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This article describes the preparation, characterization, and application of W/O/W emulsions, with em-
phasis on the encapsulation of plant bioactives. The main limitations preventing commercialization
of double emulsions with plant bioactive substances, used for the preparation of food, nutraceuticals
and pharmaceuticals for oral administration, are low thermodynamic stability and the limited range
of the available lipophilic emulsifiers. In that regard, strategies for stability improvement of W/O/W

emulsions with bioactive substances are highlighted.
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1. INTRODUCTION

Emulsions are heterogeneous dispersion of two immiscible lig-
uids, with one of the liquids being dispersed as small spherical
droplets in the other. Emulsions can be classified as two-phase
dispersions, simple emulsions, such as oil-in-water (O/W)
or water-in-oil (W/O) or complex multi-phase dispersions
known as multiple emulsions. Multiple emulsions can be di-
vided into four types: single-cored, multi-cored, Janus and
multiple compartments. Single-cored emulsion depending on
the number of phases (two, three, four and five phases) can be
divided into double, triple, quadruple, and quintuple drops
(Figure 1) (Vladisavljevi¢ et al., 2017). Double emulsion or
“emulsions of emulsion “is emulsion in which primary emul-
sion is further dispersed in another liquid (continuous phase)
(Benichou et al., 2004).
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Fig. 1. Types of single-cored emulsions; a) double emulsion b) triple
emulsion ¢) quadruple emulsion

Commonly, water-in-oil-in-water (W/O/W) are used, but
in some specific cases, oil-in-water-in-oil (O/W/O) emulsions

are prepared. Double emulsions (W/O/W) are complex sys-
tems that consist of a inner (W/O) emulsion dispersed in a
second continuous water phase. These emulsions (W/O/W)
are systems with a middle oil layer, which acts as a liquid
membrane (Figure 2).
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Fig. 2. Schema of a) W/O/W and b) O/W /O emulsions

This approach has great potential for encapsulation of plant
bioactives, due to the ability of these systems to encapsulate
hydrophilic and lipophilic substances (separately and simulta-
neously) (Igbal et al., 2015). However, commercial applications
remain challenging due to lack of stability.

The aim of this work is to offer a review of methods for the
preparation, application and strategies for stability improve-
ment of W/O/W double emulsions with bioactive substances
used for the preparation of food, nutraceuticals, and pharma-
ceuticals for oral administration.
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2. METHODS FOR PREPARATION \’ ’ ’ v A‘# "A
Traditionally double emulsions are prepared in two ways, by inner water phase
single-step emulsification or by two-step emulsification proce- £ v A Ty KO" phase
dure. The one-step method involves heating of an emulsion ‘ A A‘ -‘# A‘ A »

composed of a nonionic emulsifier, or a mixture of different
emulsifiers, which leads to phase inversion and the formation
of multiple emulsion (Lamba et al., 2015). More often, dou-
ble emulsions are formulated by a two-stage emulsification
process. In the first step, the so-called inner (W/O) emulsion
is formed by using a lipophilic emulsifier under intense ho-
mogenization. In the next step, the primary W/O emulsion
is dispersed in an aqueous (outer) phase using a hydrophilic
emulsifier under lower shear (Akhtar et al., 2014).

high-share
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low-share
emulsification
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W/O emulsion W/O/W emulsion

Fig. 3. W/O/W double emulsion two steps preparation process

Various methods can be employed for the formation of

double emulsions, such as high-pressure homogenizers, rotor-
stator homogenization, ultrasound emulsification, microflu-
idic emulsification and membrane emulsification (van der
Graaf et al., 2005; Vladisavljevi¢ et al., 2017). Stirring equip-
ment, colloid mills, homogenizers and ultrasonics are industri-
ally applied, but due to the high shear stress that is produced
in these systems, it is not easy to control the mean size of the
emulsion droplets and this results in poor control over droplet
size. Moreover, high shearing stress can reduce the functional-
ity of temperature and high shear stress-sensitive compounds
(Berendsen, 2014).
In the last two decades, novel emulsification techniques (mem-
brane emulsification, microchannel emulsification, ink-jet
printing and numerous microfluidic processes) are used in
order to form emulsions with uniform droplet size. In these
techniques, low pressure is used to disperse the inner phase
through microchannels or membrane pores in the continuous
phase (Vladisavljevi¢ et al., 2012). These strategies for emul-
sion preparation are suitable for the production of droplets
with uniform size. Advantages of preparation of an emulsion
with the uniform droplet size are numerous: the content of
the surfactant is lower, active ingredient/flavor is uniformly
distributed, entrapment efficiency is higher and reproducibil-
ity is adequate (Lamba et al., 2015). Moreover, microfluidic
junctions and flow focusing devices are able to generate emul-
sion droplets with controlled size, shape and internal structure
(Vladisavljevi¢ et al., 2012). However, these techniques are
time-consuming and the production rate is low. Therefore,
they are currently used only for the production of high valu-
able products like drug delivery systems (van der Graaf et al.,
2005; Vladisavljevic et al., 2017). On the other hand, in the food
industry conventional methods are generally used because of
the lower price of the final product and high production scale
(Vladisavljevi¢ et al., 2017).

3. APPLICATION

Application of multiple emulsions has been investigated in
various fields such as separation technology, chemistry, encap-
sulation of hydrophilic/lipophilic molecules in the cosmetic,
pharmaceutical or food industry (Patravale and Mandawgade,
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Fig. 4. Production of (W/O/W) double emulsions by a membrane
emulsification. The arrows are showing the fluid flow direction
(redrawn from the van der Graaf et al. (2005))

2008; Schuch et al., 2013). Plant bioactives are encapsulated in
double emulsions in numerous cases such as:

* The molecule encapsulated in the inner phase has to pass
over several layers before it is available for absorption.
The release rate is controlled by the ability of the encapsu-
lated molecule to diffuse through different barriers. Con-
sequently, double emulsions can be used as controlled
and sustained delivery systems (Bhatia et al., 2013).

* Absorption of poorly bioavailable molecules can be im-
proved by formulating double emulsions. It is reported
that these systems are used for encapsulating bioactive
compounds in order to avoid degradation in the liver
and intestine. Moreover, emulsions are absorbed almost
completely via lymphatic ductus (Paul et al., 2013).

¢ Targeting the right place at the right time is important in
pharmacotherapy, especially when it is crucial to enhance
the therapeutic effect and/or to reduce adverse effects.
Multiple emulsions have demonstrated great potential
for targeting organs (e.g. brain, liver, lungs) through
the lymphatic system (Ashjari et al., 2012; Cortesi and
Esposito, 2010; Dluska et al., 2017). On the other hand,
stealth multiple emulsions are used in order to avoid
reticuloendothelial system (RES) and RES rich organs
(liver, splen) from the cytotoxic activity of the bioactive
compound (Talegaonkar and Vyas, 2005).

® Microparticulate and nanoparticulate systems are ex-
tensively investigated. Double emulsions are used as
intermediate products in preparation of novel systems
such as polymeric microspheres and microcapsules, core-
shell microparticles and gel microbeads and solid-lipid
nanoparticles or microparticles (Cortesi and Esposito,
2010; Salazar-Miranda et al., 2016).

¢ The unpleasant taste of bioactive compounds can be min-
imized or eliminated by formulation of double emulsions.
It is important to entrap the bioactive compound in the
inner phase of double emulsion and to disable its release
during the product storage or its presence in the mouth
(Garti et al., 1983).

® Reducing lipid content and providing products with a
healthier lipid profile. Double (W/O/W) emulsion can be
used for reducing lipid content because part of the lipid
material is replaced by an inner water phase. Moreover, a
healthier lipid profile can be achieved by choice of most
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appropriate lipid phase which is in line with health nutri-
ent recommendation (cholesterol-free, the optimal ratio
between n-6: n-3 polyunsaturated fatty acids) (Carrillo-
Navas et al., 2012; Chung et al., 2016).

* Manufacturing products with lower content of sodium
(salt), since the reduced intake of sodium, can improve
health outcomes. Formulation of W/O/W emulsions
with a lower amount of sodium and the desired taste is a
challenging task. It has been reported that only the salt
presented in the outer water phase of W/O/W emulsion
will be perceived, while salt in the inner water phase will
not contribute (Jiménez-Colmenero, 2013).

¢ Encapsulation of sensitive bioactive compounds (vita-
mins, minerals, amino acids, polyphenolic compounds,
probiotics) in double emulsions in order to protect them
from environmental stresses during production, storage,
transport and utilization (Jiménez-Colmenero, 2013).
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Fig. 5. Scheme of microparticles preparation by the double emul-
sion solvent evaporation technique (redrawn from the Giri et al.
(2013))

4. COMPOSITION AND METHODS FOR IMPROVING
STABILITY

Double emulsions contain two thermodynamically unstable
interfaces, W/O interface of primary emulsion and O/W in-
terface of the continuous phase. Consequently, the major
limitation in the case of double emulsions is low thermody-
namic stability. Mechanisms which lead to the destabilization
of W/O/W emulsions are (Schmidts et al., 2010):

e internal aqueous droplets coalescence,
e the oil droplets coalescence,

e rupture of the oil film resulting in the loss of the internal
aqueous droplets,

e passage of the water and water-soluble substances
through the oil layer between both water phases.

In order to prepare stable W/O/W emulsions, it is important
to understand the influences of various formulation and pro-
cess factors and their interactions. The interfacial tension be-
tween the oil and water phase can be reduced by the addition
of emulsifier(s). The choice of emulsifier(s) and the respec-
tive concentration(s) is a very important step in the formula-
tion of stable primary (W/O) as well as multiple emulsion
(W/O/W). Due to the complex nature of multiple emulsions
at least two emulsifiers, one hydrophilic and one lipophilic
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Fig. 6. Instabilities responsible for the destabilization of double
(W/0O/W) emulsions (redrawn from the McClements et al. (2009))

emulsifier, are required. Non-ionic polymeric emulsifiers are
preferred over other types of emulsifiers, because of better
stability, higher yield, and the ability to control the release
of the bioactive compounds. Furthermore, it is suggested
that more stable multiple emulsions are formulated when hy-
drophilic and lipophilic emulsifiers with the same length of
the hydrocarbon chain are used (e.g. Span 80 and Tween 80).
It is also reported that naturally occurring macromolecules,
such as proteins and polysaccharides, are able to additionaly
stabilize multiple emulsions through electrostatic and steric
effects (Raviadaran et al., 2018).

Lipophilic emulsifier with hydrophilic-lipophilic balance
(HLB) between 6 and 16 is necessary for stabilization of the
O/W interface. Hydrophilic emulsifiers used for preparation
of double emulsions with plant bioactives are whey or soy
protein isolates, sodium caseinate, bile acid, Tween 80 (poly-
oxyethylene sorbitan monooleate, polysorbate 80), Tween 20
(polyoxyethylene sorbitan monolaurate, polysorbate 20), 8-
lactoglobulin isolated from whey protein isolates, mixture
of protein and polysaccharide (whey protein complex with
metoxyl pectin and k-carrageenan) and conjugates of protein
and polysaccharide formed through a Millard-type reaction
(whey protein-dextran, caseinate-dextran, ultrafiltrated whey
protein complex-pectin, ovalbumin-dextran) (Lamba et al.,
2015).

Lipophilic emulsifiers are emulsifiers with HLB values be-
tween 2 and 7 and are used for stabilization of the W/O in-
terface. Polyglycerol ester of polyricinoleic acid (PGPR) is
commonly used as lipophilic emulsifier and it is reported that
optimal concentration of PGPR required for stabilization of
W/O/W is between 4 and 6%. Concentration of the PGPR
in W/O/W emulsion was reduced when the combination of
PGPR (2%) and sodium caseinate (0.5%) was used (Lamba
et al., 2015). Higher concentration of PGPR leads to the forma-
tion of droplets with a smaller average size, but when PGPR
is incorporated at moderate levels in food products it is iden-
tified by consumers as an unpleasant taste (Artiga-Artigas
et al.,, 2019; Muschiolik and Dickinson, 2017). Span 80 (sorbi-
tan monooleate) and the mixture of glycerol monooleate and
lecithin in equal amounts are also used as lipophilic emulsi-
fiers (Lamba et al., 2015). The limited range of food-grade
lipophilic emulsifiers is an issue that limits versatility of mul-
tilple emulsions applications in the case of food products,
nutraceuticals and pharmaceuticals for oral administration
(Muschiolik and Dickinson, 2017).
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The concentration of hydrophilic and lipophilic emulsifiers
should be optimized in order to prepare stable W/O/W emul-
sion. Excess amount of hydrophilic emulsifier can cause the
solubilization of lipophilic emulsifier. On the other hand, the
excess amount of lipophilic emulsifiers can result in the for-
mation of simple O/W emulsion. The weight ratio of the
hydrophilic to lipophilic emulsifier should be between 2 to 20
in order to obtain acceptable encapsulation of W/O emulsion
in W/O/W multiple emulsion. Furthermore, it is reported
that hydrophilic emulsifiers may increase the movement of
molecules from the inner water phase to the external water
phase. In that regard, the concentration of hydrophilic emulsi-
fiers should be as low as possible (Raviadaran et al., 2018).

Different lipid phases are used for the preparation of multiple
emulsions for various purposes. Mineral oils (liquid paraffin
and medium-chain triglycerides) and vegetable oil (soybean,
sunflower, olive, sesame, corn, castor oil) can be used in the
formulation of multiple emulsions (Raviadaran et al., 2018). It
is reported that multiple emulsions with mineral oils are char-
acterized with better stability and yield in comparison to the
multiple emulsions with vegetable oils. However, vegetable
oils are preferred in the case of nutraceutical products, since
the rate of excretion of mineral oils is low (Lamba et al., 2015).
The nature of the lipid phase affects the viscosity of emulsion
and diffusion of the bioactive compound(s) via the lipid mem-
brane. The use of highly viscous lipid phase is suggested in
order to prevent diffusion of water and water-soluble sub-
stances between the inner and outer water phase (Schmidts
et al., 2009).

The ratio between the dispersed (W/O) and continuous phase
(W/O/W) is known as the phase volume ratio. It is reported
that a high phase volume ratio may lead to destabilization of
emulsion due to coalescence. Generally, it is reported that the
droplet size increases with the increase of phase volume ratio.
Thus, the optimal ratio between W/O and W/O/W is in the
range from 22 to 40% (Raviadaran et al., 2018).

Other excipients, such as thickening agents and osmolarity
regulators, are added in the formulation of multiple emulsions.
Increasing the viscosity of the inner and external water phase
prevents coalescence and movement of water between the
external and internal phases. Furthermore, the gelation of the
internal phase improves encapsulation efficiency. Increase in
viscosity leads to a decrease in droplet size. Gelatine, alginate,
xanthan gum, gum arabic and pectin are commonly used as
gelling or thickening agents (Surh et al., 2007). Osmolarity
regulators, such as sodium chloride and carbohydrates, are
crucial for control of the osmotic gradient between the internal
and external phases. The addition of electrolytes increases
the effect of the emulsifier and stability of the emulsion. It is
reported that the main effect of osmolarity regulator is related
to the resistance of the oil film to coalescence, by decreasing
the interfacial tension and increasing the adsorption density
(Raviadaran et al., 2018). The high concentration of electrolytes
may lead to swelling of the primary emulsion. On the other
hand, a low concentration of electrolytes can cause shrinking.
Consequently, the concentration of electrolytes in the internal
phase of the emulsion should be optimized (Lamba et al., 2015;
Mezzenga et al., 2004).

Moreover, it is necessary to optimize the critical process pa-
rameters such as sheare, time and temperature. In the case of
the two-step emulsification method, high shear is used for the
preparation of primary emulsion and gentle stirring is used
for the preparation of the multiple emulsion. If the high shear
is applied in the second step, a simple emulsion will be made
instead of a multiple emulsion. Furthermore, if the low shear
rate is applied during the first emulsification step, emulsion
with bigger droplets and a predisposition for coalescence will
be formed. A high shear used for a longer period will result

in air accumulation. In order to prepare multiple emulsion
with satisfactory characteristics, it is important to consider the
temperature stability of bioactive compounds and a melting
point of oils.

Drying of multiple (double) emulsions is reported as a pre-
dominant strategy for the enhancement of long-term stability.
The most commonly used methods for transformation of lig-
uids into powders are spray drying and freeze-drying. These
methods are simple, continuous and economical. Properties of
the dried emulsion (flowability, wettability, porosity, cohesion)
are influenced by the composition of the parent multiple emul-
sion. It is reported that particles with uniform size with nearly
spherical shape and appropriate flowability are obtained by
using spray drying and freeze-drying (Lamba et al., 2015). Fur-
thermore, increased thermal stability and minimized oxidation
of the lipid phase components are additional advantages of
described methods. In order to select the appropriate drying
method for the multiple emulsion, it is crucial to consider
glass transition temperature of (Tg) encapsulated compounds,
because of the stability of final product. Amorphous glassy
materials are preferred because they are more stable due to the
low water mobility and a consequently lower rate of oxygen
diffusion and bioactive compounds stability (Champagne and
Fustier, 2007; Lamba et al., 2015). In the case of freeze-drying,
cryoprotectants are used in order to protect emulsion from
physical and chemical degradation induced by temperature
stress. In that regard, it is important to choose the adequate
cryoprotectant (trehalose, sucrose, maltose, glucose, mannitol)
at its optimal concentration. The ideal concentration of cry-
oprotectants should be determined by analyzing factors such
as the formulation of the multiple emulsion, cooling rate and
the freezing temperature (Morais et al., 2016).

5. DOUBLE EMULSIONS CHARACTERIZATION

In order to improve the efficiency of formulations with plant
bioactives, it is important to investigate organoleptic, rheologi-
cal, morphological as well as in vitro release and encapsulation
efficiency of the formulated double (W/O/W) emulsions.
Organoleptic properties (color, taste and smell) are physical
properties of the prepared emulsion which are usually inves-
tigated immediately upon preparation and during storage.
Changes in any of these properties imply emulsion instability.
Liquefaction is also an organoleptic property, which means
that the water from the inner phase is transferred to the outer
water phase of the double emulsion. Furthermore, liquefac-
tion can be the cause of phase separation. Monitoring of pH
can contribute to understanding of reactions which are leading
to destabilization of multiple emulsions (Cortesi and Esposito,
2010).

Droplets or particles size is described by the mean particle size
and particle size distribution. Small particle size of the pri-
mary emulsion is usually predictor of the appropriate stability.
However, the inner phase droplets with the very small size
lead to the increase in the surface area and consequently sur-
face tension increases and potentially emulsion is destabilized
(Lamba et al., 2015). The size of the multiple emulsion droplets
as well as the size of the droplets of the inner water phase can
be measured by the optical microscopy. Based on multiple
emulsion droplet size, multiple emulsions can be described
as coarse (>3 um), fine (1-3 pm) and micro-multiple emul-
sion (<1 pm) (Aserin, 2008). For the structure analysis differ-
ent microscopies are used: transmission electron microscopy,
scanning electron microscopy, scanning transmission electron
microscopy, an optical and confocal microscopy (Cortesi and
Esposito, 2010). Furthermore, nuclear magnetic resonance
spectroscopy is technique employed in order to investigate
the geometrical structure as well as the composition of double
emulsions (Bernewitz et al., 2013).
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The zeta potential is described as the net electrical potential
at the particle surface. Generally, emulsions with the zeta
potential higher than the absolute value of 25 mV are sta-
ble. Increase of repulsive forces and stability improvement is
in correlation with the increase of zeta potential of multiple
emulsion (Lamba et al., 2015). Rheological analyses are very
important for shelf life and stability prediction. Processing
(mixing, pumping, heating, cooling) and handling activities
are influenced by the viscosity of multiple emulsions. Deter-
mination of shear stress, shear rate and apparent viscosity are
performed by using dynamic shear rheometer or viscometer
(Pal, 2011).

The encapsulation efficiency and in vitro release studies are
parameters which are used to evaluate the quality of the mul-
tiple emulsion. The quality of the multiple emulsions depends
on how efficiently the bioactive ingredient is entrapped in the
inner phase of emulsion. To measure the encapsulation effi-
ciency (EE) of the multiple emulsion, amount or percentage of
encapsulated bioactive compound is calculated indirectly by
estimating the amount of unencapsulated bioactive compound
(UBC) present in the outer phase, according to the equation
presented below (Cortesi and Esposito, 2010).

Total bioactive amount — UBC amount) x 100
Total amount of drug

EE (%) = (

Release of the bioactive compound from the multiple emulsion
inner phase can be estimated by using conventional dissolu-
tion apparatus, such as rotating paddle apparatus (Vasiljevic
et al., 2006) or usually by dialysis method. Appropriate media
and sufficient volume should be used and sink conditions
should be maintained. Samples are withdrawn at different
time intervals and cumulative bioactive compound concentra-
tion can be estimated. Stability testing of double emulsions
is usually performed by evaluating the influence of various
factors (humidity, temperature and light) on the storage sta-
bility. Furthermore, centrifugation is used as the accelerated
measurement of phase separation (Cortesi and Esposito, 2010).

6. APPLICATION OF DOUBLE EMULSIONS LOADED
WITH PLANT BIOACTIVES

In this section, results of the recent studies considering the
encapsulation of plant bioactives in double emulsions are
presented.

Formation of double emulsions has enabled the co-delivery of
hydrophobic curcumin and hydrophilic catechin, as synergis-
tic bioactive compounds. Curcumin was dispersed in mixture
of olive oil (0il phase) and PGPR (lipophilic emulsifier). Cat-
echin was dissolved in inner water phase, including gelatin
(3%), NaCl (2%), and ascorbic acid (0.2%). Two-step emulsifi-
cation method was used in order to prepare a W/O/W double
emulsion and Tween 80 was used as a hydrophilic emulsifier.
Encapsulation efficiency for curcumin and catechin was more
than 88%. Moreover, the encapsulation of catechin and cur-
cumin within W/O/W emulsion has increased their stability
and bioaccessibility significantly in simulated gastrointestinal
fluid in the comparison to that of suspended curcumin and
catechin solutions (Aditya et al., 2015).

Anthocyanins are a water-soluble phenolic compound with
numerous health benefits. Furthermore, anthocyanin can be
used as a renewable and sustainable source of plant-derived
colorant. However, their use in commercial products is usu-
ally restricted due to poor chemical stability. In the study of
Liu et al. (2019) the possibility of encapsulating anthocyanin
in double emulsions is examined in order to improve antho-
cyanin stability. Primary (W/O) emulsion consisting 80%
oil phase (corn oil and PGPR 5%) and 20% aqueous phase

(anthocyanin in phosphate buffer) was prepared using a mi-
crofluidizer. Double (W/O/W) emulsion was formed by re-
emulsifieng of primary emulsion (20%) aqueous phase con-
sisting of quillaja saponin as hydrophilic emulsifier in phos-
phate buffer. It was concluded that the encapsulation of the
anthocyanin in the inner aqueous phase of double emulsion
appeared to reduce pH-induced instability. The presence of
anthocyanin has influenced emulsion formation, shape, size
and structure of the W/O droplets.

In order to prepare stable W/O/W emulsion, it is necessary to
examine the influence of numerous process and formulation
parameters. The formation and stabilization of W/O/W emul-
sion as a carrier for chlorophyllin and lemongrass essential oil
was investigated (Artiga-Artigas et al., 2019). Firstly, it was
concluded that the primary emulsion with better stability was
obtained by using PGPR (4%) as a lipophilic emulsifier than
in the case of Span 80. Furthermore, optimal conditions for ob-
taining the primary emulsion with monomodal distribution by
the high-share homogenization were 11000 rpm for 5 minutes.
The addition of sodium alginate (2%) and sodium chloride
(0.05 M) in the aqueous phase of the primary emulsion was
significant for the stabilization of emulsion. Secondly, it was
concluded that lecithin was superior in comparison to the
Tween 20, as a hydrophilic emulsifier of W/O/W emulsion
since the polydispersity index was lower and stability during
storage was better in case of double emulsions with lecithin. It
was reported that after dispersing primary emulsion in outer
water phase, high-share homogenization (5600 rpm, 2 min)
and magnetic stirring of obtained mixture (750 rpm during
24 h) are considered as optimal procedure for obtaining sta-
ble double emulsion. In order to prevent migration of ions
between the inner and outer water phase, the same concen-
tration of sodium alginate and sodium chloride was added in
the outer aqueous phase as in the inner aqueous phase. The
results of this study have shown that higher encapsulation
efficiency of chlorophyllin was achieved in emulsions with
lemongrass essential oil than in those without. Consequently,
it was concluded that a small quantity of lemongrass essential
oil was able to slow down the inner water droplet diffusion.

Double (W/O/W) emulsions were used as carriers for resver-
atrol in order to improve its bioavailability (Wang et al., 2017).
Emulsions were prepared by using the high-pressure homoge-
nization. Influence of various lipophilic (Span 80, PGPR, glyc-
eryl monostearate, lecithin) and hydrophilic (peanut protein
isolate, modified starch, Tween 80, chitosan, protein-mannose
Maillard reaction products, pectin, protein-mannose mixture,
whey-protein isolate) emulsifiers was investigated. Moreover,
the effects of the emulsifier concentration, oil phase-internal
water phase ratio and homogenization pressure on the mi-
crostructure, droplet size, distribution, zeta potential, viscos-
ity and encapsulation efficiency of W/O/W emulsions were
considered. It was shown that with PGPR (10%) as a lipophilic
emulsifier and Tween 80 (5%) as a hydrophilic emulsifier stable
double emulsion can be formulated. The optimal oil phase-
internal water phase ratio was 80:20 and homogenization pres-
sures in the first and second step were 30 MPa and 10 MPa,
respectively. Resveratrol (0.04%) was encapsulated in the in-
ner water phase of W/O/W emulsion with an encapsulation
efficiency of 99.97%.

There are many studies which are considering the replacement
of synthetic emulsifiers with natural biomolecules such as
hydrocolloids (gum arabic, pectin, sodium alginate, etc.) and
proteins. Recently, it was reported that pectin- whey protein
concentrate (WPC) complex can be the appropriate stabilizer
for W/O/W emulsion loaded with bioactive compounds such
as gallic acid (Gharehbeglou et al., 2019a). Furthermore, it was
shown that the effect of pectin-WPC complex and Tween 80
against coalescence and creaming are the same. The use of
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Tween 80 is related to the potential health risks and because
of this, it is reasonable to use natural biomolecules such as
pectin-WPC complex. The formulation of WPC-pectin double
W/O/W nano-emulsions with oleuropein was also optimized
by considering Span 80 (lipophilic emulsifier) content, WPC
and pectin content, the ratio of inner to outer phase and pH
(Gharehbeglou et al., 2019b). Optimal conditions were found
to be 8.74% Span, 8% WPC, 1.97% pectin, 1:4 ratio of inner to
outer phase and pH 6.1. Samples were prepared by sonication
and droplets size was 191 nm, zeta potential was -26.8 mV,
and also encapsulation efficiency was high (91%).

Mehrnia et al. (2017) have investigated the influence of novel
biopolymer angum gum (exudates of almond tree) on the sta-
bility of crocin-loaded double emulsions. Crocin is a highly
water-soluble carotenoid, sensitive to environmental condi-
tions such as light, oxygen and pH. In that regard, double
emulsions are used in order to protect crocin during process-
ing and storage. It is reported that angum gum had lower
emulsifying capacity than gum arabic and whey protein iso-
late and it is related to the bigger droplet size and broader
spans. On the other hand, emulsions with angum gum are
characterized by better stability due to the higher viscosity
and gel-like structure of emulsions with angum gum.

In the few studies in vitro digestion tests were used in order to
understand physicochemical changes of W/O/W emulsions
and release of bioactive compounds during digestion. Double
emulsion with water extract of red beet was prepared with
rapeseed oil as the oil phase, PGPR and polar lipid fraction
from oat were used as lipophilic and hydrophilic emulsifiers,
respectively. Pancreatic lipase was used for simulation of
intestinal phase of digestion and prepared emulsion was eval-
uated in order to examine release of betalain and emulsion
structure during digestion. Betalain release during the first
120 minutes was fast, but after that, upon 180 minutes, there
was no further release. The final amount released was approx-
imately 35%. It was demonstrated that release of betalain was
influenced by the structure and size of droplets. The release
of betalain was induced by coalescence of inner droplets. On
the other hand, release was reduced as a consequence of outer
droplets aggregation. It was concluded that the release from
double (W/O/W) emulsion was controlled by destabilization
mechanisms (Kaimainen et al., 2015).

The bioactivity of anthocyanins can be reduced due to diges-
tion. Therefore, the in vitro digestion model was used as a
tool for understanding the physicochemical changes and con-
trolled release of encapsulated grape skin extract from double
emulsions stabilized by PGPR and soy protein isolates. It was
demonstrated that the microstructure of droplets was not dis-
turbed by mouth digestion (x-amylase). Upon gastric phase
approximately 6% of anthocyanins ware released, and this
result could be related to the pepsin activity and collapse of
droplet structure. Anthocyanins were released predominantly
during the intestinal phase as result of pancreatin and lipase
digestion of the lipid layer (Xu et al., 2018).

Double emulsions with apigenin as a common bioactive
flavonoid with potential health benefits were formulated in
order to overcome problem with delivery of this bioactive
molecule due to its low water solubility. Properties (droplet
size, morphology, zeta potential) of apigenin-loaded emul-
sions were investigated by considering simulated mouth, gas-
tric and intestinal phase of digestion. It is reported that
apigenin-loaded soybean oil-Tween 80 emulsions have kept
stability during simulated digestion. Furthermore, the in vivo
pharmacokinetic study has shown that oral bioavailability
of apigenin encapsulated in double emulsion has increased
approximately nine-fold in the comparison to the apigenin
suspension (Kim et al., 2016).

In the study presented by Toledo-Madrid et al. (2018) microen-

capsulation of purple cactus pear fruit extract by spray drying
of W/O/W emulsions was compared with conventional spray
drying of the extract with maltodextrin as a carrier. Double
emulsion was formed by re-emulsifying the primary (W/O)
emulsion in a solution of whey protein isolates (10%) by us-
ing Ultra Turrax homogenizer. Primary emulsion (W/O) was
obtained through high-share homogenization of inner water
phase (85% concentrated purple cactus pear fruit and 15%
glycerol) and oil phase (87% canola oil and 13% PGPR). It was
concluded that lower encapsulation and retention efficiency
was achieved by spray drying of W/O/W emulsions, how-
ever particles obtained by spray drying of W/O/W emulsions
are a promising controlled-delivery vehicle for antioxidant
compounds.

In order to achieve sustained release of Cecropia glaziovii extract
with vasorelaxant effect, W/O/W emulsions were formulated,
followed by solvent evaporation/extraction. Firstly, the influ-
ence of four formulation parameters was analyzed, including
the amount and type of poly lactic-co-glycolic acid-PLGA,
amount of C. glaziovii extract and extraction phase volume.
After optimization of those factors, considering particle size,
size distribution and encapsulation efficiency (EE), microparti-
cles with low encapsulation efficiency were obtained. In order
to improve EE, in the second experimental design osmotic
pressure of the external phase was optimized by adding NaCl.
It was concluded that the addition of NaCl has influenced
particle surface structure, leading to the formation of denser
and less porous particles. Furthermore, the sustained release
of C. glaziovii extract from microparticles was achieved, which
can result in a long-lasting relaxation effect (dos Santos et al.,
2018).

Double W/O/W emulsions have also been used for the pro-
duction of lipid nanoparticles with hydrophilic bioactive com-
pounds. In the article presented by Pimentel-Moral et al.
(2019), nanostructured lipid carriers (NLC) loaded with ex-
tracts of Hibiscus sabdariffa were produced by combining dou-
ble emulsion and ultrasonication techniques. The optimal
NLC formulation composed of 2.21% lipid phase (mixture
of Soybean oil and Biograpress™ Vegetal BM 297 ATO) and
1.93% surfactants (Tween 80 and Span 80) was characterized
by mean particle size (107 + 0.4 nm) polydispersity index
(0.163 + 0.010), zeta potential (-25.8 + 0.9 mV).

CONCLUSION

Double emulsions are advanced delivery systems with nu-
merous applications. In that regard, the double emulsions are
used for encapsulation, target and controlled delivery of plant
bioactive compounds. Instability has been the main issue, but
the stability of the multiple emulsions has been improved by
steric stabilization, mechanical stabilization, depletion stabi-
lization. In the last decade, biopolymer complexes and conju-
gates are usually used as natural emulsifiers and stabilizers for
double emulsions with plant bioactive compounds. Further-
more, strategies for improvement of encapsulation efficiency
and release modification are extensively examined.
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