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a b s t r a c t

The influence of pH (4e7) and sodium alginate (SA) concentration (0.125e0.25 wt%) on the properties of
linseed oil-in-water emulsions stabilized by a whey protein isolate (WPI) was investigated. Droplet size,
droplet charge, creaming stability and optical microscopy measurements as well as determination of
non-adsorbed biopolymers at the oilewater interface were made. At pH 6 and 7, anionic alginate did not
adsorb onto the surfaces of WPI-coated droplets due to strong electrostatic repulsion between bio-
polymers. Remaining SA molecules in the continuous phase induce emulsion destabilization by depletion
flocculation, with the formation of floc chains that, after a period of latency, promoted phase separation
with high creaming indexes. Both the delay time and the cream layer thickness increased when
increasing SA concentration. At pH 5, z-potential measurements demonstrate deposition of SA onto WPI
interfacial membrane to form a bilayer around oil droplets. Besides, no droplet aggregation was observed
and emulsions were stable to creaming after one-week storage. At pH 4, 0.125 wt% SA emulsions were
prone to extensive droplet aggregation probably enhanced by bridging flocculation, exhibiting a gel-like
microstructure of interconnected flocs, which then promoted phase separation. However, when
increasing initial SA concentration in these systems, the degree of droplet aggregation decreased. These
results suggest that the best conditions to produce stable emulsions as encapsulation matrices for the
delivery of high polyunsaturated fatty acid oils would be 0.25 wt% SA pH 5.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Numerous studies have shown that dietary intake of u-3 poly-
unsaturated fatty acids (PUFAs) could provide several health bene-
fits. These benefits include decreased risk of cardiovascular disease,
protection against cognitive decline during aging as well as
improved neuronal growth and brain development in early infancy
(Hibbeln, Nieminen, Blasbalg, Riggs, & Lands, 2006; Innis, 2007;
Uauy & Dangour, 2006). Fish oil has been chosen as the preferen-
tial source of long chain u-3 essential fatty acids, mainly for its
eicosapentaenoic (EPA, C20:5) and docosahexaenoic (DHA, C22:6)
acid content. Nevertheless, linseedoil is a goodvegetable alternative
u-3 source in nature, since it contains high levels of a-linoleic acid
(ALA),whichmakes about 55e60%of total fatty acids (Gallardo et al.,
2013). Although linseed oil has beenwidely used in the industry for
02.
iago2006@yahoo.com.ar (L.
paint and varnish manufacturing, it has not yet been exploited for
the production of functional foods. Themain reason is that there are
some limitations regarding the development of u-3 fortified prod-
ucts since PUFAs are extremely sensitive to lipid oxidation, leading
to the formation of off-flavors and potentially toxic compounds that
would alter nutritional quality of food. Therefore, microencapsula-
tion arises as an adequate technique to overcome these issues (Garg,
Wood, Singh, & Moughan, 2006; Klinkesorn, Sophanodora,
Chinachoti, Decker, & McClements, 2005). Oil-in-water (O/W) con-
ventional single-layer emulsions havebeenused as delivery systems
for the encapsulation of PUFAs and incorporated into dairy products
(milk, ice cream, yogurts) and burgers (Chee et al., 2005; Lee,
Faustman, Djordjevic, Faraji, & Decker, 2006; McClements &
Decker, 2000). Nevertheless, this type of emulsions are thermody-
namically unstable when exposed to environmental stresses, such
as heating, cooling, freezing, drying or extreme pH values
(McClements, Decker, & Weiss, 2007). There is an emerging tech-
nology which consists in the designing of multilayer emulsions
where the lipid droplets are coated by nanolaminated self-
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assembled biopolymer layers, formed by electrostatic interactions
(McClements et al., 2007). The advantage of this method is that
interfacial layers of greater thickness can be obtained around the oil
droplet, providing not only an increased emulsion stability against
environmental stresses but also better protection for the bioactive
agent entrappedwithin the core (Sagalowicz & Leser, 2010). Besides,
physicochemical properties of the interfacial film can be carefully
designed by manipulating the system composition and the emul-
sifying conditions (biopolymer type and concentration, pH, ionic
strength, etc.) (Guzey & McClements, 2006). Proteins and poly-
saccharides are natural polymers that are widely used as functional
ingredients in the food industry (McClements, 2006). In particular,
milk whey proteins are very versatile because they have not only
high nutritional values but also great technological qualities,
including the ability to stabilize foams and emulsions (Dalgleish,
Senaratne, & Francois, 1997; Molina Ortiz, Puppo, & Wagner,
2004). Due to their amphiphilic properties, these proteins can
quickly adsorb onto the oilewater interface, creating an elastic high-
resistant surface layer around the oil droplet (Taherian, Britten,
Sabik, & Fustier, 2011). An opposite charged polysaccharide can be
added to this primaryemulsion toproduce a secondaryemulsion, by
inducing the electrostatic deposition of the polysaccharide onto the
protein surface to form an outer coating. This can be achieved by
manipulating the charge density of both biopolymers through pH
variation (Guzey & McClements, 2006).

To address a successful microencapsulation of PUFAs, a stable
emulsion has to be obtained. However, emulsions can undergo a va-
riety of physical instabilities, including creaming, flocculation and
coalescence. Creaming involves a gravitational separation due to the
upward movement of the droplets resulting from the difference be-
tween the dispersed and the continuous phase density, whereas
flocculation and coalescence are both types of droplet aggregation
(McClements, 1999). One of the most important factors to prevent
droplet aggregation is to control biopolymer concentration in the
aqueous phase, such that there is enough biopolymer to completely
saturate the oilewater interface, but not too much as this could pro-
mote depletion flocculation (Guzey & McClements, 2006). A number
of investigations have been carried out to produce multilayer emul-
sions and examine the factors that influence their stability (Khalloufi,
Alexander, Goff, & Corredig, 2008; Klinkesorn et al., 2005; Perrechil &
Cunha, 2013). In general, all theseworks have beenmade on the basis
of particle size, z-potential and rheologymeasurements.However, few
works concern about thedeterminationof non-adsorbedbiopolymers
remaining in the continuous phase and how this would affect emul-
sion stability. Besides, to the knowledge of the authors, there are no
studies about emulsions stabilized by multilayered membranes
composed of sodium alginate and whey protein isolate.

In this context, the objective of this work was to evaluate the
influence of pH and sodium alginate concentration on the overall
stability of oil-in-water emulsions, so as to determine the best
conditions to encapsulate linseed oil.
1.1. Theoretical aspects

Global stability of emulsions could be discussed in terms of
interdroplet pair potentials that involve both attractive and
repulsive interactions between two emulsion droplets coming
close together. Theoretical models often rely on certain simplifying
assumptions to facilitate mathematical treatment in order to
derive tractable expressions that describe the behavior of ideal
systems. Although these assumptions are not always fulfilled in
real systems, an understanding of the various types of interactions
which act between emulsion droplets represents a powerful tool
for interpreting data and for systematically accounting for the
effects of different factors in many food matrices (McClements,
1999).

If we consider a system which consists of two spherical emul-
sion droplets of radius r, at a surface-to-surface separation h, the
total interaction potential (UTOTAL) between them will be the
resultant of individual contributions of different attractive and
repulsive interaction potentials:

UTOTALðhÞ ¼ UattractiveðhÞ þ UrepulsiveðhÞ (1)

Most relevant individual interaction potentials between emul-
sion droplets will be briefly described.
1.1.1. Van der Waals interactions
The Van der Waals interdroplet pair potential (UWDV) between

two emulsion droplets of equal radius r, separated by a surface-to-
surface distance h is given by the following expression:

UVDWðhÞ ¼ �A
6

�
2r2

h2 þ 4rh
þ 2r2

h2 þ 4rhþ 4r2
þ ln

h2 þ 4rh
h2 þ 4rhþ 4r2

�
(2)

where A is the Hamaker constant (McClements, 1999). Assuming
that the droplets are separated by short distances (h � r), then the
above equation simplifies to:

UVDWðhÞ ¼ �Ar
12h

(3)

Van der Waals interdroplet pair potential is always attractive
and promotes droplet aggregation.
1.1.2. Electrostatic interactions
Electrostatic interdroplet pair potential is given by:

UELECTROSTATICðhÞ ¼ 2p 30 3Rrz
2 lnð1þ exp½�kh�Þ (4)

where 30 is the dielectric constant of vacuum, 3R is the relative
dielectric constant of the solution surrounding the droplets, z is the
electrical potential at the shear plane (known as zeta potential),
and k is the inverse of the Debye screening length (Radford &
Dickinson, 2004). The latter parameter is given by:

k�1 ¼ ½ 3kTð1� foilÞ�1=2
2e2INA

(5)

where k is the Boltzmann constant, T is the temperature, foil is the
oil volumen fraction, e is the charge on an electron, I is the ionic
strength and NA is the Avogadro’s number.

Electrostatic interactions are repulsive if droplets have similar
charges and decrease at large droplet separations. At short dis-
tances, the electrostatic repulsion is usually weaker than the Van
der Waals attraction so, under these conditions, the droplets will
tend to aggregate (McClements, 1999).
1.1.3. Steric interactions
Polymeric steric interactions arise when emulsion droplets get

so close together that the emulsifier layers overlap. This type of
potential can be divided into two contributions:

USTERICðhÞ ¼ UmixðhÞ þ UelasticðhÞ (6)

Mixing contribution (Umix) is entirely due to the intermingling
of the polymer chains when two droplets come close together,
without the interface layer being compressed. McClements (1999)
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proposes the following equation to describe this interaction
potential:

UmixðhÞ ¼ 4prkTm2NA
v
�2
P

VS
ð½� cÞ

�
1�½

h
d

�2

(7)

where m is the mass of polymer chains per unit area, d is the
thickness of the adsorbed layer, c is the Flory-Huggins parameter,
n
�
P is the partial specific volume of the polymer chains, and VS is the

molar volume of the solvent. In a good solvent (c < 0.5), such as
water, the increment in concentration of the polymer chains in the
interpenetration zone is thermodynamically unfavorable as it re-
duces the number of polymer-solvent contacts, leading to a
repulsive interaction between the droplets.

Elastic contribution (Uelastic) is entirely due to the compression
of the interfacial membrane that arises when two droplets
approach, without considering any interpenetration of the polymer
molecules. Jackel (1964) proposed an empirical model to assess this
type of interaction:

UelasticðhÞ ¼ 0:77Eð½d�½hÞ5=2ðr þ dÞ h < d (8)

UelasticðhÞ ¼ 0 h � d (9)

where E is the elastic modulus of the adsorbed layer. Compression
of the interfacial layer involves a decrease in the configurational
entropy of the adsorbed molecules. This phenomenon is energeti-
cally unfavorable, so this type of interaction is always repulsive.
Besides, it has to be taken into account that at short distances, the
polymeric steric repulsion is stronger than the Van der Waals
attraction (McClements, 1999).
1.1.4. Depletion interactions
Depletion interdroplet pair potential appears in emulsions

where droplets are surrounded by colloidal nonadsorbing mole-
cules, which remain in the continuous phase. When the separation
between two droplets is small compared to their size (h � r) and
approximately equivalent to the hydrodynamic radius of the
colloidal particle, an exclusion region in the middle of the droplets
is generated. The concentration of colloidal particles in this
depletion zone tends to zero, whereas in the surrounding contin-
uous phase it has a finite value. This creates an osmotic potential
difference that promotes the movement of solvent molecules from
the exclusion region into the bulk liquid, leading to the aggregation
of the droplets (McClements, 1999). This interdroplet pair potential
is given by:

UDEPLETIONðhÞ ¼ �2
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where POSM is the osmotic pressure arising from the exclusion of
the colloidal particles and rc is the radius of the colloidal particles.
The osmotic pressure difference is given by:

POSM ¼ CRT
M

�
1þ NACv

2M

�
(11)

where C, M and n are the concentration, molecular weight, and
volume of the colloidal particles and R is the universal gas constant.
As can be seen, this interaction potential is always attractive and
increases when increasing concentration of colloidal particles in
the continuous phase.

1.1.5. Total interaction potential
Considering the above described potentials as the most signifi-

cant regarding our experimental systems, it can be assumed that
the overall interdroplet potential is the sum of the various attrac-
tive and repulsive contributions:

UTOTALðhÞ ¼ UVDWðhÞ þ UELECTROSTATICðhÞ þ USTERICðhÞ
þ UDEPLETIONðhÞ (12)

2. Materials and methods

2.1. Materials

Milk whey protein isolate (WPI) was provided by Davisco
Food International, Inc. (Minnesota, USA) and its composition (%
w/w) was: 96.18% protein (N � 6.38) (dry basis), fat 0.20%, ash
1.90%, 5.57% moisture, 1.72% others. A commercial sample of low
density sodium alginate (SA) was provided by Cargill (Buenos
Aires, Argentina) (PM 135 kDa). As stated by the manufacturer
the composition of this alginate was: carbohydrate 63%, mois-
ture 14%, ash 23% (Naþ 9300 mg/100 g and Kþ 800 mg/100 g).
Linseed oil was obtained from Sigma Aldrich (St. Louis, MO) and
it was used as supplied, without previous purification (density:
0.93 g/mL, refractive index: 1.48). All reagents were analytical
grade.

2.2. Emulsion preparation

Stock dispersions of 2 wt% WPI were prepared using Milli-Q
ultrapure water and were stirred for 2 h. Sodium alginate (SA)
was dispersed in Milli-Q ultrapure water and stirred at 70 �C for
35 min to promote solubilization. The pH value of all dispersions
was adjusted to 7.0 with HCl and NaOH (0.1 mol l�1) and then
dispersions were stored at 4 �C overnight. Primary emulsions were
made by blending 20 wt% oil phase with 80 wt% aqueous WPI so-
lution using a high-speed blender (Waring Blender, Connecticut,
USA) during 2 min at the highest velocity, followed by a sonication
step (75% AMP, 150 s) performed by a 20 KHz ultrasonic probe with
13 mm diameter tip (Sonics & Materials, Connecticut, USA). These
microemulsions were then diluted by adding sodium alginate (SA)
dispersions and adjusting the pH to different values (7, 6, 5, 4) to
form secondary emulsions, with the following final composition:
10 wt% oil, 1 wt% WPI, and 0.125e0.25 wt% SA. All emulsions were
analyzed just after being prepared.

2.3. Droplet size determination

Droplet size of emulsions was measured by static light scat-
tering using a laser diffraction Mastersizer 2000 device with a
Hydro 2000MU as a dispersion unit (Malvern Instruments, Wor-
cestershire, Inglaterra). The pump speed was settled between 900
and 1500 rpm. The refractive index of both the dispersed (1.48) and
the continuous phase (1.33) were used. Droplet size is reported as
the volume-mean diameter (D43):

D43 ¼
P

nid4iP
nid3i

(13)

where ni is the number of droplets of diameter di (Camino, Carrera
Sanchez, Rodríguez Patino, & Pilosof, 2012). To determine the



Fig. 1. Illustrative Turbiscan Backscattering profile of the destabilization of a 10 wt% oil
1 wt% WPI 0.125 wt% SA pH 7 emulsion over time. Each curve corresponds to a single
time measurement.
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distribution width of droplet sizes, the span (or polydispersity in-
dex) was also reported as follows:

Span ¼ ðD0:9 � D0:1Þ
D0:5

(14)

where 90, 10 and 50% of the oil volumen in the emulsions is con-
tained in droplets with diameters below or equal to D0.9, D0.1 and
D0.5 respectively. Droplet sizes are reported as the average of ten
readings made on each sample.

2.4. z-potential measurements

z-potential of emulsion droplets was determined by dynamic
laser light scattering using a Zetasizer Nano-ZS instrument (Mal-
vern Instruments, Worcestershire, England) provided with a Hee
Ne laser beam (633 nm). The emulsionwas diluted 1/1000 with the
corresponding solution prior to analysis to avoid multiple scat-
tering effects and was then injected into the cuvette. The z-po-
tential was determined by measuring the direction and velocity of
droplet movement in a well-defined electric field. These mea-
surements are reported as the average and standard deviation of
five determinations per sample.

2.5. Determination of coalescence and free biopolymer

After 24 h storage at room temperature, emulsions were
centrifuged at 20,000 g and 10 �C for 30 min (Heal Force, Neofuge
18R, China). First, the total oil released above the upper cream
phase was determined gravimetrically. The separated oil percent-
age was calculated as follows:

Coalescenceð%Þ ¼
�
m1

m2

�
$100 (15)

where m1 is the mass of the separated oil after centrifugation and
m2 is the mass of total oil added to the emulsion (Santiago, Carrara,
& González, 2005). The serum fraction was also recovered to
determine the concentration of (i) the non-adsorbed protein to the
oilewater interface, by UV absorbance at 280 nm (Aitken &
Learmonth, 1996, p. 3e6), and (ii) the remaining polysaccharide
via the phenol-sulfuric method described by Dubois, Gilles,
Hamilton Rebers, and Smith (1956).

2.6. Emulsion stability

The destabilization of the emulsions was evaluated using a Tur-
biscan TMA 2000 (Formulaction, Toulouse, France). The sample was
placed inacylindricalglasscell, andscannedfromthebottomtothe top
with a light source (l ¼ 850 nm). Simultaneously, two synchronized
optical sensors respectively recorded light transmitted through the
sample (180� from the incident light), and light backscattered by the
sample (45� fromthe incident radiation). Thesedata are represented in
curves of Transmittance and/or Backscattering (%) as a function of the
sample height (mm). The scans are repeated over time, each time
providingasinglecurve, andat theendof theexperiment, all curvesare
superimposedon the samegraph to showtheoverall destabilizationof
the system. This complete analysismode enables the detection of both
themigrationphenomena and the variation of average particle size. To
better visualize the changes undergone in the systems, it is convenient
to work in the reference mode (D% BS or D% T), which substracts the
first curve (t¼ 0) from the subsequent ones (Fig. 1) in order to see the
variationsofprofiles related tothe initial state.Theprofiles recordedfor
each sample were then analyzed using the proper software, from
which we obtained (i) the creaming index, expressed as:
Creaming indexð%Þ ¼ HS

HT
$100 (16)

whereHS is the height of the serum layer, and HT is the height of the
total emulsion (Gu, Decker, & McClements, 2005), as a parameter of
the global emulsion destabilization after 7 days of storage at room
temperature, (ii) the average D%BS variation measured the middle
zone of the profiles (25e35 mm) as a function of time, which is
related to the variation of droplet size (Fig. 1), and (iii) the delay
time, which corresponds to the period of latency preceding the
phase separation.

2.7. Optical microscopy

Emulsions were properly stirred before analysis to ensure
sample homogeneity. A drop of fresh emulsion was then placed
between a microscope slide and a cover-slip and observed on a
conventional optical microscope at a magnification of 40X (Leica
Microsystems, Wetzlar, Germany).

2.8. Statistical analysis

All assays were measured at least in duplicate. Averages and
standard deviations were calculated from these measurements.

3. Results and discussion

3.1. Effect of pH and SA concentration on droplet size distribution
and droplet charge of emulsions

First, droplet size distributions of emulsions as a function of pH
(7e4) at different SA concentrations (0.125e0.25 wt%) were ob-
tained (Fig. 2). The values of D43 and polydispersity for each system
are presented in Table 1. It can be seen that emulsions prepared at
pH 5, 6 and 7, for both SA concentrations, showed a monomodal
distributionwithD43 values in the range of 1e2.5 mm. However, size
distributions of emulsions evaluated at pH 4 were more poly-
disperse and, unlike the other systems, presented a second peak
corresponding to droplets sizes around 100 mm (Fig. 2). This phe-
nomenon can be also evidenced by D43 and span values, which
were much higher than those corresponding to pH 5, 6 and 7. Since
the technique used to determine droplet sizes requires performing
a previous dilution of the sample to fit in the measuring range, the
behavior observed in emulsions at pH 4 might be due to a droplet
aggregation phenomenon that was not reversible upon dilution.
Besides, at this pH, the systems preparedwith 0.125wt% SA showed
a higher polydispersity and a higher D43 than those prepared with



Fig. 2. Influence of pH ( 7, dd 6, 5, 4) on droplet size distribution of
10 wt% oil 1 wt% WPI containing 0.125 wt% SA (A) or 0.25 wt% SA (B).
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0.25 wt% SA, suggesting that larger droplet aggregates might have
been formed in this conditions.

Secondly, zeta potential measurements were performed to
evaluate the electrostatic deposition of the polysaccharide onto the
protein interfacial film surrounding the droplets (Fig. 3). It was
observed that, in the absence of SA, the surface charge of primary
emulsion droplets was�70 and�11mV at pH 7 and 5, respectively.
This variation in the zeta potential with the decrease of pH could be
attributed to the net charge of WPI molecules adsorbed onto the
droplets’ surface, becoming less negative at pH values near the
protein isoelectric point (pI ¼ 5.2e4.7) (Pongsawatmanit,
Harnsilawat, & McClements, 2006).

In contrast, z-potential of secondary emulsions varied from �70
to�30 mV as pH decreased from 7 to 4. According to literature, the
magnitude of electrostatic interactions between protein and poly-
saccharide molecules depends on both the density and the distri-
bution of the charges along each biopolymer at a specific pH (Gu et
al., 2005). At pH 7, the net surface charge of the droplets of primary
and secondary emulsions was the same for all systems (�70 mV).
These results could be explained taking into account that both WPI
and SA molecules have a net negative charge at neutral pH, and
they are mutually excluded by electrostatic repulsion (Rodríguez
Patino & Pilosof, 2011; Weinbreck, 2004). Thus, given the limited
interaction between biopolymers under these conditions, SA
molecules would not adsorb onto the protein interface and the net
surface charge of droplets would be governed by WPI aminoacidic
residues. However, as pH falls towards the protein pI, the net
negative charge ofWPI gradually decreases and approaches to zero.
Under these conditions, positively charged “patches” exposed on
the protein surface could interact with negatively charged groups
present in the polysaccharide chains (De Kruif, Weinbreck, & de
Vries, 2004; Jones & McClements, 2011). Fig. 3 shows that, at pH
5, the net surface charge of secondary emulsion droplets (�51
and �54 mV) was much higher than that for primary emulsions
(�11 mV), thus suggesting the adsorption of SA onto the WPI
interfacial film. At pH 4, a similar behavior was observed. Under
these conditions, as the WPI is below its pI, it would exhibit a net
positive charge density (Pongsawatmanit et al., 2006). Neverthe-
less, secondary emulsion droplets showed a negative z-potential
value, a bit smaller than that observed for pH 5, indicating the
adsorption of the SA onto WPI interfacial monolayer to form a
bilayer around the droplets. The lower z-potential observed at pH 4
could be related to greater charge neutralization between the
adsorbed biopolymers, presumably due to an increased number of
positive patches exposed on the protein surface. This greater charge
neutralization could also induce droplets to come closer together,
promoting the formation of aggregated flocs of larger sizes (Fig. 2).
Furthermore, secondary emulsions prepared with 0.125 wt% SA at
pH 4 and 5, showed a z-potential value slightly less than that
observed in the respective systems containing 0.25 wt% AS (Fig. 3).
Providing that in these conditions the electrostatic interaction be-
tween SA and the adsorbed WPI was demonstrated, this phenom-
enon could be attributed to an increased charge neutralization in
emulsions containing 0.125 wt% SA, promoted by a higher WPI:SA
ratio (8:1) (Fioramonti, Perez, Aríngoli, Rubiolo, & Santiago, 2014).

3.2. Effect of pH and SA concentration on biopolymer adsorption at
the oilewater interface

The ability of proteins to form an interfacial film that is resistant
to rupture plays an important role in stabilizing emulsion droplets
against flocculation and coalescence during long-term storage
(McClements, 2004). However, the non-adsorbed biopolymer
molecules that remain in the continuous phase might cause (i)
formation of proteinepolysaccharide complexes which, depending
on pH, could precipitate to produce coacervates (Fioramonti et al.,
2014) and/or (ii) destabilization of the systems through depletion
flocculation mechanisms (Dickinson, 2010). Hence, the importance
of the non-adsorbed polymers determination. Fig. 4 shows the
concentration of non-adsorbed both WPI and SA, remaining in the
aqueous phase, as a function of pH. On the one hand, in Fig. 4A it
can be seen that, for both initial SA concentrations, soluble WPI
decreases as pH falls. Particularly, WPI concentration in the
aqueous phase remained constant at pH 6 and 7, representing
approximately 20% of the initial protein concentration. Besides, no
differences were observed between emulsions prepared with
different initial SA concentrations. However, at pH 5, soluble WPI
concentration slightly began to decrease, reaching the minimum
value at pH 4. On the other hand, Fig. 4B shows soluble SA con-
centrations in the aqueous phase, where a behavior similar to that
previously described was observed. At higher pH values, SA con-
centration remained almost constant and close to initial concen-
tration, whereas at lower pH values, SA concentration began to
decrease. It should be added that all emulsions made at pH 4 and 5
exhibited the formation of a precipitate at the bottom of the test
tubes after centrifugation, with the exception of 0.25 wt% SA pH 5
emulsions (data not shown). In the first place, the amount of WPI
adsorbed at the oilewater interface could be directly related to the
emulsion preparation technique and to the total energy provided to



Table 1
Volume-mean diameter D43, polydispersity index (span) and delay times of 10 wt%
oil 1 wt% WPI emulsions, prepared at different pH and SA concentrations.

Emulsion D43 (mm) Span Delay time tD (h)

0.125% SA pH 7 1.32 � 0.01 2.47 � 0.01 0.28
0.125% SA pH 6 1.31 � 0.02 2.39 � 0.15 0.26
0.125% SA pH 5 2.03 � 0.26 1.90 � 0.03 Stable
0.125% SA pH 4 29.29 � 2.13 15.42 � 0.16 2

0.25% SA pH 7 1.17 � 0.00 2.50 � 0.02 24 > tD > 2
0.25% SA pH 6 1.47 � 0.02 2.31 � 0.05 24 > tD > 2
0.25% SA pH 5 2.41 � 0.07 2.56 � 0.06 Stable
0.25% SA pH 4 13.66 � 2.09 10.79 � 1.36 Stable

Fig. 4. Effect of pH on free soluble WPI (A) and SA (B) in the aqueous phase of 10 wt%
oil 1 wt% WPI emulsions containing 0.125 wt% SA (C) or 0.25 wt% SA (O).
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the system to create interfacial area (Jafari, Assadpoor, He, &
Bhandari, 2008). Furthermore, since at pH 6 and 7 there was
limited interaction between biopolymers due to electrostatic
repulsive forces, soluble SA concentration remained close to the
initial concentration in the aqueous phase, and soluble WPI con-
centration stayed constant. Nevertheless, as pH moved towards
WPI pI, the protein surface could have gradually expose positively
charged “patches” which started to interact with negatively
charged polysaccharide molecules, as discussed above. Therefore,
two phenomena might be occurring simultaneously: (i) electro-
static deposition of SA onto WPI interfacial film to form a bilayer
around the oil droplet and (ii) soluble complexes formation be-
tween WPI and SA molecules remaining in the continuous phase.
Both phenomena would be more favored at pH 4, since at this pH
value there is a higher density of positive charges present on WPI
surface, which would promote stronger interactions with SA mol-
ecules. In addition, these latter WPIeSA complexes present in the
aqueous phase would tend to precipitate when subjected to high
centrifugal forces e such as the ones we used to determine soluble
biopolymers e with the subsequent formation of a coacervate at
the bottom of the test tube (De Kruif et al., 2004; Fioramonti et al.,
2014). This would contribute to a decrease in WPI and SA concen-
tration in the continuous phase.

A phenomenon of particular interest occurred in SA 0.25 wt% pH
5 systems, where no coacervate formation was observed after
centrifugation, thus suggesting the decrease of SA concentration in
the aqueous phase (Fig. 4B) could be exclusively due to the elec-
trostatic deposition of SA molecules onto WPI interfacial mem-
brane surrounding the oil droplets to form a second biopolymer
layer.
Fig. 3. Effect of pH on zeta potential of 10 wt% oil 1 wt% WPI emulsions containing
0 wt% SA (+), 0.125 wt% SA (C) and 0.25 wt% SA (B).
In addition, 0.125 wt% SA pH 4 emulsions showed a higher
reduction of protein content in the aqueous phase (Fig. 4A) than
their 0.25 wt% SA counterparts, which could be due to the forma-
tion of a greater amount of coacervate after centrifugation. This
behavior might be explained considering initial WPI:SA ratios
when preparing emulsions. Since 0.125 wt% SA emulsions had a
higher WPI:SA ratio (8:1) than 0.25 wt% SA ones (4:1), the decrease
in pH in the former systems would have promoted a greater charge
neutralization between biopolymers forming WPIeSA complexes
in the continuous phase, which would have favored the formation
of greater amounts of coacervate. These results are consistent with
those obtained in previous work (Fioramonti et al., 2014). It must be
highlighted that centrifugation of emulsions did not produced
“oiling off” from the cream layer in any case, emphasizing the
excellent functional properties of WPI to form a sufficiently elastic
interfacial film with great mechanical resistant to coalescence.
3.3. Effect of pH an SA concentration on emulsion stability

3.3.1. Flocculation/coalescence stability
Emulsion stability against flocculation/coalescence was evalu-

ated by analyzing backscattering profiles (D%BS) obtained from
Turbiscan. Fig. 5 shows the evolution of the average value of D%BS
(calculated in the middle zone of profiles, as shown in Fig. 1) as



Fig. 5. Effect of pH (B 7, : 6, , 5, +4) on the DBackscattering profiles of 10 wt% oil
1 wt% WPI emulsions containing 0.125 wt% SA (A) or 0.25 wt% SA (B), as a measure of
droplet size variation. Mean values for each system were determined from the middle
zone of the tube (25 mme35 mm height).

Fig. 6. Influence of pH and SA concentration on microstructure of 10 w
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function of time, as a measure of droplet size variation promoted by
flocculation/coalescence processes during the first hour of analysis.
The intensity of backscattered light is related to the number of
droplets located at a specific height of the emulsion. In our case, a
reduction of D%BS represents a decrease in the number of droplets,
caused by an increment on particle size, either by flocculation or
coalescence. Coalescence comprises an irreversible process because
it involves the rupture of the interfacial film resulting in the fusion
of two or more droplets to form a larger droplet. Whereas floccu-
lation is a process that leads droplets to come together to form
aggregates, but retaining their individual integrity as the interfacial
membrane is conserved (McClements, 1999). These two phenom-
ena lead to an increase in droplet sizes, which can be detected by
the Turbiscan. However, the instrument is not able to discriminate
to which of these destabilization mechanisms droplet size incre-
ment corresponds. As shown in Fig. 5A, 0.125 wt% SA systems at pH
6 and 7 exhibited a marked decrease of D% BS, indicating an in-
crease in droplet size; while at pH 4 and 5 the D% BS remained
almost constant, suggesting droplet size did not change. Mean-
while, emulsions prepared with 0.25 wt% SA (Fig. 5B) presented a
similar behavior at pH 4 and 5. But at pH 6 and 7, the decrease in D%
BS was not as notable as the one shown in their corresponding
0.125 wt% SA counterparts, indicating only a slight variation in
droplet size. Since we have demonstrated the absence of coales-
cence after emulsion centrifugation in previous results, droplet size
increment shown in Fig. 5 could be attributed to flocculation. As
shown in Fig. 6, emulsions prepared at pH 6 and 7 exhibited a
particular microstructure, where formation of flocculated droplet
chains can be clearly distinguished, at both SA concentrations. As
discussed above, in these conditions, bothWPI and SA possess a net
negative charge density and there is limited interaction between
them. Several authors suggest that the presence of nonadsorbing
colloidal particles in the continuous phase of an emulsion would
promote an increase in the attractive forces between the droplets
due to an osmotic process associated with the exclusion of the
colloids from a narrow region surrounding the droplets (Guzey &
McClements, 2006; McClements, 1999; Radford & Dickinson,
2004). This phenomenon is called depletion flocculation and can
accelerate emulsion destabilization through formation of droplet
aggregates or “flocs” with greater sizes than individual droplets. If
we consider theoretical interdroplet pair potentials, the flocculated
chains observed at pH 7 for both SA concentrations (Fig. 6), might
be indicating that UTOTAL (Eq. (12)) between emulsion droplets was
strongly attractive. Under these conditions, non-adsorbed SA
molecules remaining in the continuous phase (Figs. 3 and 4) could
t% oil 1 wt% WPI emulsions. The scale bar corresponds to 10 mm.



Fig. 7. (A) Effect of SA concentration (C 0.125 wt%, B 0.25 wt%) and pH on the
creaming index of 10 wt% oil 1 wt% WPI emulsions, after 1 week storage. (B) Visual
appearance of 10 wt% oil 1 wt% WPI oil-in-water emulsions containing 0.125 wt% or
0.25 wt% SA at different pH values, after 1 week storage. HT: height of the total
emulsion, HS: height of the serum layer, HC: thickness of the cream layer.
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have generated an attractive UDEPLETION (Eq. (10)) between the
droplets. Consequently, the osmotic pressure difference, which is
the main driving force of this potential, would have favor the
movement of solvent molecules from the depletion zone into the
bulk liquid, thus promoting droplet aggregation. Besides, given that
at short distances attractive UVDW (Eq. (3)) contribution would
prevail over repulsive UELECTROSTATIC (Eq. (4)) contribution, a
resulting attractive UTOTAL would be the responsible for the aggre-
gated state of the droplets. However, we should also take into ac-
count the repulsive USTERIC contribution (Eq. (6)), which dominates
UVDW at very short distances (h < d), thus preserving the interfacial
membrane integrity and avoiding droplet coalescence. The
behavior observed in emulsions at pH 6, for both SA concentrations,
could be analyzed in a similar way. In this case, the repulsive
UELECTROSTATIC (Eq. (4)) contribution would be smaller than the
corresponding to pH 7, due to the lower z-potential value observed
in these systems (Fig. 3). In addition, there would still be an
attractive UDEPLETION (Eq. (10)), since the concentration of non-
adsorbed biopolymers was similar to that observed at pH 7
(Fig. 4). Therefore, UTOTAL (Eq. (12)) would remain being attractive
and emulsion droplets would be flocculated. Many authors
consider that higher concentrations of nonadsorbing colloidal
particles would promote a greater degree of depletion flocculation
(McClements, 2000; Perrechil & Cunha, 2013). Nevertheless,
emulsions prepared with 0.25 wt% SA could present a slower initial
flocculation rate than their 0.125 wt% SA counterparts (Fig. 5),
presumably because of the viscosity increment in the continuous
phase when increasing polysaccharide concentration (Manoj,
Fillery-Travis, Watson, Hibbered, & Robins, 1998).

On the other hand, emulsions prepared at pH 5 exhibited
unflocculated individual droplets, at both SA concentrations
(Fig. 6). Unlike other systems, stability of these emulsions seemed
to be governed by the existence of a net repulsive UTOTAL (Eq. (12))
between the droplets. Although the repulsive UELECTROSTATIC (Eq.
(4)) contribution in these emulsions would be even smaller than
that observed at pH 6 and 7, due to a lower z-potential value
(Fig. 3), there would still be another stabilizing force that main-
tains droplets apart from each other. Previous results have
demonstrated the adsorption of the polysaccharide onto the pro-
tein interfacial monolayer to form a multilayer around the oil
droplet at pH 5. So, this phenomenon would lead to (i) a decrease
of SA concentration in the continuous phase (Fig. 4), that would
probably reduce the magnitude of the attractive UDEPLETION (Eq. 10)
and (ii) an increase in the interfacial layer thickness (d), which
would promote a greater repulsive USTERIC (Eq. (6)), through both
Umix (Eq. (7)) and Uelastic (Eq. (8)) contributions. Moreover, it has to
be remembered that at short distances steric repulsion is stronger
than the Van der Waals attraction (McClements, 1999). Hence,
repulsive contributions would prevail above attractive potentials,
thereby generating a repulsive UTOTAL which would prevent
droplet aggregation.

Surprisingly, at pH 4, emulsions showed different microscopic
structures depending on SA initial concentrations (Fig. 6). On the
one hand, 0.125 wt% SA systems presented completely flocculated
emulsion droplets, forming a dense network (that differs from the
floc chains observed at pH 6 and 7), which would denote a resultant
attractive UTOTAL (Eq. (12)) between the droplets. In these systems,
repulsive UELECTROSTATIC (Eq. (4)) would be smaller than that at pH 5,
mainly because of the greater charge neutralization between the
assembled biopolymers at the interfacial membrane (Fig. 3). Fig. 4
shows that almost no polysaccharide was left in the aqueous
phase. However, as centrifugation of these systems yielded large
amounts of coacervate, former WPIeSA complexes produced in the
continuous phase, could have probably induced an attractive UDE-

PLETION between the droplets, since they might have acted as
nonadsorbing colloidal particles (McClements, 1999). Besides, if
available SA soluble molecules were not enough to completely
saturate the protein interface, then (i) d would be smaller than that
observed at pH 5, decreasing the repulsive USTERIC contribution (Eq.
(6)), and (ii) a “bridging” flocculation phenomenon would be pro-
moted, where a single molecule of polysaccharide may adsorb to
the surface of two droplets (Dickinson, 2011; Gu et al., 2005). This
latter effect would force droplets to come closer and the attractive
UVDW (Eq. (3)) contribution would be relevant in these conditions.
Consequently, the sum of all these contributions would result in an
attractive UTOTAL between the droplets. On the other hand, emul-
sions containing 0.25 wt% SA at pH 4 showed a few isolated flocs
coexisting with a population of non-flocculated droplets (Fig. 6).
This lower degree of droplet aggregation produced by increasing
initial SA concentration, could be attributed to a greater number of
SA molecules adsorbed onto the protein interface, thus promoting
an increased repulsion, both electrostatic (Fig. 3) and steric, be-
tween the droplets. In this system, the analysis of the individual
contributions of different interdroplet pair potentials would be
more complex because of the coexistence of both aggregated flocs
and unflocculated droplets.
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3.3.2. Creaming stability
A creaming index was determined for each emulsion after 7

days of analysis, as a parameter of long-term global stability. These
values are represented in Fig. 7A, where it can be noted that
emulsions prepared at pH 6 and 7 were the most unstable to
creaming, regardless of the initial SA concentration; while those
prepared at pH 5 were the most stable ones. Delay times, which
correspond to a “latency” period prior to the onset of phase sepa-
ration (Lizarraga, Pan, Añón, & Santiago, 2008) are presented in
Table 1. This parameter is related to the flocculation degree of
emulsions and several authors suggest that delay time increases
when increasing concentration of non-adsorbed polymers in the
continuous phase (Lizarraga et al., 2008; Parker, Gunning, & Robins,
1995; Santiago et al., 2002).

First, emulsions prepared with 0.125 wt% SA at pH 6 and 7
exhibited higher creaming indexes (Fig. 7A) and lower delay times
(Table 1) than those preparedwith 0.25wt% SA. As shown in Fig. 7B,
systems prepared with 0.25 wt% SA exhibited a visually clear
serum, whereas those preparedwith 0.125 wt% SA presented a high
turbidity in the serum phase, which was visually cloudy. These
results are consistent with those reported by Manoj et al. (1998),
where a similar behavior was observed when increasing poly-
saccharide concentration in the continuous phase of hexadecane
oil-in-water emulsions. The lower concentration of SA (0.125 wt%)
might not have been enough to fully flocculate the droplets at pH 6
and 7. In these conditions, emulsions would contain two phases, a
flocculated phase in coexistence with unflocculated droplets. The
latter would be responsible for the turbidity observed in the serum
phase, as individual droplets would cream slower than flocculated
ones. Therefore, the cloudy aspect of the serum could be due to the
presence of these suspended individual droplets. On the contrary,
emulsions prepared with the highest SA concentration (0.25 wt%)
would be completely flocculated. In these systems, the formation of
a space-spanning flocculated structure might occur, due to the high
degree of flocculation. One model proposed by Manoj et al. (1998),
is that the flocs could form a porous network which slowly rear-
ranges to produce channels through which continuous phase could
flow. In this case, the delay time could be related to the time for the
droplets to rearrange to that channeled structure. Since the in-
crease in SA concentration might contribute to an increment in the
viscosity of the continuous phase, both the rate of flocculation and
the diffusion of the droplets through the channels could be
reduced, thus increasing the delay time of these systems (Table 1).
However, after this period of latency, the sudden collapse of such a
network would promote the rapid creaming of flocs, resulting in a
clear serum layer due to the absence of individual residual droplets.
The thickness of cream layers (HC) also seemed to be related to
initial SA concentration of systems prepared at pH 6 and 7 (Fig. 7B).
The higher the SA initial concentration, the greater the cream layer
thickness. So, an increment in polysaccharide concentration
would probably increase the compressive strength of the floccu-
lated structure, yielding more expanded creams than lower SA
concentrations.

Secondly, emulsions prepared at pH 5 (at both SA concentra-
tions) were the most stable ones and no phase separation was
evidenced after 7 days of analysis. The same happened with the
system prepared with 0.25 wt% SA at pH 4. However, the emulsion
prepared at pH 4 with 0.125 wt% SA showed a little creaming index,
with a transparent serum layer, as indicative of complete floccu-
lation (Fig. 7). These results are consistent with the existence of a
highly flocculated network previously observed in the micrographs
(Fig. 6). At pH 4, the main obstacle to the creaming could have been
the formation of a gel-like structure of interconnected flocs (Meller
& Stavans, 1996). The collapse of this structure, after the delay time,
would have led to phase separation.
4. Conclusions

The stability of multilayer emulsions was dependent on both pH
and initial SA concentration. At pH 6 and 7, both WPI and SA
molecules presented a net negative charge density so electrostatic
deposition of the polysaccharide around the protein membrane
surrounding the oil droplets did not occur. Destabilization of these
systems was evidenced through depletion flocculation mecha-
nisms, with the formation of floc chains that promoted phase
separation. Both the delay time and the thickness of the cream layer
increased when increasing SA concentration in the continuous
phase. The most stable emulsions were obtained at pH 5 and
0.25 wt% SA, mainly due to the adsorption of the polysaccharide
onto the protein interfacial membrane through attractive electro-
static interactions between negatively charged SA molecules and
positively charged “patches” exposed on WPI surface. In these
systems, neither phase separation nor coacervate formation was
observed. Finally, emulsions at pH 4 presented coacervate forma-
tion. Those prepared with the lowest SA concentration showed
phase separation and exhibited a gel-like microstructure of inter-
connected flocs forming a network, which would have been pro-
moted by the greater charge neutralization between biopolymers
and, possibly, by “bridging” flocculation. The degree of flocculation
of these systems decreased when increasing initial SA concentra-
tion. In this context, we can conclude that emulsions prepared at
pH 5 with 0.25 wt% SA presented the best stability. Therefore, we
propose these conditions to prepare encapsulation matrices for
delivery of oils with high levels of polyunsaturated fatty acids.
Nevertheless, additional studies should be carried out in the future
to evaluate the oxidative stability of these bioactive agents over
different storage conditions.
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