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Abstract

A material with a high content of fibers and proteins is generated as a by-product of the chia oil extraction process. A
strategy to add value to this by-product is to evaluate its possible use as a food ingredient. Thus, using a chia protein-rich
fraction (CPRF) of chia seeds as starting material, albumins, globulins, glutelins, and prolamins fractions were obtained,
characterized, and their emulsifying properties investigated. CPRF covers the essential amino acid requirements suggested
by FAO; protein fractions only cover the requirements for Tre, Tyr and Val. Protein solubility profile for CPRF, globulins
and prolamins was similar, with maximum solubility at pH 9. In contrast, glutelin and albumin fractions showed highest
solubility at pH 5. Oil/Water (O/W) emulsions, using the chia protein fractions as emulsifying agent, were obtained at dif-
ferent pH (3, 5, 7, and 9) in their native and denatured state. The global stability and the destabilization kinetics of these
systems were evaluated by their backscattering profiles. Additionally, the particle size distributions and their D, ; diameter
were determined. The emulsions destabilization occurred mainly by creaming process, with globulins as the fraction that
led to most stable systems. Besides, high pH values improved the stability of emulsions prepared with globulins, glutelins,
and the protein-rich fraction. The heat treatment application only slightly improved the emulsifying activity of the CPRF.
These results indicate that chia protein fractions could be used as food ingredient to improve the amino acid content and the
techno-functional properties of the functional foods.
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Introduction

Chia (Salvia hispanica L.) is an annual and summer crop
that belongs to the Labiatae family and is native to the region
that stretches from the west-central of Mexico to the north
of Guatemala [1, 2]. Its seeds were widely used by Aztecan
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tribes, principally as food and to a lesser extent as medicine.
Since 1991, this crop has been successfully developed in
Argentina, mainly in the northern provinces, becoming a
relevant economic activity [3]. Nowadays it is also grown
in Mexico, Bolivia, Ecuador, and Guatemala.

Chia seed is composed of protein (15-25% w/w), fats
(30-33% w/w), carbohydrates (26—-41% w/w), high die-
tary fiber (18-30% w/w), ash (4—5% w/w), and dry matter
(90-93% w/w). In this regard, chia protein content is higher
than other traditional grains such as wheat (14% w/w), corn
(14% wiw), rice (8.5% w/w), oats (15.3% w/w), and barley
(9.2% w/lw) [4]. It also contains minerals, vitamins, and a
high number of antioxidants including tocopherols, poly-
phenols, and carotenoids [5]. Heavy metal analysis showed
that chia seed contains them at safe levels, not exceeding the
maximum metal levels for food safety, and the seed is also
free from mycotoxins. Another relevant feature of chia seed
is that it does not contain gluten [6].

In the last decade chia seed became an attractive ingredi-
ent for health food market mainly because it is the highest
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vegetable source of omega-3 fatty acids (0-3 FAs) known
today. However, the oilseed industry generates by-products
(cakes and flours) with a high content of fibers and proteins,
after obtaining the oil from the chia seed. These by-products
are intended mainly in animal feed, generating low economic
and social returns. An alternative for the revaluation of these
resources is the application of modern technologies that add
value for the transformation to products with properties that
allow their use in human nutrition.

On the other hand, the increased demand for functional
foods, pharmaceutical and cosmetic ingredients, obtained
from vegetal sources, determined an increment of the inter-
est to produce purified protein derivates of vegetal origin,
such as concentrates, isolates, and hydrolysates [7]. Proteins
are often used as food ingredients for their functional prop-
erties and/or to impart certain specific characteristics to the
final product. In the case of emulsification widely utilized in
the food industry to obtain products like mayonnaise, cream,
sauces, desserts, comminuted meat products and some bev-
erages the most important foods emulsifiers are proteins [8].
They have both hydrophilic and hydrophobic regions and
can be adsorbed at the oil-water interface where they unfold
making the system thermodynamically more stable. These
properties are intrinsic physicochemical characteristics,
which affect the behavior of proteins in food system dur-
ing processing, manufacturing, storage, and preparation [9].
Therefore, the technological uses of chia proteins depend
largely on the functional and physicochemical properties,
which are necessary for their successful incorporation into
food systems.

In literature several works are available related to the
extraction process, amino acid composition, characteriza-
tion, techno-functionality and some functional attributes
such as foaming capacity and water/oil holding capacity of
chia seed proteins [4, 10—12]. However, the functional and
emulsifying properties of chia proteins and their fractions
are have just begun to be studied.

For the above mentioned, the objective of this study was
to evaluate the functional properties and emulsifying poten-
tial of chia (Salvia hispanica) protein fractions (albumins,
globulins, prolamins and glutelins). The effects of thermal
induced denaturation and pH level were also analyzed.

Materials and methods
Materials

Chia (Salvia hispanica L.) seeds were obtained from a local
market in the State of Yucatan, Mexico. All reagents used were
analytical grade and purchased from J.T. Baker (Phillipsburg,
NJ, USA), Sigma (Sigma Chemical Co., St. Louis, MO, USA),

Merck (Darmstadt, Germany), and Bio-Rad (Bio-Rad Labo-
ratories, Inc. Hercules, CA, USA).

Preparation of chia protein fraction and isolates
Preparation of chia protein-rich fraction (CPRF)

The chia protein rich fraction (CPRF) was obtained by dry
processing using the method proposed by Vazquez-Ovando
et al. [10] with some modifications. Briefly, impurities, dam-
aged seeds, and others residue materials were removed from
chia seeds, used as starting material. The remaining seeds were
milled using a laboratory mill to mesh size 60 (Thomas-Wiley,
Model 4, Thomas Scientific, USA). Then, from milled seeds,
a first oil extraction with n-hexane was carried out in a Frie-
drich system using four refluxes of 80 min each. The partially
defatted material was milled to pass through a 1 mm screen
and then a second oil extraction was done. Finally, CPRF
was obtained from the milling and passing through a 0.5 mm
screen of the defatted material. Proximate composition of
CPRF was determined using official AOAC procedures [13]:
nitrogen (method 954.01), fat (920.39), ash (923.03); fiber
(962.09) and moisture (925.09). Protein content was calculated
as nitrogen X 6.25, and carbohydrate content was estimated as
nitrogen-free extract (NFE).

Preparation of different chia protein isolate (CPls)

Fractionation of chia proteins was carried out according to
the Osborne classification using a modification of the method
reported by Vazquez-Ovando et al. [10]. Briefly, a suspen-
sion of CPRF 10% w/v in distilled water was stirred during
2hat4=+0.5 °C and centrifuged at 10,000 rpm for 30 min at
4+0.5 °C. The supernatant phase was designated albumin-rich
isolate (A) while the pellet one was resuspended in 10 mL of
10% w/w NaCl solution. After centrifugation, the supernatant
was separated and referred to as chia globulin isolate (Glo)
while the pellet was resuspended in 10 mL of a 70% w/v aque-
ous isopropanol solution and extracted under constant stirring.
The resulting supernatant phase was the prolamin isolate (P)
and finally, the pellet was resuspended in 10 mL of a 0.1 M
NaOH solution. After centrifugation, the supernatant consists
in glutelins isolate (Glu), and the pellet was the final residue.
After the extractions, the residue was oven-dried (6 h, 90 °C)
and the CPIs supernatants obtained were freeze-dried and
stored at 4 +0.5 °C for further analysis.

Characterization of CPRF and CPlIs
Electrophoretic pattern

The electrophoretic pattern of CPRF and the CPIs were
determined according to Schigger [14] method by sodium
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dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) using 15% (w/v) resolving polyacrylamide gel. Sam-
ples were dissolved at 2 mg/mL in distilled water, diluted
to a final concentration of 1 mg/mL with buffer containing
B-mercaptoethanol, and heated to 85 °C for 10 min. Ten
microliters of each sample solution and molecular weight
markers, containing low-molecular-weight peptides and
high-molecular-weight proteins, were loaded onto the gel.
The analysis was run at a constant current of 25 mA. The
gel was silver-stained and de-stained according to methods
described in Sgrensen et al. [15]. Destained gels were ana-
lyzed using a GelDoc photo documenter (Bio Rad, Chemi-
Doc XRS +system). Precision Plus Protein™ Dual Xtra
Prestained Protein Standards, which contains 12 recombi-
nant proteins (2-250 kD), were used as molecular weight
markers.

Amino acid composition

The amino acid composition of CPRF and CPIs was deter-
mined by high-resolution liquid chromatography [16] To this
end, 4 mg of each sample were treated with 4 mL of HCI
6.0 N, placed in hydrolysis tubes and gassed with nitrogen at
110 °C for 24 h. They were then dried in a rotavapor (Biichi,
Rotavapor R-215, Flawil, Switzerland) and suspended in
sodium borate buffer (1.0 M, pH 9.0). Derivatization was
performed at 50 °C using diethyl ethoxymethylenemalonate.
Amino acids were separated using HPLC with a reversed-
phase column (300X 3.9 mm, Nova Pack C18, 4 mm;
Waters), and a binary gradient system with sodium acetate
containing 25 mM (A) 0.02 g/L sodium azide at pH 6.0, and
(B) acetonitrile as solvent. The flow-rate was 0.9 mL/min,
and the elution gradient was: time 0.0-3.0 min, linear gradi-
ent A:B (91:9) to A:B (86:14); time 3.0—13.0 min, elution
with A:B (86:14); time 13.0-30.0 min, linear gradient A:B
(86:14) to A:B (69:31); time 30.0-35.0 min, elution with
A:B (69:31). Determinations were made in triplicate.

Solubility

Solubility of the CPRF and CPIs between pH 3 to 9 was
determined following the procedure of Bora [17]. Briefly, a
total of 100 mg of each sample was dispersed in 20 mL of
distilled water. The solutions were adjusted at different pH
levels with NaOH 0.1 M or HC1 0.1 M and stirred for 30 min
at 25 °C and centrifuged at 4320x g for 30 min. The superna-
tant was analyzed for nitrogen using the AOAC [13] method
954.01. Determinations were made in duplicate.

Surface hydrophobicity

Surface hydrophobicity was determined using 1-anilino-
8-naphthalene-sulfonate (ANS) as fluorescence probe [18].
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Each sample was suspended in phosphate buffer (0.1 M, pH
7) at a concentration of 4 mg/mL at room temperature, with
occasional stirring for 30 min. The suspension was centri-
fuged at 10,000xg for 30 min. Serial dilutions of the super-
natant were made with the same buffer at a concentration
range of 0.04—4 mg/mL. To 2 mL of protein solution, 40 pL
of ANS solution (8 mmol/L in 0.1 mol/L, pH 7.0, phos-
phate buffer) was added. Fluorescence intensity (FI) was
measured at 365 nm (excitation) and 484 nm (emission) on
a Fluorescence Spectrophotometer (Varian Inc., Palo Alto,
CA, USA). A plot of the initial slope of FI compared to the
protein concentration plot was taken as an index of surface
hydrophobicity.

Emulsifying properties of CPRF and CPls
Preparation of O/W emulsions

Chia protein-rich fraction and the CPIs were dispersed into
distilled water at a concentration of 0.04 g/mL and stirred for
approximately 2 h. The pH of the different dispersions, used
as aqueous phases, was adjusted to 3, 5, 7 and 9. Also, to
study the effect of denaturation process, a volume of CPRF
and the different CPIs dispersions were heating at 100 °C
for 15 min with a further cooling in a water bath at 20 °C.
Finally, the O/W emulsions (25:75 w/w) were prepared at
room temperature (25 °C) by homogenization of refined sun-
flower oil (oil phase) and the different chia protein disper-
sions (aqueous phases) with an Ultra-Turrax T-25 (Janke
and Kunkel, IKA-Labortechnik, Germany) using S 25N-10
G dispersing tool at 25,000 rpm for 1 min. Tests were done
in duplicate.

Optical characterization

The optical characterization of O/W emulsions was car-
ried out using a Vertical Scan Analyzer Quick-Scan (Beck-
man—Coulter Inc., USA). This equipment allows making
a sweep of the emulsion along the tube of measurement,
obtaining profiles of the percentage of backscattering (%BS)
of monochromatic light (A=850 nm) vs. the height of the
sample tube (ca. 65 mm). Thus, all emulsions immediately
after homogenization were optically characterized. Also,
curves of back scattering (BS %) with an interval of 1 min
as a function of the sample height (in mm) were obtained.
The measurements were done in duplicate.

Kinetics of destabilization

Destabilization kinetics was followed by measuring the
mean values of BS of peaks as a function of time for a given
zone in the sample. Droplet migration kinetics such as
creaming, was evaluated by the peak thickness variation at
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a threshold value. Initial backscattering (BS,) and creaming
kinetics were recorded plotting the mean values of backscat-
tering as a function of time at the bottom (zone 10-30 mm)
in duplicate.

Particle size

Particle size distribution (PDS) and De Brouker mean diam-
eter (D, ;) of the emulsions were determined immediately
after their preparation with a particle size analyzer Malvern
Mastersizer 2000E (Malvern Instruments, Worcestershire,
UK). Samples were diluted in the water bath of the disper-
sion system (Hydro 2000MU), which is a laser diffraction-
based particle size analyzer [19]. The measurement range
was 0.1-1000 um. The refractive indices of sunflower oil
(1.47) as particle, and water (1.33) as dispersant, were used
for the oil and water, respectively. This determination was
carried out in triplicate.

Statistical analysis

Obtained data were subjected to analysis of variance
ANOVA (95% level of confidence). Differences among
means were determined using the Duncan multiple range
test (95% level of confidence) [20]. Statistical analysis was
performed using the Statgraphics Centurion software (Ver-
sion XV.II for Windows, Manugistics Inc., USA).

Results and discussion
Characterization of CPRF and CPIs

The CPRF was obtained from chia seeds with a procedure
yield of 180.55 g/kg, value similar to that (186.5 g/kg) pub-
lished by Silva et al. [21]. Besides, the protein and crude
fiber contents of this protein-rich fraction were 45.0 and
11.4% on dry weight basis, respectively. This high protein
content indicated a concentration of these macronutrients,
from about 24.6% in the seed [11], however some of the non-
protein components remaining during the dry fractionation
process. Also, other advantage highlights are the simplicity
of this method, as well as the lack of effluent production.
Based on differential solubility criteria, four protein
fractions could be extracted from CPRF. Globulins were
the most abundant fraction (64.86%), followed by glute-
lins (20.21%), albumins (10.89%) and prolamins (4.04%).
These protein fraction values are similar to those reported by
Sandoval-Oliveros and Paredes-Lopez [4] and to other seeds
such as cotton, peas and beans [22]. Salt concentrations, type
of alcohol and the denaturant agents used varied, causing
differences for protein solubilized in each case. On the other
hand, Olivos-Lugo et al. [11] have reported a significantly

different proportion of fractions in Mexican chia seeds, with
prolamins and glutelins being the most abundant fractions.
They found not only different proportions of each fraction,
but also a 12.3% of completely insoluble protein. In our
opinion, these differences in solubility could be attributed
to the different methods applied to obtain the defatted flour,
as pointed out above.

Electrophoretic pattern

Molecular weight of proteins from CPRF and protein frac-
tions under denaturing conditions is shown in Fig. 1. Globu-
lins were the main protein fraction that contains the major
proportion of protein bands (8), followed by glutelins (7),
albumins (5) and prolamins (4). Albumins and globulins
showed protein profiles similar than oat albumins [23] and
globulins from soybeans [24], respectively. Glutelins and
prolamins showed patterns similar to those from Amaranthus
blitum [25] and barley [26]. There were eight main polypep-
tides in CPRF with the estimated molecular weight (MW)
that ranged between 8 and 60 kDa (Table 1). For the albu-
min fraction, no bands of 37, 50 and 60 kDa are observed.
Globulin and glutelin fractions, showed a pattern similar to
that of CPFR. For prolamin fraction only four bands were
observed whose molecular weights ranged between 8 and
14 kDa. In general, electrophoretic patterns and molecular
weights of protein fractions coincide with those reported by
other authors [4, 27].

Amino acid composition

Amino acid composition for CPRF and protein fractions is
presented in Table 2. Taking into account the FAO/WHO
[28] recommended pattern, it appeared that the CPRF
essential amino acids content was higher than the val-
ues recommended for a pre-school child (2-5 years old),

Table 1 CPRF and CPIs molecular weight profiles (kDa)

MWM CPRF A Glo Glu P
250 60 25 60 60 14
75 50 20 48 50 12
50 37 18 32 48 10
37 25 15 28 32 8
25 22 8 20 28

20 18 18 20

15 16 16 8

10 8 8

5

MWM molecular weight marker, A albumins, Glo globulins, Glu glu-
telins, P prolamins, CPRF chia protein rich fraction
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Fig. 1 Molecular weight profiles of chia protein rich fraction and
protein fractions obtained according Osborne classification. Lane 1:
molecular weight marker. Lane 2: protein rich fraction. Lane 3: albu-
mins. Lane 4: globulins. Lane 5: glutenins. Lane 6: prolamins

except for lysine, which is the limiting amino acid with
values of 5.00 g/100 g protein. The decrease of the lysine
levels in the CPRF and its fractions is probably due to its
interaction with other components during oil extraction.

Albumin fraction exhibited high contents of Tre, Trp and
Val, but does not meet the requirements for the rest of the
essential amino acids. Globulins and glutelins presented
high content of Tre, Trp, and Val, does not contain sulfur
amino acid, and does not meet the requirements for the rest
of the essential amino acids. Prolamins does not contain sul-
fur amino acid and does not meet the requirements of essen-
tial amino acids. Despite of the deficiency of lysine, results
of amino acid composition indicate that CPRF could be a
good resource of essential amino acids for adults. Therefore,
chia protein fractions could be considered as a good resource
of vegetable proteins.

Chia seeds exhibit a high content of sulfur, aspartic, and
glutamic amino acids. The high level of aspartic and glu-
tamic acids is of interest to the food industry due to the role
they play in hormonal regulation and immunological stim-
ulation, respectively. The contribution of essential amino
acids by chia proteins provides 100% of the requirements of
sulfur amino acids suggested by the FAO/WHO.

The average hydrophobic value of the protein rich frac-
tion and its fractions was calculated according to the hydro-
phobic value of each amino acid suggested by Tossavainen
et al. [29]. This value increased from 3.10 to 11.76 kJ/
mol. These results suggested that Globulins and Glutelins
could be the most non-polar fractions. In contrast, protein
rich fraction and prolamins showed the lowest hydrophobic

Table 2 Comparison of amino

; . Amino acid CPRF A Glo Glu P FAO/WHO essential
aC}d content (g of amino amino acid require-
acid/ ?00. gof prohtem) of F:hla ments
protein rich fraction and its
protein fractions Preschool Adults

Phe + Tyr 11.30 3.63 1.17 2.34 0.26 6.3 1.9
Ile 3.20 1.65 0.70 1.09 0.11 2.8 1.3
Leu 6.95 3.04 1.36 227 0.18 6.6 1.9
Lys 5.00 4.07 1.45 2.34 2.61 5.8 1.6
Met + Cys 5.53 1.93 ND ND ND 2.5 1.7
Tre 3.90 14.34 8.95 12.98 1.34 34 0.9
Trp 0.80 0.97 6.75 4.76 ND 0.8 0.5
Val 4.60 7.86 8.01 8.97 ND 35 1.3
Glu 19.20 17.91 14.72 11.69 87.92

Asp 9.35 11.01 6.50 13.82 2.96

Ala 5.00 3.68 2.60 2.60 0.09

Arg 10.60 7.97 19.92 8.86 1.35

Gly 4.95 6.60 ND ND ND

His 2.70 ND ND ND 1.92

Pro 4.05 ND ND ND ND

Ser 6.30 15.34 27.32 27.89 1.27

Average hydrophobic ~ 3.89 7.33 11.49 11.76 3.10

value (kJ/mol)

Average hydrophobicity values according to Tossavainen et al. [29]

A albumins, Glo globulins, Glu glutelins, P prolamins, CPRF chia protein rich fraction ND not determined
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values. Manifestations of this hydrophobic effect are evident
in many facets of protein structure. These include stabiliza-
tion of protein globular structure in solution, the presence
of amphipathic structures induced in peptides or membrane
proteins in lipid environments, and protein—protein interac-
tions [30].

Protein solubility

Protein solubility is a physicochemical property that criti-
cally affects texture, color and sensory properties of prod-
ucts, including emulsifying, foaming and gel forming
properties. In many protein-based formulations such as
emulsions, foams and gels, good protein solubility is usu-
ally required [9]. Solubility of proteins depends on numerous
factors such as amino acid composition, pH, presence of
salts, interaction with other matrix components and dena-
turation [31]. The protein solubility profiles of chia protein
fraction as a function of pH are shown in Fig. 2. CPRF as
well as prolamins and globulins fractions recorded their
lower solubility at pH 5. Out of this value, the solubility
gradually increased by reaching maximum values at pH 9.
In contrast, glutelin showed their highest solubility at pH 5.

Surface hydrophobicity

The surface hydrophobicity (H,) value is indicative of high
solubility, negligible aggregation, and prospect for exposure
of hydrophobic components that are otherwise buried inside
the globular structure of the protein due to denaturation.
The surface hydrophobicity value of albumins, globulins,
prolamins and glutelins was 68.67, 174.50, 145.41 and
116.81, respectively. The results showed that H,, of globu-
lins (174.50) in the present study was significantly higher
(p <0.05) than those of albumins, prolamins, and glutelins;
whilst prolamins had a higher H;, (145.41) compared to glu-
telins (116.81) and albumins (68.67). Significant changes
occurred on the H; of chia protein fractions due to the
isolation procedures. Solubilization in saline solution and

aqueous isopropyl solution indicated the hydrophobicity of
globulins and prolamins. Generally, high H,, is considered a
contributing factor to higher protein foaming capacity where
this property is needed for a specific food product applica-
tion [32].

Emulsifying properties of CPRF and CPls

Physicochemical properties of O/W emulsions systems pre-
pared with chia protein fractions at different pH levels, in
their native and denatured state, were studied. In this sense,
their backscattering (BS) profiles as a function of the time
were obtained to study the global stability. Additionally, the
particle size distributions (PSDs) and the mean diameters
(D, 3) of the stable O/W emulsions were determined imme-
diately after their preparation.

Optical characterization of O/W emulsions

The backscattering profiles (%BS vs. tube height) of the dif-
ferent emulsions were determined immediately after their
preparation, by scanning every minute for 1 h (Fig. 3). From
these BS profiles, the average values of initial BS along the
entire tube (BS,,, from BS profile at t=0) were calculated,
resulting in about 51, 52, 36, and 42% for albumins, globu-
lins, and glutelins, prolamins, and CPRF systems, respec-
tively. Since at the initial time the PSD of an emulsion is
homogeneous, it is possible to associate their BS with the
mean droplet diameter. BS,,, tends to decrease with increas-
ing D, values. Furthermore, considering the incident wave-
length (A=0.8 pm), it is expected that the BS flow increases
when D, ; <) and decreases when D, ;> A [33]. Thus, the
significant (p <0.05) lower BS,,, values of prolamins and
CPRF emulsions in contrast to globulins, albumins, and
glutelins systems could be due to their larger droplet sizes,
which resulted higher than A.

In the case of O/W emulsions using proteins as the
only emulsifying agent, in low levels, and under quiescent
conditions, coalescence becomes a slower destabilization

Fig.2 Protein solubility profile 15
of chia protein rich fraction and = oA
fractions obtained according to [S
Osborne classification. A albu- =)
min, Pprolamins, Glu glutelins, é 1
Glo globulins, CPRF chia c
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Fig.3 Changes in BS profiles as a function of the tube length
(0-6.5 cm) and the storage time (0—60 min) in quiescent conditions
for O/W emulsion prepared with albumins (pH 3, 5, 7) (a—c); globu-

mechanism than creaming and flocculation [34]. In accord-
ance with this assumption, all emulsions studied recorded
mainly destabilization by creaming. This process was
evidenced by a decrease of the %BS at the bottom of the
measuring tube as well as a simultaneous increase of this
parameter at the top, because of the oil droplets migration
(diagonal arrow Fig. 3b). This movement to the upper part
of the measuring tube is mainly related to the lower oil den-
sity in comparison to the aqueous phase [35]. It also was
observed in some emulsions, destabilization by a combina-
tion of creaming and flocculation processes. Flocculation
was detected through the BS, , reduction along the entire
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lins (pH 3, 7, 9) (d-f); glutelins (pH 5, 7, 9) (g-i); prolamins (pH 3,
7,9) (j-1); and CPRF (pH 3,5.7) (m—o)

measuring tube because of the particle size increase due to
the flocs formation (vertical arrow Fig. 3b).

The effect of pH on the stability of the different emul-
sions showed a similar trend that those discussed previ-
ously for the solubility results. Emulsions stabilized with
globulins exhibited the highest stability, especially at pH
7 and 9 (Fig. 3e, f). However, when the emulsions were
prepared at pH 5 they were unstable (data not shown),
which could be associated with the minimum solubility
of globulins at this pH level. In a similar way, when emul-
sions were prepared using chia glutelin fraction, a higher
stability was found for pH 7 and 9 (Fig. 3h, i). In both
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cases, systems with globulins and glutelins, presented
destabilization by creaming mechanism for all pH levels
investigated.

For albumin systems, it was observed the destabilization
by creaming and flocculation processes, mainly noticeable at
pH levels of 5 and 7 (Fig. 3a, ¢). These emulsions evidenced
a moderated global stability showing an improvement of it
when the values of pH were 5 and 7.

When emulsions were prepared using prolamins
(Fig. 3j-1) or CPRF (Fig. 3m-o), the BS,,, were low, coin-
ciding with the poor solubility of these fractions with respect
to the other CPIs studied, specially globulins and albumins.
Besides, these fractions led to emulsions with the lowest
global stability, recording destabilization through both
creaming and flocculation mechanisms. In the latter case,
the BS% decreased at the bottom and middle of the sample
tube due to the formation of aggregates and/or flocs with a
simultaneous increase of this parameter at the upper zone
corresponding to the creaming of these flocs (vertical arrow
Fig. 3b). The destabilization of these flocculated emulsions
was fast and marked which could be due to the large size of
these aggregates and/or flocs. The stability of these systems
improved in an alkaline medium, which would be associated
with a higher solubility of these fractions.

time (min)

0 10 20 30 40 50 60
time (min)

Surface hydrophobicity, electrical charges and surface
activity are important factors that modify colloidal inter-
actions among oil droplets. In particular, high solubility is
known to be necessary for rapid migration to the oil-in-water
interface [36, 37].

Regarding the heat treatment applied to the chia protein
fractions, it did not produce a significant influence on the
global stability of the emulsions, except for the systems with
globulins and CPRF in which was slight increased (data not
shown).

Kinetics of destabilization

Figure 4 shows the destabilization kinetics of the O/W emul-
sions measured by the mean %BS,, decrease as a function of
time at the zone of the tube ranging from 10 to 15 mm and
different pH. In acid conditions (pH 3), the creaming kinetics
of emulsions with globulins, albumins, and CPRF were stud-
ied (Fig. 4a), while those made with prolamins and glutelins
resulted in very unstable systems (data not shown). Firstly, a
marked diminution of %BS,, as a function of time for CPRF
emulsion was observed. The creaming kinetic curve corre-
sponding to albumin system descended until a constant value
in approximately 13 min. In the case of globulin system, it

0 10 20 30 40 50 60
time (min)

time (min)

Fig.4 Kinetics of destabilization corresponding to O/W emulsion with different chia protein fractions albumins (dashed dotted line), globulins
(solid line), glutelins (small dashed line), prolamins (large dashed line), and CPRF (dotted line) at pH 3 (a), 5 (b), 7 (¢), and 9 (d)
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showed a progressive decrease of their %BS,,, exhibiting the
highest global stability at this pH level.

At pH 5, destabilization kinetics of albumins, glutelins
and CPRF were recorded (Fig. 4b). In all cases, the kinetics
curves had a sharp decline. Systems with CPRF and glute-
lins showed an initial decrease of BS,, up to~2 and ~7 min,
respectively. Emulsions with albumins recorded the slower
destabilization process, which is coincident with the solubil-
ity of these fractions.

When emulsions were prepared at pH 7, the time needed
to reach the minimum value of BS,, increased because of
the enhancement of their global stability (Fig. 4c). In this
sense, glutelins and globulins exhibited the slower creaming
velocity. CPRF emulsions not could be measured due its low
stability at this pH condition.

Destabilization kinetics of globulins, glutelins and prol-
amins at pH 9 are presented in Fig. 4d. As can be seen,
globulins recorded the minor variation of BS,, values as a
function of the time assayed. This fact could be attributed to
the upward movement of the droplets due to the formation
of cream at the top of the measuring tube.

In general, the effect of the pH on the destabilization
kinetics of emulsions was in agreement with the solubility
and hydrophobicity results.

Particle size
Figure 5 shows the PSDs, as a function of % Volume, cor-

responding to the emulsions with CPRF and the differ-
ent CPIs however, those systems which presented poor

stability at some pH levels are not shown. Besides, the
D, ; diameters corresponding to the different emulsions
analyzed as a function of pH and the application of heat
treatment were determined.

Systems with CPRF resulted in monomodal PSD
curves at pH 3 and 5, and bimodal shift to the left when
the pH was 7 (Fig. 5a). Additionally, these systems pre-
sented higher droplet diameters at pH 3 (97.04 +0.34 um)
and 5 (159.34 +0.28 um) than at neutral conditions
(42.07 £0.03 pm), which agree with the low solubility
associated with this fraction at these pH levels.

Globulins presented similar trimodal PSDs at pH 7 and
9, with D, ; values of 42.45 +0.27 and 32.01 +1.02 pm,
respectively (Fig. 5b). When the pH was 3, emulsions
exhibited bimodal PSD with a shift towards larger particle
sizes and a D, 5 value of 46.20+1.01 pm. At pH 5, it was
not possible to determine the particle size due to the low
stability of the emulsion.

For all emulsions with albumins, the recorded PSDs
were bimodal. The distributions curves corresponding to
pH 5 and 7 were similar, but in a more acidic medium
the curve shifted toward to higher particles sizes. In all
cases, two droplets populations could be differenced; a
major population of smaller volume % (about 2—10 pm)
and a minor one with greater level of this parameter (10
to 100 um) (Fig. 5¢). The corresponding D, ; for albu-
min systems at pH levels of 3, 5, and 7 were 56.55 +0.47,
40.30+ 1.35, and 44.09 +0.13, respectively. Because of
the low stability of these type of emulsions at pH 9, the
PSD could not be determined.
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Fig.5 Particle size distribution of O/W emulsions obtained in an Ultraturrax homogenizer with the addition of CPRF (a) and CPIs: Globulins
(b), Albumins (c), Glutelins (d), and Prolamins (e) at pH 3 (dotted line), 5 (small dashed line), 7 (dashed dotted line), and 9 (solid line)
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Emulsions with glutelins at pH 7 and 9 recorded tri-
modal PSD and mean diameters of 41.50+0.63 and
34.59 +1.09 um, respectively. The emulsions prepared with
this fraction at pH 3 and 5 exhibited a monomodal PSD with
droplets of major volume 71.05+1.21 and 54.77 +0.46 um,
respectively (Fig. 5d).

Regarding prolamins, all systems showed a very simi-
lar monomodal PSD curves (Fig. Se). Peaks corresponding
to neutral pH value were located on larger droplets sizes
respect to pH 9. The mean droplet diameters of these sys-
tems were larger than those prepared with the other frac-
tions, resulting in 113.88 +1.28 and 86.71 +1.81 ym at pH
7 and 9, respectively. In this case, the other pH levels did
not produce stable systems thus, the droplet size could not
be measured.

In general, at the different pH levels investigated, glob-
ulins and albumins exhibited the smaller particles size in
comparison to the other fractions. In these emulsions the
effect of pH on the mean diameter D, ; did not show impor-
tant changes.

Denaturation of CPRF and different CPIs allowed obtain-
ing emulsions with D, ; similar to native ones (data not
shown). Only systems with albumin slightly improved their
emulsifying properties with heat treatment.

Conclusions

A dry fractionation process was used to obtain a protein
rich fraction from Salvia hispanica seeds. Different protein
fractions (albumins, globulins, glutelins, and prolamins)
were obtained from the protein-rich fraction by solubility
gradient, with globulins being the predominant fraction
(64.86%). The protein-rich fraction had an important con-
tent of essential sulfur amino acids, although it is limited
in lysine and tryptophan. The solubility of the protein-rich
fraction, globulins, and prolamins were similar, present-
ing their maximum solubility at high pH values (7 and
9). Emulsions stabilized with the CPRF and CPIs were
obtained at different pH levels. The global destabilization
of these systems and their kinetics were studied through
the backscattering method. In most cases, emulsions
recorded destabilization through creaming mechanism.
However, albumin, prolamins, and CPRF evidenced a
destabilization process by a creaming and flocculation
combination. High pH values (7 and 9) led to the high-
est stability for emulsions with globulins and glutelins,
evidencing the slowest destabilization kinetic. In general,
the droplets mean diameters D, ; resulted in the range of
30-150 pm, which also could be associated with each
protein fraction solubility at the different pH conditions.
The above described results indicate that chia (Salvia his-
panica L.) proteins contain fractions capable of forming

and stabilizing O/W emulsions, mainly globulins, glutelins
at pH 7 and 9, and albumins at pH 5. Thus, chia proteins
fractions could be used to improve the amino acid con-
tent and the techno-functional properties of enriched and
functional foods.
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