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Abstract

Combination of low energy and high energy methods were studied as alternative process to individual spontaneous emul-
sification and ultrasonication for production of stable nanoemulsions in order to reduce the synthetic surfactant require-
ment. A three-step procedure was used: The dispersed oil phase containing hydrophilic surfactant (Tween 80) was titrated
into an aqueous phase for formation of nanoemulsion by spontaneous method. Then, it was homogenized by a high shear
homogenizer and sonicated to form final stable nanoemulsions. Influence of orange oil to sunflower oil ratio, surfactant
emulsion ratio (SER), ultrasonication (US) time and temperature and high shear homogenization (HSH) time on particle
size and polydispersity index (PDI) of nanoemulsions were determined. Orange oil/sunflower oil ratio, SER, US time and
temperature and HSH time all had an appreciable effect on nanoemulsion formation, particle size distribution and stability.
Translucent nanoemulsions (70 nm) was obtained under following specific conditions: 10 wt% oil phase (7 wt% orange
oil + 3 wt% sunflower oil), 2 wt% SER (Tween 80), 5 min HSH and 10 min US in an ice bath. The selected nanoemulsion
was stable for 35-day storage at ambient temperature. These findings demonstrate that stable orange oil nanoemulsions can
be produced from food-grade ingredients using combined processing operations (spontaneous homogenization, HSH and
US homogenization) and low synthetic surfactant concentration. This study provides important information for design and
application of essential oil nanoemulsion-based delivery systems in food, beverage and other applications.

Keywords Orange oil nanoemulsion - Spontaneous emulsification - Ultrasonication - Combined low energy and high
energy methods

Introduction

Orange (Citrus sinensis L.) essential oil which is produced
usually by cold pressing of fruit peel, possess good anti-
microbial activity (against various kinds of bacteria, molds
and yeasts, and viruses) and antioxidant properties owing to
high content of limonene and linalool (which are classified
as terpenes) and has been proved to inhibit food spoilage by
many researchers [1, 2]. Therefore, orange essential oil can
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be utilized as a suitable replacer for synthetic preservatives
to produce green food that today's public users prefer to con-
sume owing to the increasing knowledge of potential adverse
effects of artificial additives in foodstuffs [3, 4].

However, the high content of hydrophobic and low
molecular weight constituents such as limonene and lin-
alool in the orange essential oil makes it so insoluble in
water, volatile and sensitive to oxidation. Consequently,
it needs to be encapsulated as a delivery system so that it
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can be protected and readily dispersed in the water-based
food and beverage products [5].

Oil in water (O/W) nanoemulsions are among the best
delivery systems for plant essential oils. Nanoemulsions
are emulsions with particle diameter of 20—200 nm which
are prone to be transparent or translucent owing to very
smaller droplets compared to the light wavelength (d <KA)
and have much better stability against creaming, sedi-
mentation and flocculation than conventional emulsions.
However, nanoemulsions are thermodynamically unsteady
systems and will become unstable gradually over time due
to coalescence and/or Ostwald ripening [6, 7].

Moreover, antimicrobial activity of plant essential oils
can be improved appreciably by their submicron droplet
size which leads to their easily penetration through the
microorganism membrane and leakage of the cell contents
out of the cell and finally the death of the microorganism
[8, 9].

Different low energy and high energy approaches
(including spontaneous emulsification and ultrasonication,
respectively) have been applied for nanoemulsion prepa-
ration up to now [4-6, 8, 10]. Each of these approaches
have some benefits and drawbacks [5, 6, 11]. There are few
studies on different approaches for producing orange oil
nanoemulsions. Orange and lemongrass oil loaded nanoe-
mulsions were prepared by microfluidization (MF) and
ultrasonication (US) methods, respectively [12, 13]. Chang
and McClements examined the potential of spontaneous
emulsification for preparation of orange oil nanoemulsion
[14]. High pressure homogenization and ultrasonication
were used to prepare orange oil in water nanoemulsions
[15].

Previous studies have indicated that the composition
of two aqueous and oil phases, the environmental condi-
tions (e.g., temperature, pH, and ionic strength) and/or,
the mixing conditions (e.g., stirring speed, rate of addi-
tion, and order of addition) may be effective on the droplet
size in spontaneous emulsification method [5, 6]. On the
other hand, the droplet size of nanoemulsions produced
by ultrasonication depends upon some factors, including
sonication amplitude, sonication time, as well as process
temperature [15]. To the best of our knowledge, orange
oil preparation by combined spontaneous and ultrasonic
emulsification has not yet been reported. Therefore, the
aim of this study was to design and fabrication of stable
orange oil nanoemulsions by combination of two low and
high energy methods with the goal of reduction in syn-
thetic surfactant consumption. Also, the effect of oil phase
composition, surfactant concentration, ultrasound time and
temperature and high shear homogenization time on the
particle size and polydispersity index of nanoemulsions
were examined. Storage stability of selected nanoemulsion
was also investigated at ambient temperature.
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Materials and methods
Materials

Cold pressed Brazilian Orange oil 012210 (onefold) was
a kind gift from Givaudan International SA (Switzerland)
and was comprised primarily of p-limonene (97%), myrcene
(1.6%), linalool (1%) and alpha-pinene (0.4%) as measured
by gas chromatography. The non-ionic surfactant (Tween 80)
was obtained from Sigma-Aldrich Co. (St. Louis). Sunflower
oil was purchased from a local market. Citric acid (1 mM,
pH 3.2) and sodium citrate were purchased from Sigma
Chemical Co. (St. Louis, MO, USA) to prepare acidic emul-
sions similar to certain soft drinks and beverages (5). Deion-
ized water was used for the production of nanoemulsions.

Preparation of nanoemulsions

Nanoemulsion formation was carried out using a combina-
tion of low energy (spontaneous emulsification) and high
energy (ultrasonic emulsification) Methods. All emulsions
were prepared through a three-stage process. At first, a mix-
ture of 10% organic phase (different ratios of orange oil to
sunflower oil, 50:50, 60:40, 70:30 and 80:20) and differ-
ent surfactant emulsion ratio (SER % 0.5-3%) was titrated
(1 mL/min) into an aqueous phase (5 mM citrate buffer at
pH 3.5) while gently stirring (500 rpm) the system with a
magnetic stirrer at temperature of 35 °C. Coarse emulsions
were obtained by high speed stirring using an Ultra Turrax
T25 (IKA Labortechnik, Jahnke und Kunkel, Germany) at
24,000 rpm for 5 min, maintaining the samples in an ice
bath. Afterwards, the droplet size reduced further by sym-
metrically immersing a sonotrode (13 mm in diameter) 1 cm
below the emulsion surface (batch ChromTech Ultrasonic
Processor UP-100, 20 kHz, Taiwan). The sonication was
carried out for different emulsification times (0—30 min, con-
trolled by the software of the device) in ice bath (3 °C) or
at room temperature (22 °C). All emulsions were produced
in triplicates and were stored at 3 °C until experiments. The
total amount of emulsion produced for each treatment was
50 grams.

Droplet size determination

The mean droplet diameter (MDD) and particle size distribu-
tion of nanoemulsions were measured using static light scatter-
ing (SLS) instrument based on Mie and Fraunhofer scattering
theories (CILAS particle size analyzer, model 1090, France) at
ambient temperature. This instrument determines the particle
size from intensity-time fluctuations of two laser beams (635
and 830 nm, 2 and 5 mV power respectively) scattered from a
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sample at angles of 173° and 90°. The result of each individual
measurement was obtained from 10 runs in SLS instrument.
Before measurements, all samples were diluted 10 times (1:10)
using citrate buffer solution (5 mM, pH 3.5) to avoid multiple
scattering effects and stirred continuously during the tests to
ensure that homogeneous emulsions are obtained. Droplet size
data is reported as the volume weighted mean diameter (d,s)
and was calculated from Eq. 1:

Y nid;1
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where n; is the number of droplets with diameter d;.

Polydispersity index (PDI: the concentration of droplets in
different size classes), which gives an indication of the width
of the droplet size distribution, was calculated from Eq. 2:

Dy —D,
Span — 0.9 0.1 (2)

D v0.5
where D |, D,y s, and D, ¢ are diameters at which the
cumulative volume of the droplets is under 10%, 50%, and
90%, respectively.
Each measurement was replicated twice and standard devia-
tion was calculated.

Nanoemulsion stability measurements

Selected nanoemulsions prepared by combined low and high
energy methods were centrifuged at 9,000 rpm for 30 min,
and their creaming stability after centrifugation were evalu-
ated. Intrinsic creaming stability was also determined by
storing selected nanoemulsions at ambient temperature. The
phase separation of nanoemulsion systems were subsequently
detected visually. Moreover, the kinetic stability of the nanoe-
mulsions was determined by measuring mean particle size and
polydispersity index changes weekly during 35-days storage
at refrigerator temperature (3 °C). Mean droplet diameter of
the nanoemulsions was evaluated using a static light scattering
device (CILAS particle size analyzer, model 1090, France)
at fixed scattering angles of 173° and 90° at 25 °C. PDI was
calculated from Eq. 2 (See “Droplet size determination” sec-
tion). To avoid multiple scattering effects, all samples were
diluted 10 times with citrate buffer solution (5 mM, pH 3.5)
and stirred continuously to ensure they were well dispersed.
A citrate buffer solution (5 mM, pH 3.5) was used as a blank.

Experimental parameters and statistical analysis

The primary parameters affecting the droplet size and size
distribution, i.e., orange oil in oil phase (Wt%), SER (wt%),
ultrasonication time and temperature, and high shear homog-
enization time were studied at different levels (Table 1). All

measurements were carried out on two or three freshly pre-
pared samples and the results were reported as means and
standard deviations of these experiments. Analysis of vari-
ance (ANOVA) was conducted and the means were analyzed
by Duncan’s multiple range test (for more than two samples)
or Students -test (for two samples comparison) (p < 0.05).

Results and discussion

Influence of the oil-phase composition
on the particle size and polydispersity index

At first, the effect of oil-phase composition on the droplet
size and polydispersity index of nanoemulsions prepared
using combined spontaneous and ultrasonic emulsification,
was examined. Previous studies showed that stable nanoe-
mulsions could not be produced without using long chain
triglycerides (such as corn, soy or sunflower oil) or medium
chain triglycerides (such as Miglyol®) in the oil phase as
Ostwald ripening (OR) inhibitor [5, 16]. These low water
soluble molecules can retard OR by generating entropy of
mixing effect that counter-balances the curvature effects
[17]. Therefore, in this study the oil phase (10 wt%) was
composed of different orange oil to sunflower oil ratios. Fig-
ure 1 shows the influence of the oil phase composition on
the mean droplet diameter (MDD) and polydispersity index
(span) of nanoemulsions stabilized by 1 wt% Tween 80.
With 50 wt% orange oil in the oil phase, the mean drop-
let diameter was larger than 200 nm and no transparent or
translucent nanoemulsion could be produced. When the
orange oil level in the oil phase increased initially from 50
wt% to 70 wt%, there was a dramatic decrease in the mean
droplet diameter (from 313.33 to 176.66 nm) and polydis-
persity index (from 0.65 to 0.52). This could be attributed to
decrease in viscosity and interface tension of the dispersed
phase to the continuous phase due to decrease in sunflower
oil content in the oil phase [12]. With increasing the orange
oil level in the oil phase from 70 to 90 wt%, MDD and span
were appreciably increased (from 176.66 to 196.66 nm and
from 0.52 to 0.6) This shows sunflower oil content of the
oil phase is not enough to inhibit Ostwald ripening of the

Table 1 Experimental parameters evaluated and their levels

No. Process parameter Levels

1 Orange oil in oil phase (Wt%) 50, 60, 70, 80
2 SER (wt%) 0.5,1,2,3

3 Ultrasonication time (min) 0, 5, 10, 20, 30
4 Ultrasonication temperature (°C) 3,22

5 High shear homogenization (Ultra Tur- 0,5

rax) time (min)
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Fig. 1 Effect of the oil phase composition (wt% of orange oil in the
oil phase) on the mean droplet diameter (MDD) and polydispersity
index (span) of nanoemulsions produced by combined spontaneous
and ultrasonic emulsification (n=3). Nanoemulsions were prepared
using 10 wt% oil phase (orange oil +sunflower oil), 1 wt% surfactant
(Tween 80), and 89 wt% aqueous phase (citrate buffer solution,
5 mM, pH 3.5) at a stirring speed of 500 rpm at 35 °C

newly formed droplets in the homogenizer very rapidly
after homogenization. Consequently, for obtaining the low-
est particle size, there is a critical ratio of insoluble oil to
the dispersed phase which depends on different factors such
as mass volume of dispersed phase, interfacial tension and
polarity and solubility [18]. The similar phenomenon in
essential oil nanoemulsions was observed by other research-
ers [5, 12]. The results show that at low essential oil frac-
tions (high long chain triglyceride oil fractions), Ostwald
ripening can be inhibited by enough oil content in the for-
mulation and smaller droplet size can be obtained,at high
orange oil fractions (low sunflower oil fractions), there is
not enough oil to prevent Ostwald ripening.

Effect of the surfactant concentration
on the particle size and polydispersity index

To investigate the effect of the surfactant concentration on
the particle size and polydispersity index, a series of nanoe-
mulsions with a constant oil phase composition (7% orange
oil + 3% sunflower oil) and surfactant type (Tween 80) and
various SERs, were prepared and the mean droplet diameter
and PDI were measured immediately after emulsion forma-
tion. Surfactant to emulsion ratio (SER) here expressed as:
SER =100 X mg¢/mg, where mg and my are the mass of sur-
factant and the mass of emulsion, respectively [5]. As seen
in Fig. 2, the mean droplet sizes were about 210, 180, 68.3
and 100 nm for emulsions containing 0.5, 1, 2 and 3 wt%
Tween 80, respectively. MDD was decreased appreciably by
increasing SER % from 0.5 to 2 wt%, and then increased at
higher level. Polydispersity index was decreased from 0.97
to 0.6 with increasing SER %. The smallest particles with
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Fig.2 Effect of the surfactant concentration (SER %) on the mean
droplet diameter (MDD) and polydispersity index (span) of nanoe-
mulsions produced by combined spontaneous and ultrasonic emulsi-
fication (n=3). Nanoemulsions were prepared using 10 wt% oil phase
(7 wt% orange oil +3 wt% sunflower oil), varied SER % and aqueous
phase % (citrate buffer solution, 5 mM, pH 3.5) at a stirring speed of
500 rpm at 35 °C

PDI lower than 1 were obtained at 2 wt% Tween 80. So
this surfactant emulsion ratio was applied in the next stage
of the study. These results show that SER % had an appre-
ciable effect on mean droplet diameter and polydispersity
index and translucent nanoemulsions could be produced by
combination of low energy and high energy methods at very
low SER %. In this study, nanoemulsions were produced by
a three-stage production method. At the first stage, emul-
sions were prepared by spontaneous emulsification which
usually needs a high concentration of synthetic surfactant
(around 20 wt% or more) to produce nano-sized droplets.
However, we used up to 3 wt% surfactant in this step and
the droplet size reduced in the next two steps by high energy
mechanical devices from around 600-800 nm at the first
step (data not shown) to around 70-200 nm at the final step.
At the first step, increasing surfactant level causes reduc-
ing interfacial tension and a highly dynamic interface which
lead to a turbulent interface and spontaneous formation of
relatively small droplets. On the other hand, by increasing
the surfactant level, bigger oil-water interface can be stabi-
lized and smaller droplets may be produced [5]. At the next
two steps, high energy applied from high shear homogeniza-
tion and ultrasonic homogenization produces much smaller
droplets. This phenomenon may be attributed to the more
and faster covering of recently developed droplets in the
homogenizer and inhibition of droplet recoalescence in the
homogenizer by more surfactant level [19]. But, increasing
surfactant concentration to 3 wt%, may lead to increasing
the surface viscosity and inhibition of surfactant diffusion
to the aqueous phase. By increasing the concentration of
surfactant, some of them may be placed in the mass instead
of the surface and surfactant micelles could be formed which
increase local osmotic pressure in the system. As a result, the
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continuous phase between droplets is transferred to this loca-
tion and causes depletion flocculation between two droplets.
Therefore, by combination of these two low and high energy
methods, nano-sized droplets can be produced at very low
synthetic surfactant concentration (2 wt%) successfully. Liu
et al. reported that smaller droplet sizes and narrower size
distributions were observed at higher surfactant concentra-
tions for paraffin oil-in-water nanoemulsions prepared by the
emulsion inversion point method [20].

Effect of the ultrasound time and temperature
on the particle size and polydispersity index

The influence of ultrasound time at fixed oil phase composi-
tion (7 wt% orange oil +3 wt% sunflower oil) and constant
SER (2 wt% Tween 80) on droplet size and size distribu-
tion was also examined. As shown in Fig. 3, with increas-
ing the duration of ultrasound treatment from 0 to 10 min,
the mean droplet diameter is decreased from 126.67 to
63.33 nm, respectively and then it is increased to 93.33 nm
and 96.67 nm in 20 min and 30 min sonication, respec-
tively. Polydispersity index is decreased from 1.25 to 0.55 in
10 min and then with increasing ultrasound time to 30 min,
PDI is significantly increased (p <0.05). So, translucent
nanoemulsion with minimum droplet size and minimum PDI
is reached within 10 min ultrasonication. There are two fun-
damental mechanisms in ultrasonication for nanoemulsion
preparation, namely droplet distruption and droplet recoales-
cence which kinetis of each of them separately influences the
final particle size [21]. High frequency (more than 20 kHz)
ultrasonic waves produces severe mechanical vibrations that
causes droplet formation, droplet growth and collapse of tiny
bubbles (cavitation effects). So, the temperature increases
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Fig.3 Effect of the ultrasound time on the mean droplet diameter
(MDD) and polydispersity index (span) of nanoemulsions produced
by combined spontaneous and ultrasonic emulsification (n=3).
Nanoemulsions were prepared using 10 wt% oil phase (7 wt% orange
oil+3 wt% sunflower oil), 2 wt% Tween 80 and 88 wt% aqueous
phase % (citrate buffer solution, 5 mM, pH 3.5) at a stirring speed of
500 rpm at 35 °C

within the emulsion and the dispersion of the oil phase in
the aqueous phase is facilitated owing to decrease in viscos-
ity, interfacial tension and Laplace pressure (droplet resist-
ance to deformation) [21] and intense turbulence occurs at
high speed. This provisional turbulence causes high shear
rate and leads to droplet decomposition [6, 15, 22]. Previ-
ous studies have shown that the more the residence time in
the disruption zone, the smaller the droplets [6, 23]. In this
research, increasing the emulsion residence time in disrup-
tion zone up to 10 min, appreciably decreases the MDD and
PDI (p <0.05), mainly since more surfactant can adsorb to
the droplet surfaces during longer sonication and thermody-
namic equilibrium is established. Furthermore, increasing
the sonication time causes increasing in shear forces exerted
on the droplets, therefore, decomposition of the droplets
occurs more. Usually it is postulated that the size of drop-
lets decreases by increasing the sonication time [13, 15, 24].
However, in this study sonication more than 10 min causes
larger droplets and bigger PDI probably due to reduction in
emulsifier adsorption on the droplet surfaces, and droplet
recoalescence phenomenon [15, 22]. So, 10 min’ sonica-
tion was found to produce optimum results. Similar trends
have been observed when orange peel oil or p-limonene
nanoemulsions prepared by ultrasonic emulsification [6, 15,
22]. Also, Salvia et al. showed that the mean droplet size
of lemongrass oil-alginate nanoemulsions decreased with
increasing sonication amplitude and time [13]. Gaikwad and
Pandit stated that smaller droplet sizes and narrower size
distributions were observed at longer sonication times and
higher power applied, which is proportional to the amplitude
[25]. Spinelli et al. reported the same behavior in synthetic
oil (decane/ toluene/cyclohexane, 50:30:20) in water emul-
sions stabilized with nonionic surfactants and they obtained
a minimum average droplet size of 30 nm by increasing the
sonication time up to 8 min [26].

Figure 4 shows the impact of ultrasonication process
temperature on the particle size and polydispersity index of
nanoemulsions with fixed oil phase (7 wt% orange oil +3
wt% sunflower oil) and constant SER (2 wt% Tween 80) pro-
duced by combined method of spontaneous emulsification
and 10 min ultrasonication. As can be seen, particle size and
PDI are increased significantly (p <0.05) with increasing the
process temperature from 3 °C (while cooling the emulsion
by maintaining it in an ice bath during sonication) to 22 °C
(while removing the ice bath). Process temperature seems
to have considerable effect on the droplet size owing to its
influence on the phase viscosity and interfacial tension at
the oil-water boundary [15]. At higher temperatures, the
droplet thermal energy and collision frequency increases.
So, interface viscosity decreases and the rate of droplet
coalescence increases [27]. In the other words, lowering
the treatment temperature while sonication can decrease
the rate of droplet coalescence and increase the emulsion
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Fig.4 Effect of the ultrasound process temperature on the mean drop-
let diameter (MDD) and polydispersity index (span) of nanoemul-
sions produced by combined spontaneous and ultrasonic emulsifica-
tion (n=3). Nanoemulsions were prepared using 10 wt% oil phase (7
wt% orange oil+ 3 wt% sunflower oil), 2 wt% Tween 80 and 88 wt%
aqueous phase% (citrate buffer solution, 5 mM, pH 3.5) at a stirring
speed of 500 rpm at 35 °C at the first step and 10 min’ sonication at
the final step

kinetic equilibrium [15]. It should be noted that ultrasoni-
cation usually increases the emulsion temperature owing to
some heat generation during the process. So it is mandatory
to control and decrease the temperature of the container to
protect any heat sensitive ingredients (e.g. essential oils) in
the emulsion [28].

Effect of the high shear homogenization time
on the particle size and polydispersity index

The impact of high shear homogenization on the mean
droplet diameter and PDI of the emulsions prepared by
combined spontaneous and ultrasonic emulsification has
also been studied and the results have been shown in
Fig. 5. All emulsions were generated with 7 wt% orange
oil and 3 wt% sunflower oil in the oil phase, 2 wt% Tween
80 as nonionic surfactant and 10 min ultrasonication in an
ice bath. Mean droplet diameter of nanoemulsions without
and with 5 min high shear homogenization was around
103.33 nm and 70 nm, and their PDI was around 0.87
and 0.63, respectively. Therefore, MDD and PDI obtained
with high shear homogenization was drastically smaller
than without any high shear homogenization treatment
(p <0.05). High shear homogenization is one the most
common methods for mixing the oil and water phases in
the food industry to produce course emulsions. The mixing
head of the rotor—stator device rotates at high speed and
creates a mixture of radial, longitudinal, and rotational
velocity gradients in the liquids, which causes the destruc-
tion of the oil-water boundary and makes the fluids to mix
together and fractures the larger droplets to the smaller

@ Springer
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Fig.5 Effect of the high shear homogenization time on the mean
droplet diameter (MDD) and polydispersity index (span) of nanoe-
mulsions produced by combined spontaneous and ultrasonic emulsi-
fication (n=3). Nanoemulsions prepared using 10 wt% oil phase (7
wt% orange oil+3 wt% sunflower oil), 2 wt% Tween 80 and 88 wt%
aqueous phase % (citrate buffer solution, 5 mM, pH 3.5) at a stirring
speed of 500 rpm at 35 °C at the first step and 10 min’ sonication at
final step

ones. Usually, the more the homogenization time or the
mixer head speed, the smaller the droplets. The nature and
concentration of the components and the intermingling
capability of the mixer determine the lowest droplet size
which can be obtained [28]. High shear homogenization
delivers more energy to the system that lowers the emul-
sion viscosity and the emulsion resistance to deformation
which facilitates further disruption of emulsion droplets
and leads to smaller droplets. In the other words, disrup-
tive forces in ultrasonication final step may not be capable
of viscos liquid decomposition at applied amplitude and
processing time. Moreover, possibly there is not enough
time for the emulsifier to adsorb to the droplet surfaces
during ultrasonication. Energy input increase in emul-
sions with high shear homogenization step, decreases
the PDI. Oppositely, increasing PDI for emulsions with
no high shear homogenization can be attributed to non-
uniform emulsification conditions created by ultrasonica-
tion alone. Because by lower energy input to the system
from ultrasonication, only the oil droplets in the vicinity
of ultrasound probe disrupt and farther oil droplets remain
intact. These findings indicated that ultrasonication always
needs a high shear homogenization device to break up the
interface strongly before using an acoustic field [24]. Tang
et al. studied the Impact of process parameters in the gen-
eration of novel aspirin nanoemulsions produced by two
different methods of ultrasound cavitation and microflu-
idization. In the case of using the microfluidizer, it has
been indicated that pre-homogenization had a negligible
effect in increasing the droplet size. Whereas, in the case
of ultrasound emulsification, the prepared emulsion was
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found to be dependent on the pre-homogenization. These
researchers found that the mean droplet diameter could be
decreased drastically with the help of pre-homogenization
[24].

Storage stability of the combined spontaneously
and ultrasonic emulsified orange oil nanoemulsions

Selected nanoemulsions with the smallest droplet size and
the lowest PDI, were stable after centrifugation at 9,000 rpm
for 30 min, and no phase separation was observed after a
storage time of 35-days. Figure 6 represents the visual
appearance of selected formulation which is optically trans-
lucent without any phase separation. Long-term stability of
nanoemulsion-based delivery systems has great importance
in the food industries and commercial applications, since it
indicates the further applicability of the system in food and
beverage industries [5]. These systems are thermodynami-
cally unstable, which means that the free energy of colloidal
dispersion is higher than the free energy of individual oil
and water phases and therefore, the droplet size will increase
and the system will breakdown over time. The rate at which
the system will decompose, depends on the height of the
energy barrier between final nanoemulsion and separated

Fig.6 Visual appearance of optically translucent and stable nanoe-
mulsion (containing 7 wt% orange oil, 3 wt% sunflower oil, 2 wt%
Tween 80 and 88 wt% aqueous phase prepared at a stirring speed of
500 rpm at 35 °C at the first step and 10 min’ sonication at the final

step)

phases and this energy barrier determines the kinetic stabil-
ity of the system [16]. Consequently, we determined parti-
cle size and PDI changes during 35-day refrigerated storage
of selected nanoemulsion (orange oil to sunflower oil ratio
of 7:3, SER: 2%, 10 min ultrasonication in an ice bath) at
1-week intervals. This system was chosen because it had the
smallest mean droplet diameter and polydispersity index and
was translucent at room temperature after combined spon-
taneous and ultrasound emulsification. Figure 7 shows that
MDD was increased considerably (p < 0.05) from 63.33 nm
at production day (day 0) to 103.33 nm at day 7 and then it
was not changed significantly until the last day of storage
(day 35) (p>0.05). Nevertheless, during 35-day storage, the
size of droplets was still within the scale of nanoemulsions
(20-200 nm) [28]. Polydispersity index was around 0.62,
0.58, 0.71, 0.81, 0.73, 0.72 and 0.68 at day O, 1, 7, 14, 21,
28 and 35, respectively.

Physicochemical mechanisms of nanoemulsion insta-
bility are gravitational separation (creaming or sedimenta-
tion), flocculation, coalescence and partial coalescence, and
Ostwald ripening [29]. Creaming or sedimentation occurs
when emulsion droplets (dispersed phase) move upward or
downward, because of lower or higher density than the con-
tinuous phase, respectively. Flocculation is the mechanism
by which two or more droplets join together to create an
aggregate composed of droplets with individual integrity.
Coalescence is the procedure whereby two or more droplets
integrate together and produce an individual larger droplet.
The process whereby two or more partially crystalline drop-
lets combine together and produce a distinct asymmetrical
aggregate, is called partial coalescence. Ostwald ripening
occurs when larger droplets develop at the cost of smaller
ones because of dispersed phase molecular propagation via
the interfering continuous phase. It is believed that nanoe-
mulsions owing to their nano-range droplets, usually are
resistant to gravitational separation and flocculation, but
they are prone to coalescence and Ostwald ripening (due to
higher surface to volume ratio). Essential oils have higher
water solubility than lipids constituted of medium- or long-
chain triglycerides [29]. Consequently, very non polar com-
pounds (e.g. sunflower oil, corn oil, sesame oil, canola oil or
MCT) are incorporated with essential oil as ripening inhibi-
tor [9, 14]. It is necessary to mention that addition of these
medium or long chain triglycerides may lead to the decrease
of essential oil level in the oil phase and so the reduction of
antimicrobial activity [3]. As it is obvious from Fig. 7, at the
first week of storage, the droplet size is increased drastically
owing to the movement of the dispersed droplets via the
continuous phase, increase in droplets collision frequency
and consequently droplets coalescence or Ostwald ripening.
The droplet growth remains relatively stable after a certain
time (after 7, 14, 21, 28 and 35 days). This phenomenon is
perhaps due to the high energy applied for nanoemulsion
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Fig. 7 Effect of storage time 140 0.9
on the mean droplet diameter
(MDD) and polydispersity index 108
(Span) of nanoemulsions pro- 120
duced by combined spontaneous —
and ultrasonic emulsification § 107
(n=3). Nanoemulsions were e« 100 |
prepared using 10 wt% oil phase E 4 0.6 fé
(7 wt% orange oil +3 wt% 5 =
sunflower oil), 2 wt% Tween 80 o 80 | los &
and 88 wt% aqueous phase % % @
(citrate buffer solution, 5 mM, 5 2
pH 3.5) at a stirring speed of o 60 104 %’
500 rpm at 35 °C at the first 5 %‘
step and 10 min’ sonication at A 1 03 &~
final step. “Values with different S 40 |
letters are significantly different ﬁ 1 02
(p <0.05) between columns MDD

20 ¢ Polydispersity Index 1 0.1

0 . . . . . 0.0
0 1 7 14 21 28 35
Storage Time (days)

production at the two last steps thereby the newly formed
droplets get so mobile and unstable and need time to attain
kinetic balance [15, 22]. It should be noted that no phase
separation or creaming was observed during 35-day storage.
Similar results have been obtained by other researchers [14].

Conclusion

In this research, we have explained the effect of oil com-
position, surfactant concentration, high shear homogeniza-
tion and ultrasonication conditions on the preparation and
stability of orange oil nanoemulsions formed by combined
spontaneous and ultrasound emulsification. We observed
that oil-phase composition (Orange oil: sunflower oil ratio),
surfactant concentration, Ultra Turrax time and ultrasonica-
tion time and temperature, all had a considerable effect on
the particle size and polydispersity index. Translucent stable
nanoemulsions could be formed under certain composition
and process conditions: 7 wt% orange essential oil, 3 wt%
sunflower oil, 2 wt% Tween 80 and 88 wt% aqueous phase
(citrate buffer solution, 5 mM, pH 3.5) at a stirring speed of
500 rpm at 35 °C at the first step, 5 min high shear homog-
enization at the second step and 10 min’ sonication in an ice
bath at the final step. The droplet size of these nanoemul-
sions was not changed significantly during 35-days storage
at 3 °C. High shear homogenization or ultrasonication alone
cannot produced nano-sized droplets, waste lots of energy as
heat and increase nanoemulsion droplets PDI. On the other
hand, spontaneous emulsification needs a high synthetic
surfactant concentration to produce nanoemulsion-based

@ Springer

delivery systems. By combined low energy and high energy
methods, spontaneous emulsification reduces the droplet
size to some extent at the first step. Therefore, this com-
bined low energy and high energy method can overcome the
above-mentioned disadvantages of individual methods and
produce nano-sized translucent stable emulsions especially
suitable for application in certain beverages. Likewise, there
is no need to inaccessible high pressure or microfluidizer
homogenizers in this method.
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