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ABSTRACT
Whey protein isolate (WPI) is an excellent emulsifier. However, WPI-stabilized emulsions tend to
flocculate at pH values close to their isoelectric point. In this work, a layer by layer (LBL) technique
was used to develop double layer oil in water emulsions using a mixture of WPI and water-soluble
fraction of Persian gum (WSPG). Polysaccharide concentration and pH were found to have a major
impact on the stability of the final system. At a constant total biopolymer concentration, increas-
ing the amount of WSPG significantly (p< 0.05) improved the emulsion physical stability. An
appropriate stability was obtained at 0.5wt% WPI, 1wt% WSPG, and pH 5.0. At high ionic
strength, the emulsions became unstable with a higher sensitivity to CaCl2 than NaCl. Confocal
laser scanning microscopy and zeta-potential measurements confirmed the electrostatic adsorption
of WSPG onto the WPI-stabilized oil droplets. The results of interfacial tension and dilatational rhe-
ology measurements revealed a slight decrease in the interfacial tension after the adsorption of
WSPG as the second layer and a predominantly elastic behavior (E0 > E00), at the interface espe-
cially at pH 5.0. The results showed that WSPG is an appropriate candidate for improving the
physical stability of WPI-stabilized emulsions at pH values close to isoelectric point.
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1. Introduction

Emulsions are thermodynamically unstable systems.
Kinetically stable emulsions can be obtained by using one or
more suitable surface active ingredients (emulsifiers), as well
as appropriate droplet size distributions.[1] The emulsifier
choice is determined by price, availability, ease of

application and compatibility with other components. In
addition, the nature of emulsifiers and their behavior under
the effect of pH, heating, freezing and ionic strength also
play a role in their selection.[1,2] Proteins, polysaccharides
and phospholipids are common emulsifiers in the food
industry.[3] Emulsions stabilized by only proteins are often
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plagued by instability toward flocculation for certain values
of pH, and at higher ionic strengths. A strategy to overcome
these limitations is the creation of interfacial multilayers
around the oil droplets, by adsorbing alternate layers of pro-
teins and oppositely charged polysaccharides, forming a
thick layer at the interface.[4] In this technique, the first
layer (protein) is adsorbed to the interface during homogen-
ization, producing the primary emulsion. In the next step,
the polysaccharide is added to the emulsion to form double
layer emulsion. As a next step, usually the pH is adjusted, to
induce the electrostatic attraction between protein and poly-
saccharide. It is also be possible to add more than two layers
with this procedure for achieving different properties and
behaviors of the emulsion.[5] Many studies have previously
reported the utilization of various protein/polysaccharide
pairs in development of multilayer emulsions.[6–11]

Whey proteins have been often used as emulsifiers due to
their ability to stabilize O/W emulsions,[12–17] but their
interaction with Persian gum at oil-water interfaces has not
yet been studied in much detail. Persian gum (PG) is a nat-
ural exudate of wild almond trees (Amygdalus scoparia
Spach) which is collected from the bark of the trees espe-
cially from west parts of Iran.[18] PG is widely used as a
traditional medicine, a toothache cure, an appetite stimulant
and a bladder stone crusher.[19,20] PG consists of both
water-soluble (30wt%) and water-insoluble (70wt%) frac-
tions with slight variations in the ratio depending on the
plant geographical region.[20] Iran’s annual production for
this gum exceeds 400 metric tons.[21]

Some physicochemical properties and the composition of
three types of PG were studied.[22] Some studies on the abil-
ity of water-soluble fraction of PG to form electrostatic com-
plexes with WPI have already been performed by Hadian
et al.[19,23] and Khalesi et al.[24] Complexes of PG and
b-lactoglobulin have also been used for stabilizing O/W
emulsions and it was observed that the mixing ratio and pH
values play a crucial role in determining emulsion stability
enhancement.[25] In another study, the ability of double
layer emulsions prepared by WPI and water soluble fraction
of PG (WSPG) for improving the oxidative stability of fish
oil was explored. It was concluded that an increase in the
WSFG:WPI mixing ratio increased the physical and chem-
ical stability of emulsions.[26] In a comparison of the emulsi-
fying properties of PG and gum Arabic, it was concluded
that PG could produce more stable emulsions than gum
Arabic.[24] Considering the good availability of PG and
attractive food functional properties, we conclude that PG
could be an interesting alternative or substitute for gum
Arabic in many cases.

To the best of our knowledge there are only a few pre-
liminary studies on WPI/WSPG double layer emulsions, in
which primary WPI-stabilized emulsion droplets are coated
with WSPG in a separate step. Therefore, we here compre-
hensively characterize WPI/WSPG double layer emulsion
stability and its dependence on pH, biopolymer concentra-
tion, ionic strength, ion type, and storage time, using con-
focal imaging and interfacial rheology to obtain a detailed
insight into the WPI/WSPG layers at the oil-water interface.

2. Materials and methods

2.1. Materials

Whey protein isolate (WPI) was obtained from Davisco
Foods International Inc. (Eden Prairie, MN, USA), with a
composition of 97.8% protein, 2.0% ash, 0.2% fat (dry
weight basis) and 4.6% moisture (wet weight basis). Persian
gum (PG) in a powdered and purified form was a gift by
Dena Emulsion Company (Shiraz, Iran). The powder com-
position (wt%) was 89% carbohydrate, 0.5% protein (N
x6.38), 6.70% moisture, and 3.63% ash.

Pure sunflower oil (SFO) was purchased from Narges
Shiraz Oil Co. (Shiraz, Iran). All other chemicals were of
analytical grade and purchased from Sigma-Aldrich
Chemical Co. (Missouri, USA). Double-distilled water
(DDW) was used to prepare all solutions.

2.2. Fractionation of Persian gum

The dispersion of PG (2.5 wt%) was prepared by magnetic
stirring at 600 rpm at 25 �C for 10 h and kept at 4 �C over-
night for complete hydration. The sample was centrifuged at
11,000 g at 25 �C for 1 h. Water-soluble fraction of PG
(WSPG) was precipitated from supernatant by ethanol add-
ition to reach an ethanol concentration of 70%. The precipi-
tates were lyophilized and milled to a fine powder.

2.3. Preparation of multilayer emulsions

Stock solutions of WPI (2wt%) and WSPG (3wt%) were
prepared separately and kept overnight on a stirrer at room
temperature for complete hydration. In order to avoid
microbial activity, sodium azide (0.03wt%) was added to
these dispersions. Primary coarse emulsion (1wt% WPI, and
10wt% SFO) was prepared at pH 7.0 by the dropwise add-
ition of oil into WPI solution on a stirrer, followed by
homogenizing at 15,000 rpm for 4min (Ultra-Turrax, T25
basic, IKA, Staufen, Germany). Fine emulsion was prepared
using a high pressure homogenizer (Homolab 2.2, FBF
Italia#, Parma, Italy) at 50MPa for five passes. To prepare
double layer emulsions, WSPG solution and DDW were
added to the WPI-stabilized primary fine emulsion so that
to reach different WSPG concentrations (0.1–1.5 wt%) and
constant WPI (0.5 wt%) and SFO (5wt%) content. The pH
of samples was adjusted using HCl (0.5M) and then stirred
for 30min.

2.4. Droplet size and zeta potential

Droplet size and zeta potential analyses were performed
using particle size analyzer (Nanopartica SZ-100, Horiba,
Kisshoin, Japan). All emulsions were diluted (1:200) with
appropriate buffer solutions at the same pH. Measurements
were done at room temperature. Diluted emulsions were
shaken before being transferred into cuvettes or capillary
cells. Duplicate samples along with three measurements
were considered to ensure repeatability of the analysis.
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2.5. Creaming stability

Emulsions were stored in sealed glass tubes and kept for
4weeks at room temperature. The physical stability of emul-
sions was monitored visually and through measuring cream-
ing index (CI) every seven days. CI was considered as the
height of serum layer (HS) divided by the total height of the
emulsions (HE) (Equation (1)). Therefore, lower amounts of
CI indicated more stability in the emulsion.[27]

CI ð%Þ ¼ 100 � HS=HEð Þ [1]

2.6. Effect of pH

The effect of pH on emulsion stability was observed by
adjusting the pH values in a range from 7.0 to 3.0 using
HCl solutions while stirring for 30min. After stirring, the
pH was checked and readjusted to the required point
if needed.

2.7. Effect of ionic strength

Different amounts of NaCl and CaCl2 were separately added
to double layer emulsions prepared at 0.5 wt% WPI, 1 wt%
WSPG, and 5wt% SFO (adjusted to pH 5.0) to reach salt
concentrations ranging from 0 to 300mM. The emulsion
samples were stirred for 1 h after the salt addition. Droplet
size, zeta potential, and CI were then studied.

2.8. Confocal laser scanning microscopy (CLSM)

Confocal imaging was performed at room temperature using
a laser scanning confocal microscope (Zeiss Axiovert 200M,
Carl Zeiss, Oberkochen, Germany) equipped with a 20�
objective. 2mL of emulsion was stained with 0.1mL Nile
Red solution (1mg/mL in ethanol) and 0.1mL nile blue
(10mg/mL in ethanol) to dye the oil and protein, respect-
ively. For staining the WSPG, 5-Carboxyfluorescein N-succi-
nimidyl ester was used which was first dissolved in 10mg/
mL dimethyl sulfoxide and stirred for 1 h, then added to the
WSPG solution and mixed for 4 h. In order to remove the
excess dye, the stained solution was filtrated by 15 kDa cen-
trifugal filters (Amicon#, Merk Millipore Ltd, Tullagreen,
Carrigtwohill, Cork, Ireland). Nile blue was excited at 633
using HeNe laser and then the emitted light was collected at
660–750 nm. Nile red and the 5-Carboxyfluorescein N-succi-
nimidyl ester dye were excited at 488 nm by Argon laser
and the emission was detected at 520–620 nm making them
show the same color in the images.

2.9. Interfacial tension

To study the interfacial tension and dilatational rheology, a
drop tensiometer (Teclis, Longessaigne, France) was used and
directed with Windrop 2015 software. The glass cuvette of
25mL (Hellma-analytics) was supplied with a single-phase
exchange instrument to exchange the continuous phase; when

Figure 1. Effect of pH on (a) droplet size and (b) zeta-potential of WPI emulsions (1 wt% WPI and 10wt% oil) and WPI/WSPG emulsions (0.5 wt% WPI, 5 wt% oil,
1 wt% WSPG).
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moving from one solution to the next, the cuvette was rinsed
with DDW five times its volume. A syringe with a U-shaped
needle was used for injecting the oil inside the water-phase
solution in the cuvette. The interfacial tension (c) was deter-
mined based on the Young–Laplace equation.[28]

WPI solution (WPI, 0.1 g/L in 10mM phosphate buffer
pH 7.0) was placed in the cuvette and oil droplet with a vol-
ume of 20lL was delivered by the U-shaped needle.
Interfacial tension measurements were performed at room
temperature for at least 2 h to let a proper adsorption take
place. Consequently, before introducing the WSPG sample,
the cuvette was exchanged with buffer at pH 7.0 to wash
out the non-adsorbed WPI. To make the two layer system,
the WSPG solution (0.1 g/L in 10mM buffer pH 7.0 or 5.0)
was exchanged through the cuvette. After 1 h, the continu-
ous phase was again rinsed with pH 5.0 buffer. A single run
with only DDW in the cuvette was also done just as a base-
line for better understanding the interfacial tension changes.
Oscillation was carried out at a frequency of 0.01Hz with
amplitude sweeps (DA/A0) of 5%, 10%, 15%, 20%, 25%, and
30% at room temperature. The dilatational elastic and vis-
cous moduli (E0 and E00) were obtained from the measured
dynamic interfacial tension responses.

2.10. Statistical analysis

The results obtained in this work were reported as mean-
± standard deviation. The statistical analyses were performed
using SPSS version 16 for Windows program (SPSS Inc.,
Chicago, IL, USA) to determine the significant difference
between means (p� 0.05) using a one-way ANOVA test.

3. Results and discussion

3.1. Effect of pH on droplet size, zeta potential and
stability of emulsions

First we consider the reference WPI-only stabilized emul-
sions. Figure 1 shows the changes in the droplet size, and
zeta potential of both monolayer and bilayer emulsions as a
function of pH. As can be seen in Figure 1, the WPI-stabi-
lized monolayer emulsion was stable at pH 6.0–7.0 with a
relatively small droplet size, and large negative zeta potential
values. The emulsion was highly unstable at pH 5.0 mainly
due to the proximity of emulsion pH to the pI of WPI.
Previous studies reported the same results.[29] Globular pro-
teins form a relatively thin layer around the oil droplets and
electrostatic repulsion is the main mechanism of stabiliza-
tion. Therefore, at pH close to pI, the electrostatic repulsion
was reduced leading to the aggregation of protein-coated
oil droplets.[30]

To prepare double layer emulsions, WSPG solution was
added to WPI-stabilized primary emulsions. In contrast to
WPI-stabilized monolayer emulsions, the bilayer emulsions
were unstable at pH 6.0–7.0 but when decreasing the pH to
5.0, they showed high stability. Since both WPI and WSPG
are negatively charged at pH values of pH 6.0–7.0,[19] deple-
tion flocculation is likely the main reason behind the

observed instability induced by WSPG.[5,26,31] Moreover,
only low amounts of WSPG were adsorbed to WPI layers at
pH 6.0–7.0 (as discussed later). Hence, at pH values of
6.0–7.0, the negatively charged WPI-coated oil droplets did
not interact with the negatively charged WSPG.

Hadian et al.[23] reported that the electrostatic attraction
between WPI and WSPG starts at pH � 5.3, where the net
charge of protein is still negative. The presence of positive
charge patches (i.e., localized regions of basic amino acids)
and the ability of proteins to regulate their charge at pH val-
ues close to pI could lead to electrostatic interactions at pH
values slightly above the pI of protein.[32–34] In this way,
both electrostatic and steric repulsion contribute to the sta-
bility of the negatively charged WPI/WSPG bilayer emul-
sions at pH 5.0. Thus, development of bilayer emulsions is
an appropriate strategy to improve the stability of protein-
stabilized emulsions at pH values close to protein’s pI.

At still lower values of the pH (pH values 3.0� 4.0), the
addition of WSPG led to flocculation of WPI stabilized
emulsion droplets, most likely due to bridging of negatively
charged WSPG between multiple droplets started to occur.
As a result, flocs were formed as the droplets moved closer
and destabilization was initiated in the system with some
considerable changes in the droplet size. Similar behavior
has also been reported earlier.[8,26,35,36]

The zeta potential of WPI-stabilized monolayer emulsions
went from highly negative (–60mV at pH 7.0) to highly

Figure 2. Effect of PG concentration on (a) z-potential and (b) droplet size of
emulsions (0.5 wt% WPI, 5 wt% oil, 0.1–1.5 wt% WSPG) at pH 5.0.
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positive (þ69mV at pH 3.0) for the primary emulsion. This
was a result of high Hþ concentration at pH < pI, where
the amino groups are positively charged (-NH3

þ) and low
Hþ concentration at pH > pI, where the carboxyl groups
are negatively charged (-COO�).[30] In contrast, the zeta
potential of the WPI/WSPG samples was negative at all
studied pH values, in which the magnitude increased from
�22mV at pH 3.0 to �43mV at pH 7.0. These measure-
ments clearly demonstrated that WSPG molecules were
adsorbed on the surface of WPI covered droplets at low pH
values. The zeta potential values at pH above the pI of WPI
(where both WPI and WSPG have a net negative charge)
indicated that under these conditions still some electrostatic
attraction occurs, most likely between local positively
charged patches on the WPI molecules and negatively
charged groups of the WSPG molecules.[37] From these
results we conclude that WSPG can protect WPI-stabilized
emulsions from flocculation at pH 5.0. This was subjected to
more detailed studies in the following sections.

3.2. Effect of polysaccharide concentration on droplet
size, zeta potential and emulsion stability

We start by considering in more detail the effect of the con-
centration of WSPG on emulsion stability enhancement at
pH 5.0. Different concentrations of WSPG were added to
WPI stabilized emulsions, followed by pH adjustment to pH
5.0. Figure 2 shows the average droplet size and zeta poten-
tials of different double layer emulsions prepared from WPI
(0.5 wt%), SFO (5wt%), and WSPG (0.1–1.5 wt%). WPI-sta-
bilized monolayer emulsions were stable at pH 7.0.
However, at pH 5.0, they were unstable and flocculated due

to the attraction between WPI-coated emulsion droplets
near the WPI isoelectric point (pH � 5.2). When the WSPG
solution was added to the system at relatively low concentra-
tion (0.1 wt %) a slight increase in the mean droplet size
was observed suggesting some bridging flocculation of emul-
sion droplets only partially covered by WSPG.[5] When
increasing the WSPG concentration, the droplet size
decreased and the zeta potential of the samples became
negative due to adsorption of the negatively charged poly-
saccharide molecules. The stability of the emulsions also
increased, suggesting that at these higher concentrations, the
emulsion droplets were fully coated with WSPG, such that
flocculation no longer occurred.

Droplets of the primary emulsions at pH 5.0 revealed a
small positive charge due to some protonation of the amino
groups (–NH3

þ) in WPI just below its isoelectric point. By
adding the polysaccharide to the system, at low concentra-
tions, this small positive charge was neutralized by the
WSPG; whereas, at higher concentrations, the zeta potential
of the emulsion droplets becomes increasingly
more negative.

Flocculation of emulsion droplets can be quantified in
terms of the creaming index (CI).[38] Changes in the CI of
double layer emulsions, prepared at different WSPG concen-
trations, during 28-d storage at room temperature are shown
in Figure 3a.

Phase separation was observed in the monolayer emul-
sion stabilized with WPI (pH 7.0) at the first week of stor-
age and the CI reached 41% at the end of storage. WSPG
had a considerable effect on the physical stability of the
emulsions. At low concentrations of WSPG (0.1 and

Figure 3. (a) Influence of WSPG concentration on creaming index of emulsions
(0.5 wt% WPI, 5 wt% oil, 0.1–1.5 wt% WSPG) during 28 days of storage and (b)
visual appearance of the WPI/WSPG-stabilized emulsions stored at room tem-
perature (25 �C) after 28 days. Figure 4. Effect of ionic strength on (a) zeta potential and (b) droplet size of

WPI/WSPG emulsions (0.5 wt% WPI, 5 wt% oil, 1 wt% WSPG) at pH 5.0.
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