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Physicochemical properties
Chia oil can be incorporated into oil-in-water (O/W) emulsions as x-3 fatty acid delivery systems in food
matrices. Chia O/W emulsions varying in sodium caseinate (NaCas) concentration (2, 5 and 10% (wt/wt)),
with and without 10% (wt/wt) lactose and using different homogenization pressures (400, 600 bar) were
prepared, stored at 4 ± 1 �C and analyzed as a function of particle size, f-potential, rheological properties,
backscattering profiles, peroxide and p-anisidine values. Droplet characteristics, rheology and stability of
emulsions are influenced with different extent by the factors analyzed. All systems recorded negatively
charged droplets and unimodal particle size distribution. Emulsions with 2 and 5% (wt/wt) NaCas pre-
sented a Newtonian fluid behavior. The former showed moderate stability to creaming, while the latter
presented destabilization by flocculation and creaming few hours after preparation. Emulsions with 10%
(wt/wt) NaCas showed a pseudoplastic fluid behavior and high stability by the rearrangement of the
aggregates into a firm gel network. Chia O/W emulsions exhibited a good oxidative stability.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Salvia hispanica L., commonly known as chia, is an annual plant of
the Lamiaceae family. Although chia is an oilseed native to central
and southern Mexico and Guatemala, this crop today is commer-
cially grown in other countries as Argentina, Australia, Bolivia,
Colombia, Ecuador, Nicaragua and Paraguay. The expansion of this
crop and the commercialization of products that include chia seed
are growing rapidly around the world, encouraged by numerous sci-
entific papers reporting its nutritional benefits (Capitani et al., 2012;
e Silva et al., 2014; Komprda et al., 2013; Luna Pizarro et al., 2013;
Marineli et al., 2014; Martínez-Cruz and Paredes-López, 2014).

Chia seeds represent the vegetable source with the highest
known concentration of omega-3 (x-3) polyunsaturated fatty acids
(PUFAs). Its oil contains a-linolenic acid in concentrations of up to
67.8%, which are higher than flaxseed, canola and soya oils
(Gundstone and Padley, 1997). Human consumption of x-3
PUFAs provides multiple benefits for health, protecting against
heart and inflammatory disease, asthma, mood disorders and reti-
nal diseases, along with aiding brain function; therefore, incorpo-
rating them into our diet is essential (O’Dwyer et al., 2013).

Additionally, chia seed is an excellent source of soluble fiber
and antioxidants (including tocopherols, polyphenols and carote-
noids), which besides being a healthy dietary and therapeutic
input, serve the preservation of the oil (Ixtaina et al., 2011).

Nowadays, consumers are increasingly aware of their self-care
and they seek foods fortified with health-promoting additives.
Therefore, there is a growing interest in the incorporation of x-3
fatty acids such as chia oil in functional foods. However, their
incorporation may be limited due to their instability against oxida-
tive deterioration (Ixtaina et al., 2012). The oil-in-water (O/W)
emulsions represent an alternative strategic system to incorporate
these rich PUFAs-oils in various food matrices and influence their
oxidative stability. They can be used not only in the formulation
of conventional products, such as sauces, soups, desserts,
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beverages, but also for development of powder products (micro-
capsules) by drying these emulsions (Hogan et al., 2001).

An O/W emulsion consists of oil droplets dispersed (disperse
phase) in an aqueous medium (continuous phase) (e.g. milk, cream,
beverages, and dressings) (McClements, 2010). Emulsifiers are
surface-active molecules that are usually added to O/W mixtures
during homogenization and form a protective membrane on sur-
face droplet, which reduce the risk of droplet coalescence
(O’Dwyer et al., 2013). Among the most widely used emulsifiers
in food systems, sodium caseinate (NaCas) presents good emulsify-
ing properties. It is composed of four principle proteins: as1, as2, b
and j caseins. It is well known that NaCas has a potential antiox-
idant effect by scavenging the free radical intermediates and
chelating prooxidant metals (Faraji et al., 2004). Many works on
the surface activity and emulsifying properties of NaCas, relates
to dilute protein solutions and high oil/protein ratios. The use of
NaCas as emulsifier and encapsulating agent involves drying emul-
sions of higher protein concentrations and lower oil phase volumes
than those normally used in emulsion studies (Hogan et al., 2001).

On the other hand, lactose is a disaccharide extensively used in
the food industry, recognized as the main encapsulant agent of
milk fat in whole milk powder and spray-dryer dairy-like emul-
sions (Vega et al., 2007). Also, the addition of lactose in food pro-
tein-stabilized emulsions in order to improve its stability can
exert a great influence on the emulsion properties. Several works
have studied the drying of O/W emulsions formulated with
NaCas and lactose, as well as their molecular assemblies (Calvo
et al., 2010; Edris and Bergnståhl, 2001; Ixtaina et al., 2015;
Velasco et al., 2006).

The physicochemical properties of an O/W emulsion, such as
their rheology, global stability and optical properties are highly
dependent on the characteristic of their droplets. In turn these
characteristics are determined by the homogenization conditions
(e.g. intensity and duration of energy input) and system composi-
tion (e.g. the type and concentration of emulsifier used or the vis-
cosity ratio between disperse and continuous phases)
(McClements, 2005). On the other hand, the oxidative stability of
oils with a high content of x-3 fatty acids is affected by the type,
location, and concentration of proteins in emulsions (Faraji et al.,
2004).

Usually, most of the research works of emulsions with oils rich
in x-3 fatty acids contain fish or flaxseed oils (Faraji et al., 2004;
Fioramonti et al., 2015; Frankel et al., 2002; Horn et al., 2011;
Kuhn and Cunha, 2012). However, a little information is available
on chia O/W emulsions (Carrillo Navas et al., 2011).

The aim of this work was to study the incorporation of chia oil
into functional O/W emulsions and to evaluate the effect of NaCas
concentration, the addition of lactose and the homogenizer
pressure level on its physicochemical properties.
2. Materials and methods

2.1. Materials

Commercial chia oil was provided by SDA S.A. (Lobos,
Argentina) and stored until use at 4 ± 1 �C in amber glass bottles
without head space. Fatty acid composition was analyzed by GC
according to the IUPAC 2.302 (IUPAC, 1992) standard method as
following: (C16:0) 8.5 ± 0.9%, (C18:0) 2.0 ± 0.6%, (C18:1)
5.2 ± 0.6%, (C18:2) 19.0 ± 0.6% and (C18:3) 65.4 ± 1.4%. Oil toco-
pherol content was determined by normal phase HPLC following
the procedure described in AOCS Ce8-89 (AOCS, 1998). The toco-
pherol content was 443 ± 4, 6 ± 1, 415 ± 5 and 22 ± 1 (mg of toco-
pherol/kg oil) for total, a, c and d fraction, respectively. The
initial peroxide, iodine, saponification and free fatty acids values
were 2.0 ± 0.1 meq peroxide/kg oil, 213.0 ± 3.4 g I2/100 g oil,
193.5 ± 0.1 mg KOH/g oil and 0.6 ± 0.1% of oleic acid, respectively.
Casein sodium salt (NaCas) from bovine milk was purchased from
Sigma Chemical Company (St. Louis, MO) and D-lactose monohy-
drate from Anedra (Argentina). All reagents used were of analytical
grade.
2.2. Preparation of emulsions

Chia O/W emulsions, were constituted by an oil to water ratio of
10:90. The aqueous phase was composed of different NaCas con-
tent (2, 5 and 10% wt/wt) as emulsifying agent and lactose (0
and 10% wt/wt), while 10% (wt/wt) of chia oil constituted the oil
phase. Prior to emulsification, the NaCas powder was dissolved in
distilled water at 50 �C through constant mechanical stirring for
3 h to ensure a complete dissolution and then stored overnight at
4 ± 1 �C. For emulsions containing lactose, it was added to the
aqueous phase while stirring at 25 �C. Emulsions were obtained
through two homogenization steps. A primary homogenization
was conducted using an Ultraturrax T-25 (Janke & Kunkel GmbH,
Staufen, Germany) operated for 1 min at 9500 rpm, followed by a
second stage using a valve high pressure homogenizer (Panda 2K,
GEA NiroSoavi, Parma, Italy) at two different pressures (400 and
600 bar) and 4 passes. Nisine (0.0012 g/100 g) and potassium sor-
bate (0.1 g/100 g) both food grade additives, were added to the
emulsions in order to prevent microbial growth.
2.3. Characterization of emulsions

2.3.1. Particle size
The particle size distribution was determined by laser diffrac-

tion with a particle size analyzer (Malvern Mastersizer 2000E,
Malvern Instruments Ltd., Worcestershire, UK) in a range of mea-
surement from 0.1 to 1000 lm according to Cabezas et al.
(2012). Approximately 1 mL of emulsion was suspended directly
in a water bath of the dispersion system with a pump speed of
2000 rpm (Hydro 2000MU), reaching an obscuration of 15–18%.
The refractive indices of sunflower oil (1.47) as particle, and water
(1.33) as dispersant, were used. Results were given in particle size
distribution and De Brouker (D [4, 3]) mean diameter.
2.3.2. f-potential and pH
The pH was measured mixing emulsion and distilled water in a

1:1 ratio during stirring with a pH meter (Hanna Instruments,
Woonsocket, USA) at room temperature.

The f-potential was determined using a Zeta Potential Analyzer
(Brookhaven 90Plus/Bi-MAS, USA) instrument on electrophoretic
mobility function at room temperature. The f-potential range
was set from �100 to 50 mV and the electrophoretic mobility
was converted into f-potential values using the Smoluchowski
equation. For each determination 0.05 g of the emulsion was dis-
persed in 100 mL of milli-Q water before measurements were
taken.
2.3.3. Rheological properties
Rheological measurements were carried out at 25 ± 0.3 �C with

a Haake RS600 controlled stress oscillatory rheometer (Haake,
Germany) using a plate–plate sensor system with a 1.0 mm gap
between plates. Emulsion viscosity was determined over a shear
rate ( _c) range of 1.0–500 s�1. The shear stress (r) data were then
analyzed according to the power law equation r = K _cn calculating
the consistency coefficient (K) and the flow behavior index (n).
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2.3.4. Emulsion stability
Global stability of emulsions was determined by measurements

of dispersed light with a Quick Scan Vertical Scan Analyzer (Coulter
Corp., Miami, USA) according to Pan et al. (2002). The emulsion
was transferred to a cylindrical glass tube for measurement. The
entire length of the sample (about 65 mm) was scanned by a read-
ing head composed of a pulsed near infrared light source
(k = 850 nm) and two synchronous detectors: a transmission (at
0� from the incident beam) and a backscattering detector (at
135� from the incident beam), acquiring transmission and
backscattering data every 40 lm. Profiles recorded for each sample
were then analyzed and the difference of creaming index (DCI) was
determined according to Eq. (1):

DCI ð%Þ ¼ CIt � CI0 ð1Þ

where

CIt is the creaming index at different storage time (t = 10, 20 and
30 d),
CI0 is the creaming index at the initial time
CI (%) = (H/H0) � 100,
H is the height of the serum layer formed at the bottom of glass
tubes,
H0 represents the initial height of the emulsion.

2.3.5. Peroxide value
Peroxide value was evaluated according to Díaz et al.’s (2003)

method. Lipid hydroperoxides were extracted by mixing 0.3 mL
of emulsion with 1.5 mL of isooctane/2-propanol (3:1, v/v) using
a vortex (10 s, 3 times), and centrifuging at 3400g (Rolco CM
2036, Argentina) for 2 min. The isolated organic phase (0.2 mL)
was added to 2.8 mL of methanol/butanol (2:1, v/v) followed by
30 lL of a thiocyanate/ferrous solution (freshly prepared by mixing
equal volumes of 0.144 M FeSO4 and 0.132 M BaCl2, centrifuging
3 min, and then mixing equal volumes of this clear ferrous solution
and 3.94 M ammonium thiocyanate). The absorbance of the solu-
tion was measured 20 min after the addition of iron at 510 nm.
The concentration of lipid hydroperoxides was calculated using a
cumene hydroperoxide standard curve.
2.3.6. p-anisidine value (p-An)
The p-An test was performed by Atarés et al.’s (2012) method.

An aliquot of 1 mL of emulsion was added to a 25 mL falcon tube
and filled up to the mark with isooctane. The tubes were vortexed
twice for 20 s each. After centrifugation for 10 min at 5000g (Rolco
CM 2036, Argentina), the absorbance (A1) of the samples at 350 nm
was measured against a white pure isooctane. Then, 5 mL of the
remaining solution from centrifugation were transferred to test
tubes of 10 mL and 1 mL of p-anisidine solution (0.25% solution
wt/v in glacial acetic acid) was added. After vortexing for 10 s
and resting for 10 min, the absorbance (A2) was measured at
350 nm against the blank of isooctane with p-anisidine

p-An ¼ 25ð1:2� A2 � A1Þ=m

where m is the mass of the sample.
2.4. Storage of emulsions

Emulsions obtained were stored at 4 ± 1 �C and protected from
light for 30 days. The physicochemical stability was evaluated peri-
odically during storage time determining the D [4, 3] diameter, the
backscattering profiles, the peroxide and p-anisidine values as pre-
viously described in Sections 2.3.1, 2.3.4, 2.3.5 and 2.3.6,
respectively.
2.5. Experimental design and statistical analysis

A 3 � 2 � 2 fully factorial design, replicated twice, was used to
study the effects of sodium caseinate concentration (2, 5 and 10%
wt/wt), presence of lactose (0 and 10% wt/wt) and homogenization
pressure (400 and 600 bar) on each variable studied (particle size
distribution, mean diameter, f-potential, rheological properties,
backscattering profiles and creaming index, peroxide and p-ani-
sidine values). The experimental design and the sample codes are
shown in Table 1. Results were analyzed by a multifactorial
ANOVA test (95% level of confidence) to study the main effects
and the interactions between the factors. Statistical analysis was
performed using the Statgraphics Centurion software (Version
XV.II for Windows, Manugistics Inc., USA). Means were separated
according to Tukey’s High Meaningful Difference test (95% level
of confidence).

The influence of storage time on the physicochemical stability
of emulsions was analyzed by a unifactorial ANOVA test (95% level
of confidence).
3. Results and discussion

The results of the multifactorial ANOVA are presented in
Table 2. As can be seen the NaCas concentration was the main fac-
tor that affect the most of the physicochemical properties studied,
except D [4, 3], which was influenced mainly by the homogeniza-
tion pressure.
3.1. Particle size

The droplets characteristics of food emulsions such as droplet
size and charge are some of the key parameters influencing physic-
ochemical and sensory properties (McClements, 2010).

The initial D [4, 3] mean diameters are presented in Fig. 1. The
results showed that the homogenization pressure and NaCas con-
centration had a very significant effect (p 6 0.001) on D [4, 3],
whereas the addition of lactose also affected this parameter but
in lesser extent (p 6 0.05). No interactions between factors were
recorded (Table 2). A significant (p 6 0.05) reduction of droplet size
was observed at constant NaCas concentration when the homoge-
nizer pressure was increased from 400 to 600 bar (Fig. 1). These
results are in agreement with McClements (2004), who found that
the oil droplet size of O/W emulsions, stabilized with an excess of
emulsifier, depended mainly on the energy input of the homoge-
nizer with a minor influence from the emulsifier concentration.
Also, other authors reported that the droplet size decreased as
energy of the homogenizer was increased (O’Dwyer et al., 2013;
Atarés et al., 2012; Horn et al., 2012; Lethuaut et al., 2002). No sig-
nificant differences (p > 0.05) on particle size between emulsions
with 2 and 5% (wt/wt) NaCas were recorded, but the increase of
emulsifier level up to 10% (wt/wt) led to a significant enhancement
(p 6 0.05) of this parameter. This fact may be due to the increase of
the viscosity of these systems, which may suppress the formation
of eddies responsible for breaking up droplets during the homoge-
nization process (Qian and McClements, 2011; McClements and
Weiss, 2005). In this sense, a significant positive correlation was
found between D [4, 3] and viscosity of emulsions (r = 0.47;
p = 0.0204). The addition of lactose promoted a decrease of D [4, 3]
diameter. The volume-weighted particle size distributions from
the different emulsions are shown in Fig. 2. Emulsion composition
and homogenization conditions investigated in this research work
recorded similar unimodal particle size distributions for all sys-
tems with a slight shift of the distribution curves toward larger
droplet sizes in emulsions stabilized with 10% (wt/wt) NaCas.



Table 1
Formulations for chia O/W emulsions based on 3 � 2 � 2 full factorial design. Experimental parameters and samples codes.

Sodium caseinate concentration (%) Lactose concentration (%)

0 10
Homogenization pressure (bar) Homogenization pressure (bar)

400 600 400 600

2 2 NaCas_400 2 NaCas_600 2 NaCas_Lac_400 2 NaCas_Lac_600
5 5 NaCas_400 5 NaCas_600 5 NaCas_Lac_400 5 NaCas_Lac_600
10 10 NaCas_400 10 NaCas_600 10 NaCas_Lac_400 10 NaCas_Lac_600

Table 2
Multifactorial analysis of variance (ANOVA) of fully factorial design (3 � 2 � 2) for the physicochemical properties of chia O/W emulsions.

Factor Degrees of freedom Sum of squares

D [4, 3] f–potential n K g100 BSav0 PV p-An

NaCas concentration (A) 2 0.0589*** 690.2460*** 0.3080*** 1.1089*** 0.0956*** 184.6960*** 6.1805*** 0.0024
Lactose addition (B) 1 0.0062* 403.6780*** 0.0199*** 0.4026*** 0.0287*** 20.7018*** 0.0469 0.0013
Homogenization pressure (C) 1 0.0792*** 225.3120*** 0.0003 0.1145*** 0.0024*** 4.4462 0.0826 0.0009
A � B 2 0.0023 50.4981* 0.0086*** 0.7333*** 0.0510*** 5.2344 0.0592 0.0010
A � C 2 0.0048 166.1050*** 0.0104*** 0.2157*** 0.0047*** 18.3983** 0.0752 0.0004
B � C 1 0.0023 0.8568 0.0126*** 0.1243*** 0.0027*** 0.0301 0.0886 0.0006
A � B � C 2 0.0017 42.4508* 0.0058*** 0.2293*** 0.0051*** 3.9491 0.0056 0.0036
Pure error 12 0.0104 269.5150 0.0061 0.0034 0.0003 11.7076 0.7303 0.0070

Total 23 0.1659 1848.6617 0.3715 2.9320 0.1904 249.1635 7.2688 0.0172

D [4, 3] average oil droplet diameters (lm); n flow behavior index; K consistency coefficient (Pa sn); g100 apparent viscosity at 100 s�1; BSav0 initial average backscattering
value (%); PV peroxide value (meq hydroperoxide/kg oil); p-An p-anisidine value.

* p 6 0.05.
** p 6 0.01.

*** p 6 0.001.
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Fig. 1. De Brouker (D [4, 3]) mean diameter for chia O/W emulsions as a function of
NaCas content (2, 5 and 10% wt/wt), in presence or absence of lactose, at different
homogenization conditions (400 and 600 bar).
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The evolution of particle size of chia O/W emulsions (D [4, 3])
during the storage period studied did not present significant
changes.
3.2. f-potential and pH

On the other hand, the pH of chia O/W emulsions, was 6.3–6.5
and the droplet charge was strongly negative for all systems stud-
ied, ranging from �54 to �35 mV. This charge was related to the
ionized groups from the NaCas layer that surrounded them, when
the pH was above the isoelectric point (pI) (Hu et al., 2003). The
relative importance of the main factors studied on f-potential is
given by the following order: NaCas concentration (A) > lactose
addition (B) > homogenization pressure (C) according to ANOVA.
Besides, the second-level (A � B and A � C) and third-level interac-
tions were also significant (Table 2). A positive significant correla-
tion (r = 0.46; p = 0.0226) was found between f-potential and
D [4, 3] diameter. A possible explanation for this association could
be related to the amount of the protein adsorbed at the interface.
Thus, emulsions with smaller particle size and a high surface area
presented the most of protein adsorbed at the interface, while
those with higher D [4, 3] had greater non-adsorbed protein con-
tent. This fact probably promotes the electrostatic association
between polypeptide chains leading to the formation of multilay-
ers and the charge suppression.
3.3. Rheological properties

The flow curves data for the different systems studied were fit-
ted to the power law model equation (correlation coeffi-
cients > 0.99) and the values for the apparent viscosity at a shear
rate of 100 s�1 were calculated (Table 3). This parameter was eval-
uated at this shear rate since it is typical of food processes, such as
flow through a pipe, stirring or mastication (McClements, 2005).

NaCas concentration and lactose addition produced a highly
significant influence on rheological properties of chia O/W emul-
sions while the homogenizer pressure level affected K and g100.
Second and third level interactions were significant for all rheolog-
ical parameters and factors (see Table 2). In general, an enhance-
ment of viscosity and changes of the flow properties as a
function of the increasing NaCas concentration were observed
(Fig. 3a, Table 3). This fact could be attributed to an increase in
solid content corresponding to the non-adsorbed NaCas in the
aqueous phase, which tends to a more resistance to flow, and thus,
the viscosity of the emulsion system lead to an inter-droplet struc-
ture formation. On the other hand, the addition of lactose produced
an increase of viscosity mainly for chia O/W emulsions at 10%
(wt/wt) NaCas as can be seen in Fig. 3b.

It was observed that chia O/W emulsions with 2 and 5% (wt/wt)
NaCas showed a low viscosity and behaved like Newtonian fluids
probably due to the low excess of non-adsorbed protein in the
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Fig. 2. Particle size distributions (% volume) of chia O/W emulsions with different
NaCas concentration: (a) 2% (b) 5% and (c) 10% wt/wt, in presence or absence of
lactose, at two homogenization pressure levels (400 and 600 bar). Average values
are shown (n = 2). The coefficient of variation was lower than 1%. Table 3

Rheological parameters (n, flow behavior index; K, consistency coefficient) obtained
from the power law model and the apparent viscosity at 100 s�1 (g100) for the chia O/
W emulsions measured at 25 ± 0.3 �C.

System n K (Pa sn) g100 (Pa sn) � 10�3

2 NaCas_400 1.01 ± 0.01cd 0.003 ± 0.001a 2.8 ± 0.2ª

2 NaCas_600 1.01 ± 0.02cd 0.002 ± 0.001a 2.6 ± 0.1ª

2 NaCas_lac_400 1.01 ± 0.01cd 0.003 ± 0.000a 3.3 ± 0.2ª

2 NaCas_lac_600 1.0 ± 0.01c 0.003 ± 0.001a 3.3 ± 0.4a

5 NaCas_400 0.99 ± 0.04c 0.006 ± 0.002a 5.5 ± 0.9ª

5 NaCas_600 1.07 ± 0.01d 0.004 ± 0.000a 5.0 ± 0.7ª

5 NaCas_lac_400 0.97 ± 0.01c 0.009 ± 0.001ª 7.7 ± 0.2ª

5 NaCas_lac_600 0.96 ± 0.01c 0.008 ± 0.000a 6.8 ± 0.3 a

10 NaCas_400 0.82 ± 0.01b 0.085 ± 0.01b 37.0 ± 3.3b

10 NaCas_600 0.84 ± 0.02b 0.073 ± 0.01b 34.6 ± 2.3b

10 NaCas_lac_400 0.81 ± 0.0b 0.375 ± 0.021c 156.3 ± 8.8c

10 NaCas_lac_600 0.69 ± 0.01a 1.095 ± 0.049d 262.7 ± 11.8d

Different letters in the same column indicate significant differences (p 6 0.05).
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aqueous phase. At 10% (wt/wt) NaCas, emulsions presented a high
viscosity, which increased significantly (p 6 0.05) with the addi-
tion of lactose into the aqueous phase. These systems presented
different degrees of shear-thinning behavior as a result of a gradual
network formation which could be related to the increase of the
non-adsorbed protein level (Fig. 3b, Table 3). The pseudoplasticity
of chia O/W emulsions with 10% NaCas (wt/wt) was associated
with the mechanical disruption of the structure network (aqueous
phase trapped within the interdroplet structure) at large applied
stresses. These results are in agreement with those reported by
Dickinson and Golding (1997) and Huck-Iriart et al. (2011); for
NaCas stabilized emulsions which presented a highly dependent
on the concentration of NaCas, with a Newtonian behavior for
systems with low concentration of free protein in the bulk and
shear-thinning at high NaCas content.
3.4. Emulsion stability

In terms of global stability, backscattering profiles (%BS) of the
different O/W emulsion systems were performed as a function of
length of the measuring tube (cm) at different storage times. The
evolution of BS profiles of chia O/W emulsions with different
NaCas content and two levels of homogenization pressure are
shown in Fig. 4. Both emulsions with 2 and 10% (wt/wt) NaCas pre-
sented a high global stability, maintaining BS profiles without
major changes during the period studied. In contrast, emulsions
with 5% (wt/wt) NaCas exhibited a poor stability, recording a
destabilization immediately after preparation. The average values
of initial BS along the entire tube (BSav0, from BS profile at t = 0)
were 68.77, 61.78 and 64.68% for systems with 2, 5 and 10% (wt/
wt) NaCas, respectively. Taking into account that BS is a parameter
directly related with the droplet size (Álvarez Cerimedo et al.,
2010), these values were similar to D [4, 3] with the exception of
emulsions with 5% (wt/wt) of emulsifier. In this case, the low mean
BS value recorded could be associated with the formation of flocs.

The statistical analysis evidenced a high influence of NaCas con-
centration and lactose addition and a second-level interaction
between NaCas concentration and homogenization pressure on
emulsion stability (see Table 2). Thus, when emulsions were stabi-
lized with 2% (wt/wt) NaCas, slight signs of destabilization by
creaming were evidenced through a decrease in %BS at the bottom
of the tube and with a simultaneous increase of %BS in the top, due
to the migration of individual oil droplets to the upper zone
(Fig. 4a). These systems presented droplets with smaller particle
size than 10% (wt/wt) NaCas. However, these characteristics did
not avoid to record slight changes in the BS profiles which could
be associated with the onset of the creaming process.

For emulsions with 5% (wt/wt) NaCas the destabilization
occurred through both flocculation and creaming mechanisms. In
this case, the BS% decreased in the bottom and the middle of the
tube due to the formation of aggregates with a sharp increase of
this parameter in the upper zone corresponding to the creaming
of these flocs (Fig. 4b). Depletion flocculation was probably pro-
moted by non-adsorbed biopolymers in the aqueous phase, leading
to an increase in the attractive force between the droplets until it
eventually become large enough to overcome the repulsive inter-
actions between the droplets and cause them to flocculate
(McClements, 2004). The creaming of these flocculated emulsions
was fast and marked which could be due to the large size of these
aggregates and/or flocs. In case of emulsions with 10% (wt/wt)
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NaCas, these systems remained fairly constant in terms of their BS
profiles, showing only a slight decrease during storage which could
be associated with a slow flocculation (Fig. 4c). This high global
stability could be attributed to the restabilization of the emulsion
in the form of a strong particle gel network and their high viscosity,
which hinders the migration of droplets to the top of the tube
(Huck-Iriart et al., 2011). Similar trends were observed by
Dickinson et al. (1997).

In addition, the DCI% of emulsions were calculated at different
storage time. The statistical analysis revealed that NaCas
concentration represented the main significant factor (p 6 0.01)
that affects this index related to the emulsion stability. Fig. 5 shows
that 5% (wt/wt) NaCas emulsions presented the most increase of
this parameter in comparison with the other ones. In contrast,
10% (wt/wt) NaCas emulsions were stable against this
destabilization process during the period studied (p > 0.05). These
facts are in accordance to the experimental results described pre-
viously. A negative statistical correlation (p 6 0.05) was found
between DCI% at the different times and viscosity (g100)
(r = �0.43; �0.45; �0.56 for DCI%10d DCI%20d and DCI%30d, respec-
tively). Thus, an increase in the viscosity produces a decrease in the
particle mobility, resulting in an enhancement of the emulsion
stability.

3.5. Peroxide and p-An values

Regarding the oxidative stability of chia O/W emulsions, the
only highly significant influence on PV values was NaCas concen-
tration (see Table 2). The initial level of lipid hydroperoxides in
emulsions was low, indicating that the emulsification process did
not contribute to increase the hydroperoxide content. Emulsions
formulated with 10% (wt/wt) NaCas presented significantly
(p 6 0.05) higher PV than the other ones which could be associated
with its high particle size. This fact is in agreement with the posi-
tive significant correlation (r = 0.58; p = 0.0029) found between
D [4, 3] and PV. In literature there is no a clear trend on the lipid
oxidation and its relation to the particle size measurements.
Previous studies reported results consistent with those presented
in this work, where the decreasing particle size in fish oil O/W
emulsions decreased lipid oxidation (Nakaya et al., 2005; Let
et al., 2007). However, other works indicated an increase in the rate
of lipid oxidation when droplet diameter decreased and explained
it in terms of an increase in droplet surface and the possibility of an
attack by oxidation inducers such as free radicals or metal ions on
the lipids at the interface (Atarés et al., 2012).

The evolution of PV values for chia O/W emulsions with differ-
ent NaCas content stored at 4 ± 1 �C, 30 d can be seen in Fig. 6. At
the end of storage, PV values were 8.15, 4.50, 2.00 and 1.80 meq
hydroperoxide/kg oil for chia oil and emulsions with 10, 2 and
5% (wt/wt) NaCas, respectively. Chia bulk oil recorded significantly
higher (p 6 0.05) peroxide values than O/W emulsions from the
first week of the refrigerated storage. All systems exhibited lower
levels of primary oxidation by-products than the upper limit
(10 meq hydroperoxide/kg oil) stablished by the Codex
Alimentarius (Codex Alimentarius Commission, 2012) for human
consumption of oils not covered by individual standards.

In the case of secondary oxidation products monitored through
measurements of p-An values no significant effects of the different
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factors investigated in the experimental design were recorded, pre-
senting low levels in all cases (p-An < 1).

These results suggest that emulsions could be a suitable system,
which contribute to increase the oxidative stability of oils for pro-
viding additional protection such as the presence of a droplet
membrane, interaction between ingredients, and partitioning of
ingredients between the oil (O’Dwyer et al., 2013).
4. Conclusions

Chia O/W emulsions were investigated in order to evaluate the
influence of sodium caseinate concentration, the presence of lac-
tose and the homogenizer pressure level on their physicochemical
properties. These factors were very important because affected the
most characteristics studied.
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Chia O/W emulsions presented negatively charged droplets (pH
6.4) with unimodal droplet size distribution being the droplet size
highly dependent on the homogenizer pressure, sodium caseinate
concentration and in a lesser extent of the addition of lactose.

The global stability and rheological properties of chia O/W
emulsions were mainly influenced by sodium caseinate content
and lactose addition. A moderate stability and Newtonian behavior
was exhibited by the chia O/W emulsions stabilized with 2% (wt/
wt) of emulsifier. At 5% (wt/wt) of sodium caseinate, depletion
flocculation was evidenced and emulsions presented a poor stabil-
ity as a consequence of the increase of non-adsorbed emulsifier
and the formation of aggregates. Emulsions formulated with 10%
(wt/wt) of sodium caseinate exhibited a pseudoplastic fluid behav-
ior and showed a high stability by the rearrangement of the aggre-
gates into a firm gel network.

Chia O/W emulsions recorded low levels of primary and sec-
ondary oxidation products during the storage period studied.
Chia bulk oil exhibited higher levels of PV and p-An than emulsified
oil.

The results obtained could suggest that O/W emulsions are a
potential alternative system to improve chia oil stability against
lipid oxidation and at the same time incorporate them into diverse
functional foods.
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