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Highlights

e Chia proteins were isolated from defatted milled seeds at pH 10 (CPI110) or 12
(CPI12)

e The interfacial behavior of these isolates was related to their extraction
conditions

e Foams from CPI10 were more stable due to the formation of a thicker interfacial
film

e CPI10 showed a greater ability to retard liquid drainage

e CPI12 showed better emulsifying properties whereas poorer foaming properties

Abstract

Chia proteins were extracted by solubilisation at pH 10 or 12 and precipitated at pH 4.5.
Isolates were named as CPI110 and CPI112, according to their extraction pH, 10 or 12,
respectively. The surface properties of both isolates were studied at neutral conditions.

Foams were formed by air bubbling and both the formation and destabilization processes



were analysed by conductimetry. The extraction pH significantly affected the interfacial
properties of chia proteins. The higher surface hydrophobicity in CPI10 led to more
flexible proteins with improved foaming properties. Foams formed by CPI110 were more
stable than those by CP112 due to the formation of a thicker interfacial film, which meant
a greater ability to retard liquid drainage. Freshly-made coarse emulsions stabilized with
CPI112 showed a lower mean droplet size and a significantly lower degree of overall
destabilization than those stabilized with CPI110. None of the two emulsions showed

flocculating effect.

KEYWORDS: chia protein isolates; interfacial properties.



1. Introduction

The partial displacement of animal proteins is undoubtedly conducted by vegetable
proteins, which have emerged as a promising source of high-quality proteins [1]. The
increasing demand for plant proteins is based on their low production cost, high
availability in nature and the enhanced consumers’ preference for healthy ingredients.
Protein isolates or concentrates are therefore used to replace meat or milk proteins in
many processed foods [2]. In this context, chia proteins have regained central importance

in recent years due to their potential from both health and nutritional standpoints [3].

Proteins play an essential role as surfactants in food dispersed systems, e.g. foams and
emulsions. Their surface activity depends mainly on the physical, chemical and
conformational characteristics of proteins, which are affected by extrinsic factors such as
temperature, ionic strength and pH [4]. Thus, the way by which proteins are extracted
from seeds becomes essential to determine their structural properties and the consequent

functional properties of the obtained isolates.

The effect of the extraction conditions on the structural properties of chia protein
isolates (CPI) has recently been demonstrated [5]. These isolates showed desirable
functional properties for use in the food industry [6]. Other studies have reported the
ability of chia proteins to form foams and emulsions [2,7,8], although the underlying

mechanisms of such foaming and emulsifying properties have not yet been studied.

The aim of this work was to analyze the effect of the extraction conditions (pH 10 or
12) of chia proteins on their ability to form and stabilize foams and emulsions at neutral
pH. CPI behavior at the air/water interface has been characterized in order to evaluate the

suitability of these isolates in the development of food products.

2. Materials and methods



2.1. Materials

Milled and partially defatted chia seeds were purchased at a local market (Sturla

S.R.L, Buenos Aires, Argentina).

2.2. Methods

2.2.1. Preparation of chia protein isolates

Chia protein isolates (CPI) were obtained through isoelectric precipitation. Two
different conditions were assayed with the aim of studying the effect of extraction pH on
the surface properties [5]. Milled and partially defatted chia seeds were hydrated with
distilled water (1:20) and stirred for 30 min. After centrifugation for 15 min at 10000 g,
the intermediate mucilaginous phase was removed. The upper and bottom phases were
mixed, and the pH of this slurry was adjusted to pH 10 or 12 with NaOH 1 mol/L under
stirring for 1 h. Proteins were recovered in the supernatant after centrifugation for 15 min
at 10000 g and they were precipitated at pH 4.5 with HCI 1 mol/L. This slurry was kept
stirring for 1 h and then centrifuged for 15 min at 10000 g in order to recover the
precipitated proteins. Proteins were dispersed in distilled water at pH 10 or 12 with NaOH
1 mol/L. Samples were freeze-dried and are referred to as CP110 or CP112, according to

their extraction pH (10 or 12, respectively).

2.2.2. Protein solubility

The contents of crude protein in both isolates had already been determined by the
Kjeldahl procedure and were 78.2 and 77.5 % for CP110 and CPI112, respectively [5].

Protein solubility was determined in the pH range of 2-10. The dispersions of both
isolates were prepared at 10 g/L in distilled water and the pH was adjusted with NaOH or
HCI 1 mol/L. Samples were stirred for 1 h and then centrifuged for 15 min at 10000 g.

The concentration of soluble protein in the supernatant was determined by the



bicinchoninic acid assay method [9]. Protein solubility was expressed as a percentage of
the total protein. The same procedure was carried out to evaluate the protein solubility in
buffer phosphate 0.01 mol/L at pH 7 with ionic strength (1) fixed at 0.022 mol/L with
NacCl.

2.2.3. Sample preparation

CPI110 and CPI12 were dispersed in buffer phosphate 0.01 mol/L (1=0.022 mol/L)
at pH 7 and kept stirring for 1 h. Then, samples were centrifuged at 10000 g for 15 min
S0 as to obtain a final concentration of 1 g/L of soluble protein. This concentration enabled
a proper study of the kinetics of formation and destabilization of foams and emulsions in

the period of time analyzed.

2.2.4. Interfacial and rheological properties of the air/water interface

The adsorption of chia proteins to the interfaces and their subsequent
rearrangement were determined using a dynamic drop tensiometer (Tracker, IT-Concept,
Saint-Clementtes Places, France). Three milliliters of the protein suspensions prepared
according to Section 2.2.3. were located in the bucket of the tensiometer and a 3 pL
bubble of air was formed from the tensiometer syringe. Surface tension (y) data as a
function of time were adjusted with a biphasic first order equation [10]:

y()=yae @+ yre X+ y. (Equation 1)
where ka and kr are the first order rate constants of the adsorption and
rearrangement processes, and ya and yr are their amplitudes, respectively. yeis the surface
tension at equilibrium.

The interfacial tension was measured for 120 min, until equilibrium was reached.

At this moment, the surface dilational modulus (E) and its elastic and viscous components

(Eq and Ey, respectively) were determined. The amplitude and angular frequency were



fixed at 10 % and 200 Hz, respectively. Temperature was fixed throughout the experiment

at 20 °C.

2.2.5. Study of chia proteins at the air-water interface
2.2.5.1. Foam formation and destabilization

The foaming properties of chia proteins were determined by conductimetry
[4,11]. Briefly, foams were formed by means of air bubbling through a G2 type sintered
glass disk in a column containing 10 mL of the protein solution prepared according to
Section 2.2.3 until a volume of 60 mL of foam was formed. The flow rate was fixed at
100 mL/min.

Conductimetry values, measured as a function of time, were used to calculate
the volume of liquid incorporated into the foam. As it has been previously described by
Warner et al., this methodology allows the study of the formation of foams by means of
the analysis of the volume of liquid incorporated into the foam vs time plot [12]. The
initial rate of the liquid incorporated into the foam (vo) was determined in order to
evaluate the foaming capacity of both CPI.

The kinetics of foam destabilization was also studied based on the application
of a second order model [10]:

V()= V@ kgt / (Vg?Kgt +1) + Vi kat / (Va? Kat +1) (Equation 2)

where kg and Vq are the rate constant and the maximum volume of liquid drained in the
foam associated with gravitational drainage, respectively. kq and Vg are the rate constant
and the maximum volume of liquid drained in the foam associated with gas diffusion or

disproportionation processes, respectively.



According to Equation 2, it is reasonable to consider the destabilization process
due to the contribution of two different processes for liquid drainage; one because of
drainage itself and the other one due to Ostwald’s ripening.

2.2.6. Study of chia proteins at the oil-water interface

2.2.6.1. Emulsion preparation

Coarse emulsions were prepared by mixing 5 mL of a commercial oil with 15
mL of a protein dispersion -prepared according to Section 2.2.4.- with a high-speed
homogenizer (Ultra-Turrax T25 Ika Labortechnik, GmbH & Co., Staufen, Germany) at
20000 rpm for 1 min. The commercial oil used was a mixture of 5% of corn and 95% of
sunflower oils.

2.2.6.2. Droplet size distribution

The particle size distribution of freshly made emulsions was determined by
laser diffraction using a particle size analyzer (Coulter Counter Multisizer, Coulter
Electronics Ltd., High Wycombe, UK). The De Brouckere mean diameters (Da43) were
calculated with and without treatment with buffer Tris/HCI 50 mmol/L, pH 8, 10 g/L

SDS, in a 1:1 proportion in order to measure a mean droplet size avoiding flocculation.

2.2.6.3. Kinetics of emulsion destabilization

Global emulsion stability was determined with a vertical optical analyzer
(Turbiscan Classic MA 2000, Formulaction, Toulouse, France). The backscattering (BS)
profiles for both emulsions were measured every 1 min for 60 min. The reduction of
backscattering values in the lower zone of the tube (10-15 mm) as a function of time was
analyzed according to Panizzolo et al. [13]:

BS(t) = BSh/(BSnknt + 1) + BSs/(BSskst + 1) (Equation 3)



where kn and ks are the BS variation rates for a second order kinetics and a
sigmoidal kinetic model, respectively. BShand BSs are the amplitude parameters of the
aforementioned kinetics models.

BSh and BS; determine the extent to which each one contribute to the overall
destabilization process, and therefore it is more appropriate to inform the ratio BSy/BSs
[14].

The backscattering profiles were also analyzed 24 h after emulsion formation
in order to evaluate the overall destabilization. The overall degree of destabilization (%D)
was calculated using the maximum mean values of BS in the 50-53 mm zone (Equation
4):

%D = (BSmax — BS24n) / BSmax*100 (Equation 4)

where BSmax is the mean of the maximum backscattering values in the period
of time from 0 to 60 min, and BSzasn is the mean of backscattering values after 24 h of
storage [15].

2.2.7. Statistical analysis
All the experiments were carried out at least in triplicate. Significant differences

among mean values (¢=0.05) were determined by means of t-tests.

3. Results and Discussion

3.1. Protein solubility

Solubility, which is considered to be one of the most important properties affecting
the whole protein functionality, is significantly influenced by the protein denaturation
state [16]. In fact, proteins with low solubility exhibit limited functional properties and
therefore, limited use in the food industry.

Fig. 1 shows the solubility profiles obtained for CP110 and CPI12.



The lowest protein solubility was reached at pH 2 for both isolation conditions, and
it was significantly lower for CP112. The protein solubility showed high values, without
significant differences in the pH range from 3 to 12. Therefore, both profiles obtained
showed differences from those previously reported by other authors, which exhibited
clear U-shaped curves [2]. In the present work, both CPI showed higher contents of
soluble protein in the pH range 3-10, above 45 mg soluble protein/100 mg crude protein,
when compared to previous reports [2].

Protein solubility was lower for CPI12 than for CPI10 throughout the pH range
analyzed. This fact is closely related to the higher content of unordered structures as well
as the higher extent of protein aggregation observed for proteins extracted at pH 12, as
reported in a previous study. Besides, as it has been previously reported, the enthalpy of
denaturation of CPI10 is higher than that of CPII12 [5]. These results suggest that
unfolding of the protein due to extreme alkali treatment leads to a decrease in solubility.
The increased protein denaturation is in accordance with the higher extent of protein
aggregation, which led to the formation of insoluble particles.

The percentage of soluble protein in buffer phosphate 0.01 mol/L (pH 7, 1=0.022
mol/L) was also calculated as described in Section 2.2.2 for both protein isolates. CP110
showed a significantly higher protein solubility than CPI112 (87 + 2 % for CPI10 and 33

+ 2 % for CPI12).

3.2. Foaming properties of chia proteins
3.2.1. Interfacial rheology of the air/water interface
The adsorption and rearrangement of chia proteins at the air/water interface were

studied (Fig 2).



At first, the reduction of interfacial tension over time shown in Fig. 2 was marked
in both samples studied. Therefore, protein diffusion did not restrict the adsorption
process. Later, a second step took place, at which the reduction in the interfacial tension
was slower until a constant value was reached, which marked the attainment of
equilibrium,

The first order rate constants of the adsorption (ki) and rearrangement (k)
processes were estimated and are shown in Table 1.

The obtained ka did not show significant differences between both samples studied
(p=0.0954). Therefore, the extraction pH did not influence the rate at which chia proteins
are adsorbed to the air/water interface. The analysis of ya, used to estimate the reduction
of the surface free energy caused by the adsorbed proteins [4] showed therefore no
significant differences between both samples (p=0.1736).

A different protein rearrangement rate at the interface was described by the
differences observed in the k; values (p=0.0038). Consistent with this, the amplitude of
the decrease in surface tension due to rearrangement (yr) was significantly higher for
CPI10 (p=0.0117).

The fact that ka was at least an order of magnitude higher than k; means that the
adsorption process takes place faster than the protein rearrangement at the interface in
both samples.

The ability of chia proteins to form a stable film at the air/water interface was
analyzed by means of interfacial rheology (Table 1). The significantly higher E value
obtained for the air/water interface stabilized by CPI10 (p<0.0001) suggests a high intra-
protein flexibility as well as an enhanced protein network strength [17]. A stable film

requires not only an elastic surface to absorb external shocks, but also an increased surface



viscosity to decrease mechanical distortions [18]. Both moduli, Ev and Eq, were higher
for CPI110 (p<0.0001), explaining the formation of a stronger film with greater stability.
3.2.2. Kinetics of foam formation and destabilization

CPI were evaluated against their properties of foam formation and destabilization
at neutral pH. The results obtained are shown in Table 1.

The initial rate of the liquid incorporated into the foam (vo) was higher for CPI10
than for CP112 (p=0.0055). It should be noted that the destabilization processes occur
simultaneously with the formation of the foam. Therefore, the higher vo obtained for
foams formed by CP110 may be associated with a greater resistance to the destabilization
processes [19].

During foam destabilization, different mechanisms of liquid drainage, either due
to gravity or to disproportion, are involved. Rate constants for both the gravity drainage
process (kg) and the disproportion process (kq) have been estimated and are shown in
Table 1.

The fact that kg was at least one order of magnitude higher than kq suggests that
gravity drainage occurs faster than drainage due to disproportion. Both samples showed
similar kg, without significant differences between them (p=0.8837); whereas a higher kq
was obtained for foams stabilized with CP112 (p=0.0015).

Foams formed by CPI110 showed a higher volume of liquid drainage due to
gravity (Vg) (p=0.0069) while a lower volume of liquid drainage due to Ostwald
disproportion (Vq) (p=0.0085). It is important to highlight that V4 and V4, unlike kg and
kg, depend on each other.

The lower extent of Ostwald ripening present in foams formed by CPI10 is
related to the higher Eq value obtained [11]. Disproportion was therefore inhibited due to

the formation of a thick layer, which prevents the passage of gas.



As it has been previously reported, the extraction procedure induces conformational
changes in chia proteins. The surface hydrophobicity has been reported in a previous work
and was higher for CPI10 than for CPI12. Although the denaturation degree was
determined to be higher in CPI12, the association among proteins through hydrophobic
interactions led to large aggregates of proteins which exposed lower hydrophobic patches
[6].

It is to be noted that the exposure of more hydrophobic residues due to unfolding in
CPI10 led to small proteins with a greater flexibility, which enabled increased interactions
at the air/water interface. Because of this, these proteins exhibited greater surface activity
with improved foaming properties [12].

3.3. Emulsifying properties of chia proteins

3.3.1. Droplet size distribution

The particle size distribution of both samples studied was bimodal as a
consequence of the homogenization process. Mean values of De Brouckere diameters
(Da43) were 35.7 £ 0.7 um and 32.2 £ 0.2 um for emulsions stabilized with CPI10 and
CPI12, respectively, with significant differences between both samples (p=0.0223). This
polydispersion was also observed in the presence of SDS. The D43 diameters obtained did
not show significant differences in the absence and the presence of SDS (p=0.1829),
suggesting a lack of aggregates formed by non-covalent interactions. Thus, emulsions
stabilized by CP110 were formed by droplets with a higher mean size than those formed
by CPI12.

3.3.2. Emulsion destabilization Kinetics

The BS profiles were analyzed for 60 min and after 24 h of storage in order to
evaluate the creaming-flocculation kinetics of the emulsions. The results are shown in

Fig. 3



The reduction in the BS in the lower zone of the tube accounts for the movement
of oil droplets to the upper zone, which is related to the development of the creaming
process. The analysis of the BS variation vs time profiles in the lower zone of the tube
(10-15 mm) showed sigmoidal curves in both samples, which were evaluated with a two-
term kinetic model, according to Equation 4. As it has been described by Panizzolo et al.,
this sigmoidal profile is consistent with the presence of two populations with different
droplet sizes, as previously discussed in Section 3.3.1. Large droplets with the highest
creaming rate are expected to migrate faster to the upper zone of the tube. The deviation
from Stoke’s law in emulsions with sigmoidal profiles reflects that the movement of large
droplets is delayed in the first time interval by the small droplets. Then, this effect
decreases its extent and incidence and the creaming process behaves like emulsions with
a hyperbolic backscattering profile [13].

The ky value is related to the creaming of small particles whereas the value of ks
is linked to the creaming of the large particles. Emulsions stabilized with CP110 showed
a higher kn value, which could be ascribed to a higher rate of destabilization.

The results obtained showed a significantly lower BSy/BSs ratio for emulsions
stabilized by CPI12 (p=0.0046), due to the significantly higher contribution of the
sigmoidal behavior to the BS [20].

The analysis of the mean values of BS in the middle zone of the cream phase
allowed us to follow the flocculation and/or coalescence processes in the cream phase.

Both emulsions showed a similar BS vs time profile (Fig. 4).

Initially, a reduction in BS was observed, followed by an increase, until a certain

time at which a constant value was reached. This behavior is in accordance with the



variation in the number and size of the droplets present in the cream phase. Indeed, the
time at which each emulsion reached the maximum BS value is related to the balance
between the rates of accumulation and diminution in the number of droplets. The BS
maximum mean value was reached at about 20 min for CPI110, after which a wide peak
was observed in Fig. 3, which is related to the accumulation of small droplets with low
creaming rate [15]. As regards emulsions stabilized with CP112, the BS maximum value
was reached significantly later (near 60 min), which is related to the higher global stability
of emulsions stabilized with CPI12 due to the formation of a stable cream phase at a
slower rate.

Coalescence is considered to be a slow destabilization process for emulsions
prepared with low concentrations of proteins when used as the only emulsifying agent, as
compared to creaming and flocculation processes [21]. Therefore, emulsions were stored
under quiescent conditions at 20 °C in order to detect coalescence. Emulsions stabilized
with chia proteins exhibited similar BS values in the middle zone of the cream phase
when compared to those obtained for freshly made emulsions. This fact suggests the lack
of a significant droplet size increase after 24 h of incubation. After 24 h storage,
clarification may be observed as the BS is close to zero in both samples [22].

The overall degree of destabilization (%D) was calculated according to Equation
4 in order to estimate the global destabilization of the cream phase, from its formation to
the end of storage. As this index reflects the decrease in BS associated with a diminution
in the number of droplets, it may be associated with flocculation or coalescence.
Emulsions stabilized with CP112 showed a significantly lower %D (%D=0.014 + 0.003)
than those stabilized with CP110 (%D=1.8 £ 0.3). The fact that BS in the cream zone did
not vary significantly from 60 min to 24 h of storage showed that these samples did not

experience further droplet size increase.



As it has been previously concluded by Ajibola et al., adequate emulsifying
abilities do not necessarily correlate with good foaming properties, suggesting that
different mechanisms underlie the formation of foam and emulsions [23].

4. Conclusions

Chia proteins extracted at pH 10 showed better foaming properties than those
extracted at pH 12. The formation of a thick interfacial film ensured a greater ability of
these foams to retard drainage due to disproportion. In connection with this, the higher
rate of liquid incorporation into the foam observed for CP110 is due to the ability to retard
destabilization processes. The formation as well as the stabilization of such colloidal
systems were favored by the presence of flexible soluble proteins which exposed higher
surface hydrophobicity, leading to intermolecular interaction within the interfacial film.
As regards the emulsification properties of chia proteins, the concentration of soluble
protein studied allowed us to analyze the kinetics of destabilization. Both samples showed
sigmoidal destabilization profiles, related to the existence of two populations with
different droplet sizes. The sigmoidal component contribution was significantly higher
for emulsions stabilized with CP112. The differences in the kinetics of destabilization is
caused by the creaming process of the small droplets. The delaying effect of the small
droplets to the creaming process of larger droplets is more evident in the aforementioned
sample, leading to a slower formation of a stable cream phase. Besides, a slight degree of
coalescence after 24 h of storage was observed for emulsions stabilized with CP112.

The extraction of chia proteins at different pHs affects their structural
characteristics which profoundly influence their interfacial properties.
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Fig. 1. Solubility profiles of chia proteins extracted at pH 10 (black circles) or 12 (white

circles).
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Fig. 2. Reduction of surface tension over time for air/water interfaces stabilized with

chia proteins extracted at pH 10 (black circles) or 12 (white circles)
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Fig. 3. Study of backscattering variation as a function of the tube height for the
destabilization process of emulsions stabilized with chia proteins extracted at pH 10 (A)

or 12 (B) for 60 min and after 24 h of storage
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Fig. 4. Backscattering variation in the middle zone of the cream phase for the
destabilization process of emulsions stabilized with chia proteins extracted at pH 10

(black circles) and 12 (white circles)
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Table 1. Parameters of the study of foaming and emulsifying properties of chia

proteins
CPI10 CPI12
Foaming properties
Ka(s1)” 0.12 +0.01? 0.08 +0.012
ya (MN/m)* 5.8+0.9° 3.48 +0.03°
kr (104 s1)™ 94 + 32 50 + 3°
yr (MN/m)™ 5.6 + 0.6 1.5+0.1°
ye (MN/m)* 37.2+0.12 32422
E (mN/m)™~™* 30+12 20 + 2P
Ev (MN/m)~* 5.1+ 0.5 9+ 2P
Ed (MN/m)™* 29 + 12 18 +2°
vo (mL/s)™ 0.265 + 0.003? 0.22 £0.01°
Kg (104 mL1 s2)* 35 + 2° 36 + 3°
ka (10° mLt s1)™* 8 + 42 540 + 30°
Vg (%)™ 89.9 +0.1° 76 + 2°
Vd (%)™ 10.1+0.1° 21+1°
Emulsifying properties
kn (10°s1)™* 137 +0.5° 70 + 2°
ks (s)" 0.020 + 0.003? 0.010 + 0.001°
BSh/BSs™ 74 + 42 26 + 1P
“p>0.05
“p<0.05

~*0<0.005



