbidity of emulsion
by droplet size decrement. This highlights the importance
of controlling both the mean particle size and the width of
the particle-size distribution (PDI) in samples that appear
optically transparent. These findings are in good agreement
with the results of Gharibzahedi et al. [35] and Xu et al. [11].

Total polyphenolics content (TPC)

The Total phenolic content (TPC) of microemulsions
expressed as ug GAE/mL of microemulsion (Fig. 7a). In
the first day of analysis, all microemulsions presented the
same total polyphenol contents (257-264 ug GAE/mL) in
microemulsion. However, during the storage at 4 °C, a sig-
nificant decrement was observed in sonicated microemul-
sion with HLB 14 during 2 weeks of storage compared to
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Fig.6 a Viscosity and b turbidity evolution of microemulsions dur-
ing 2 months of storage. MME 12 (microfluidized microemulsion
with HLB 12), MME 14 (microfluidized microemulsion with HLB

other microemulsions. A gradual reduction in TPC of all
samples was observed during 1 month of storage and then
after they reached to a stable point, as MME 14 and MME
12 with respective TPC of 264 and 260 pg GAE/mL reached
to 185 and 200 ug GAE/mL, respectively after 35 days of
storage. The same decrement was observed for sonicated
microemulsions, e.g., SME 14 and SME 12 with respec-
tive TPC of 264 and 261 ug GAE/mL reached to 186 and
172 ug GAE/mL, respectively after 35 days of storage. A
slight difference in total phenolic content of MME 12 and
MME 14 was observed. Sonicated microemulsion with HLB
12 presented relatively more stable behavior in compared to
one with HLB 14. As phenolic compounds are chemically
active compounds, they can be polymerized thereby losing
their activity and solubility. Oxidation can be considered
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14), SME 12 (sonicated microemulsion with HLB 12), SME 14 (soni-
cated microemulsion with HLB 14) in comparison with coarse emul-
sion (coarse emulsion with HLB 12, coarse emulsion with HLB 14)

as an effective parameter to decrease the total polyphenolic
contents of emulsions. In other side, coarse emulsions pre-
sented lower TPC (80-112 ug GAE/mL) than all microemul-
sions and also its content decreased during the storage time
(35-44 pg GAE/mL) (p <0.05).

Total flavonoids content (TFC)

According to the obtained results, microemulsions with
HLB 12 prepared with two techniques presented the lower
TFC compared to those with HLB 14. The conspicuous
presence of lecithin with high oxidation potential in micro-
emulsions with HLB 12 compared to those with HLB 14,
can be the possible reducing factor of TFC. Some evi-
dences have shown that natural lecithin can be chemically

A [ OSME 14 @ SME 12 SMME 14 BMME 12 OCE 14 uCE 12 B | OSME 14 @BSME 12 W MME 14 “MME 12 OCE 14 mCE12 ‘
300 " 300
a T ™M b A M N B
250 27| T i fm T 250
N 19 - B o 3
- N7 ¥ 3 \7 N N N 2
5 N N N N N By z A a ®
E Y N N N N N $ & ac na b b
™ 4 N 2 ¥ i 4 N T8 ¥ @ N D \] A
CIBUREE N7 N _ §;$$ N N\ . §;$$ = 150 [ N 0 4o a0
o \% W N \¥ N\ N £ N N N 3 :
& N NL N Y N N s N N N \/ ¢
= RN N1 Nl Na Na Ngl = | Nz N NN N

°

<

=

Time (Day)

~
>3

o
<
—
=
»
=
N
@
w

9

Time (day)

in comparison with coarse emulsion. For each sample, different let-
ters represent significant differences in TPC and TFC of samples
(»<0.05)

Fig.7 Total phenolic content (TPC) (a) and total flavonoids con-
tent (TFC) (b) of microemulsions prepared with microfluidizer and
sonication expressed as microgram Gallic acid equivalent (GAE) and
microgram Catechin equivalent per milliliter of sample, respectively,
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or enzymatically oxidized and hydrolyzed to break off one
of the hydrocarbon tails causing to destabilize the O/W
emulsions [36]. Almost all samples showed the same pro-
file of TFC during 1 month of storage which represents
relative stability of microemulsions. In other side, coarse
emulsions presented lower TFC than other microemulsions
and also its content decreased gradually during the storage
time (p <0.05). It was observed that the technique of emul-
sification had lesser effect on TFC and TPC in compared to
HLB caused by emulsion composition (Fig. 7b).

Antioxidant activity

At the first day of analysis, all microemulsions presented
the same total antioxidant capacity (TAC) about 70-75%
and then after a continuous reduction was observed dur-
ing the storage time (40-45%) (Fig. 8a). No significant
differences were observed between the microemulsions
(p>0.05). The profile of TAC reduction is quietly con-
sistent with total phenolic content (TPC) reduction. The
good correlations between TPC and TAC confirmed that
the phenol compounds were mainly responsible for the
antioxidant activity of the extracts. The antioxidant activ-
ity of phenolic compounds depends largely on their chemi-
cal structure of components. The obtained results are in
good agreement with the results of Zhu [37].

Coarse emulsions obviously showed significantly lower
TAC (44-45%) than microemulsions with the same HLB
values (p <0.05). A significantly rapid decline in TAC of
coarse emulsions was observed during the storage time
(7-9%) (p <£0.05). These results confirmed that micro-
emulsification protected the bioactive molecules against
degradation during the storage time, as it was observed
the rate of TAC decrement in the coarse emulsion was
significantly higher than microemulsions (p <0.05).

OSME 14 BSME 12 SMME 14 GMME 12 OCE-14 mCE-12 I

100

80

60

2722

77,

TAC (%)

40

20

o
-
—
&
N
=
"
>3
w

]

Time (Day)

Fig.8 Total antioxidant capacity (TAC) (a) and free radical scaveng-
ing capacity (FRSC) (b) of microemulsions prepared with microfluid-
izer and sonication expressed as percentage and microgram of Trolox

Antiradical activity

The free radical scavenging capacity (FRSC) of micro-
emulsions expressed as microgram Trolox equivalent
per milliliter of sample (Fig. 8b). No significant differ-
ence (p>0.05) in FRSC of microemulsions with HLB 14
(0.44-0.046 pg Trolox eq/mL) in compared to those with
HLB 12 (0.40-0.42 pg Trolox eq/mL) was observed. In the
following days, almost all samples showed a slight reduc-
tion during 1 month of storage (0.32-0.35 pg Trolox eq/
mL), in similar behaviors as observed for total flavonoid
contents (TFC). This correlation between FRSC and TFC,
may be confirmed that flavonoids can be considered as the
major responsible free radical scavenging in citrus/plant oil
extracts incorporated in microemulsions. These findings are
in good consistent with the results of Zhu [37]. Furthermore,
no significant effect induced by emulsification technique on
TAC and FRSC of microemulsions was observed (p > 0.05).

Coarse emulsion showed a rapid continuous reduction
during storage time (from 0.40 ug Trolox eq/mL at day 1
to 0.09 pg Trolox eq/mL at day 35). This phenomenon con-
firmed again the protection effect of micro-emulsification
on bioactive molecules loaded in emulsion. Some studies
explained that the large surface area of the droplets as a
result of their size reduction to the nanometer range and
also formation of free radicals due to cavitation during the
emulsification process can lead to TFC and FRSC reduction
of microemulsions [38].

Conclusion

Based on obtained results, droplet size of emulsion depends
not only on physical parameters of technique such as sonica-
tion time, microfluidizer pressure, number of passages but
also on emulsion parameters such as emulsifier:oil ratio,
emulsifier composition and its surface-active properties.

| OSME 14 BSME 12 SMME 14 BMME 12 OCE 14 mCE12 l
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equivalents per milliliter of samples, respectively, compared to coarse
emulsion. For each sample, different letters represent significant dif-
ferences in TAC and FRSC of samples (p <0.05)
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The results also revealed that technique of emulsification
had lesser effect on TFC and TPC in compared to emulsion
parameters such as HLB values.

It was observed that microfluidization and sonication are
the feasible technologies to reduce the droplet size of plant
oil/citrus extracts loaded emulsion up to nano-metric scale
and improved their functionality like as antioxidant, antiradi-
cal and antibacterial activity compared to coarse emulsion.
Micro-emulsification increased the bioavailability of active
components in emulsion by droplet size decrement and
homogenously distribution of active molecules in emulsion.

This study strongly evidenced that microemulsion are
able to amplify the performance of plant oil/citrus extracts
by improving their solubility and bioavailability, maintain-
ing the antimicrobial effect as fully functional over a period
of months, improving their controlled release as well as pre-
venting undesirable interactions with food matrix. Indeed,
microemulsion is able to increase the effectiveness of the
natural antimicrobial agents as well as decrease the neces-
sary dosage used in food systems that qualified its applica-
tion in food companies. From a point of view in the com-
mercialization of natural food preservatives, these results
are very promising.
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