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Summary This work studied for the first time the acid-induced aggregation and gelation of heat-treated chia protein

isolates obtained by extraction at pH 10 or 12 (CPI10 and CPI12, respectively). The aggregation state of

proteins was modified during acidification. The size of the aggregates was reduced for both samples when

the pH decreased but below pH 4.5 further protein aggregation took place for CPI12. Gelation of CPI12

was completed after about 30 min of acidification with glucone-δ-lactone. By contrast, this period was

not enough to reach a constant value in G0 for CPI10. When gelation was ensured, confocal laser scan-

ning micrographs from those gels revealed a coarse and irregular structure with large pores (median size

of diameters: 30 μm). Instead, micrographs from CPI12 cold gels showed a more regular and intercon-

nected network, with smaller pores (median size of diameters: 9 μm). These differences are consistent with

a higher elastic behaviour (G0
max = 13.6 � 0.1 Pa).
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Introduction

In recent years, there has been a growing interest in
the development of gels formed from plant proteins or
their mixture with milk proteins (Mäkinen et al.,
2015). Gels from protein suspensions may be formed
by thermal (Mir et al., 2019) or high-pressure (Li
et al., 2018) treatments, covalent crosslinking by trans-
glutaminase (Djoullah et al., 2015; Cui et al., 2019), or
due to a decrease in the colloidal stability of denatured
protein suspensions by divalent cation addition (Chu
et al., 2019) or pH-shifting (Jiang et al., 2017). Ultra-
sonic treatments (Gharibzahedi & Smith, 2020) and
the combination of different type of proteins (Cui
et al., 2019) or proteins/polysaccharides mixtures (Chu
et al., 2019) are also known to improve gel characteris-
tics.

Sample composition and many factors related to the
media affect the acid-induced gelling process of heat-
treated proteins and the properties of the gels. If more
than one sample is being assayed, it is not always pos-
sible to equal both the composition and the medium

conditions. Thereby, some authors prefer to standard-
ise soluble protein concentration (Lu et al., 2017)
whereas others use the same amount of dispersed sam-
ple (Soukoulis et al., 2019). In some cases, the pH of
the heat-treated samples is adjusted before acidification
(Kharlamova et al., 2018), whereas in others, the pH
at the beginning of acidification is a consequence of
the differences among samples (Donato et al., 2011).
Thus, the selection of the experimental conditions
assayed is frequently related to the aim of the study.
Since the mechanical properties are one of the most

important characteristics of gels, rheological tests are
generally carried out. Besides, image analysis of gel´s
micrographs is frequently reported since it brings
information about gel´s microstructure (Donato et al.,
2011; Kharlamova et al., 2018). In addition, protein
solubility, the size of the protein aggregates and the
least amount of sample required for gelation are often
determined (Donato et al., 2011; Djoullah et al., 2015;
Mäkinen et al., 2015; Mishyna et al., 2019).
Nowadays, chia seeds are among the most widely

consumed seeds because of their well-known nutri-
tional quality (López et al., 2018). One strategy to get
value out of the by-product obtained after the*Correspondent: E-mail: dlopez@fbioyf.unr.edu.ar
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extraction of oil is to use it as a raw material to con-
centrate proteins, which are particularly attractive
from a nutritional point of view (López et al., 2018).
In a previous study, we reported the isolation of chia
proteins from this by-product through alkaline extrac-
tion followed by isoelectric precipitation, attaining
high recovery yields. Chia protein isolates (CPI) were
obtained by extraction at pH 10 or 12. The elec-
trophoretic pattern under reducing conditions of these
proteins showed the presence of globulin and albumin
fractions. Despite their different techno-functional
properties, both CPI revealed a promising use in the
food industry (López et al., 2018). Thus, this work
studies for the first time the acid-induced aggregation
and gelation of heat-treated CPI, focusing on the effect
of the extraction conditions.

Materials and methods

Materials

Milled and defatted chia grains were purchased from
Sturla S.R.L. (Buenos Aires, Argentina). All the chem-
icals used were of analytical grade.

Preparation of chia protein isolates

CPI were prepared through isoelectric precipitation at
two different extraction pH, 10.0 and 12.0 (López
et al., 2018). Briefly, milled and defatted chia seeds
were hydrated with distilled water (ratio 1:20), stirred
for 30 min and centrifuged at 10 000g for 15 min.
After centrifugation, the mucilage concentrated in an
intermediate phase was carefully removed. The upper
phase and the precipitate were mixed, and the resulting
slurry was adjusted at pH 10.0 or 12.0 with alkali and
stirred for 1 h. The supernatant obtained by centrifu-
gation at 10 000g for 15 min was acidified to pH 4.5,
while this slurry was kept stirring for 1 h to ensure the
precipitation of chia proteins. Proteins were recovered
by another centrifugation step, and pellets were dis-
persed in diluted alkali adjusted to pH 10.0 or 12.0,
depending on their extraction pH. Samples were
freeze-dried and labelled as CPI10 or CPI12, respec-
tively. Three independent samples were obtained for
each one of the isolation procedures carried out.

Physicochemical characterisation of the CPI and their
suspensions

The ash content of both CPI (Mortensen & Wallin,
1989) and the content of total dietary fibre (TDF)
were determined (Prosky et al., 1985; Table S1).

Suspensions of CPI were prepared by dissolution in
distilled water at a proper concentration and stirred
for 30 min at 20 °C. Suspension was heated for 5 min

at 100 °C and then cooled down for 10 min at 0 °C.
Afterwards, they were left at 20 °C for 1 h. These sus-
pensions were named as heat-treated samples. The pH
of these samples was determined. The protein solubil-
ity of the heat-treated samples was determined by the
bicinchoninic acid assay method (Smith et al., 1985).

Determination of the minimum amount of sample
required for gel formation

Heat-treated suspensions of CPI (concentrations: 1, 2,
3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20, 25 and
30 g L−1) were acidified at 20 °C by the addition of
glucone-δ-lactone (GDL) at the same concentration at
which each sample was dissolved. Systems were incu-
bated for 24 h, and gel formation was determined by
turning the tubes upside down.

Acid-induced aggregation

CPI10 and CPI12 were dispersed in distilled water at
0.1 g L−1 and stirred for 30 min. Heat-treated suspen-
sions were acidified at 20 °C by the addition of GDL
(0.1 g L−1). The time course of the average size of par-
ticles during acidification was studied through the
dependence of turbidity (τ) on the wavelength (λ)
(Risso et al., 2007). The absorption spectra were
obtained every minute during acidification in the 400–
600 nm range, using a Spekol 1200 spectrophotometer
(Analytik Jena AG, Jena, Germany). The aggregation
process of both CPI was studied through the β param-
eter, which is related to the average size of the soluble
particles (Risso et al., 2007). The β parameter was
calculated from the slope of log τ vs log λ plots, as
follows:

β¼ 4:2þδlogτ=δlogλ (1)

Acid-induced gelation

Aqueous dispersions of both CPI (30 g L−1) were stir-
red for 30 min before heat treatment. Afterwards,
heat-treated samples were acidified at 20 °C by the
addition of GDL (15 g L−1). Rheological changes dur-
ing gelation were studied using a controlled stress
rheometer AR-G2 (TA Instruments, New Castle,
USA), equipped with a 40 mm diameter stainless-steel
plate geometry (gap of 1 mm). Gel formation was
monitored at 20 °C by measuring the storage (G0) and
loss (G″) moduli after the addition of GDL. Oscilla-
tion stress and frequency were fixed at 0.1 Pa and
0.1 Hz, respectively. G0 and G″ values were registered
every 20 s. pH was also measured during acidification.
The time and pH at which the crossover between G0
and G″ took place were defined as tgel and pHgel,
respectively. The acidification kinetics due to GDL
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hydrolysis was fitted to a first-order kinetic model
(Table S2).

When equilibrium was reached, frequency sweep
measurements were carried out at 20 °C. Oscillation
stress was fixed at 0.1 Pa, whereas frequency varied
from 0.1 to 10 Hz.

Microstructure of chia protein acid-induced gels

Three millilitres of aqueous dispersions of both CPI
was prepared in distilled water at a concentration of
30 g L−1 and was stained with 20 μL of 0.02 g L−1

Rhodamine B before heat treatment. Images of the
heat-treated samples and the systems obtained after
acidification with GDL (15 g L−1) for 2 h were
obtained by using a confocal laser scanning micro-
scope (CLSM) (Nikon Eclipse TE-2000-E) with an oil
immersion objective of 60×. The excitation wavelength
was 488 nm, whereas the emission wavelength was
568 nm. The size distribution of pores and protein
aggregates of each sample (Lombardi et al., 2018), and
two textural features, entropy and contrast, were
determined (Shih et al., 2013).

Statistical analysis

Determinations were made at least in duplicate. The
effect of the extraction conditions on the gelling ability
of chia proteins was analysed through t-tests. Data
were verified to make sure they fit the normal distribu-
tion and homogeneity of variance before performing
parametric tests. When the P-values (P) were lower
than 0.05, the differences were considered significant.

Results and discussion

Physicochemical characterisation of the CPI and their
heat-treated dispersions

CPI12 showed a lower content of TDF than CPI10
(P = 0.003) whereas a higher content of ash
(P < 0.001), this latest related to its higher solubilisa-
tion pH. Heat-treated dispersions showed different pH
(P < 0.001), also related to the different extraction
procedures. After heat treatment, the soluble proteins
concentration was higher in CPI10 than in CPI12
(Table S1), same as for the dispersions without heat
treatment (López et al., 2018). The insoluble protein
after heat treatment represents 9% of the total protein
content for CPI10 and 31% for CPI12.

Determination of the minimum amount of sample
required for gel formation

The minimal amount of dispersed sample required for
gel formation was significantly different between both

CPI (P = 0.008). Results obtained (Table S1) are in
the same range as those reported for the acid-induced
gelation of whey proteins (Alting et al., 2000) but
smaller than those required for quinoa protein isolates
(Montellano Duran et al., 2018). By contrast, a greater
amount of sample was required for thermal induced
gels of honey bee brood soluble proteins (Mishyna
et al., 2019), high-pressure induced gels from β-lac-
toglobulin (Li et al., 2018) or gels obtained by transg-
lutaminase crosslinking of pea albumin and globulins
(Djoullah et al., 2015).
Although the content of crude protein and the pro-

tein solubility is higher in CPI10 than in CPI12, this
may not be the determining factor in the gelling ability
of these samples.

Acid-induced aggregation

Figure 1 shows the variation of the β parameter over
pH during the acidification process of both CPI. Vari-
ations in β parameter may be interpreted in terms of
variations in size of the soluble particles.
Before the addition of GDL, the β value of the sol-

uble particles after heat treatment of CPI10 was con-
siderably higher than that for CPI12. Thus, the higher
concentration of solubilised proteins in CPI10 may
have induced greater association among particles, lead-
ing to larger clusters.
Both samples also showed significant differences

during acidification. For CPI10, the β value remained
almost constant at first, until pH = 4.3, at which it
dropped abruptly. This decrease in the β value indi-
cates a decrease in the average size of the soluble
aggregates due to acidification. For CPI12, the β value
reached a minimum at pH = 4.6, after which it
increased and remained nearly constant. This beha-
viour has already been reported for the acid-induced
aggregation of sodium caseinate (Hidalgo et al., 2015)
and quinoa proteins (Montellano Duran et al., 2018),
suggesting the formation of larger protein aggregates
by the association among particles due to the lack of
electrostatic repulsion. Since CPI10 showed no further
increase in the β value, soluble aggregates formed from
this sample were not able to restructure to form larger
aggregates in the period of time analysed.

Acid-induced gelation

The kinetics of GDL hydrolysis is shown in Fig. 2. The
acidification process did not fit properly to a single
exponential decay model, suggesting that the sol-gel
transition of chia proteins influenced the GDL hydroly-
sis rate. This was also observed during the gelation pro-
cess of whey proteins (Soukoulis et al., 2019). The data
obtained fitted a first-order kinetic model. The decay
constants k1 (P = 0.0344) and k2 (P = 0.0263;

© 2020 Institute of Food Science and Technology International Journal of Food Science and Technology 2021

Acid-induced gelation of chia proteins D.N. López et al. 1643



Table S2) were higher for CPI12 than for CPI10. The
lower acidification kinetics showed by CPI10 was prob-
ably due to the higher content of fibre and proteins,
which may be responsible for greater buffering ability.

Rheological behaviour of CPI during acid-induced
gelation

CPI heat-treated dispersions showed a similar G0 and
G″ behaviour upon acidification (Fig. 2). Similar

changes in both moduli were also reported for cold-set
gel formation of whey proteins (Alting et al., 2003),
pea proteins (Mession et al., 2015) and soy flour pro-
teins (Ingrassia et al., 2019). At an early stage, G0 and
G″ values remained low and the system showed a pre-
dominant viscous behaviour, since G0 was lower than
G″. After some time, G0 and G″ suddenly increased,
making G0 higher than G″, which suggests both a
solid-like behaviour and a protein network formation.
It was at the beginning of this latter stage that G0

Figure 1 Dependence of the β parameter

over pH during the acidification process of

CPI10 (black symbols) and CPI12 (white

symbols).

Figure 2 Development of the storage (G0)
modulus, loss (G″) modulus and pH during

the acid-induced gelation of CPI10 and

CPI12. G0 (■ ), G″ ( ) and pH (○) for

CP10 and G0 ( ), G″ ( ) and pH (▵) for
CP12. Lines represent the variation pH fitted

to a first-order equation: pH = pH∞ + a

exp (−k1 t) + b exp (−k2 t).
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equals G″, which allowed us to determine tgel and
pHgel (Table S2). In this case, pHgel indicates that
CPI12 proteins present lower electrostatic stability
(P = 0.03) and are thus more prone to protein aggre-
gation than CPI10 proteins (Hidalgo et al., 2015;
Ingrassia et al., 2019). Therefore, CPI12 may present a
higher tendency to cold-set gel formation. The fact
that G0 did not reach a constant value after one hour
of gelation of CPI10 probably suggests that the forma-
tion of an elastic gel structure is not completed in the
period of time analysed.

Mäkinen et al. (2015) reported that the denaturation
pH during the heat treatment at 100 °C of quinoa pro-
tein isolate dispersions significantly influenced the cold
gelation properties. These authors reported that heat
treatment at a more alkaline pH promoted the forma-
tion of cold-set gels with higher G0. These findings
may be useful to explain the differences observed in
both CPI rheograms.

It is already known that even after 5 days of the
addition of GDL, the pH value may continue lower-
ing (Cavallieri & Da Cunha, 2008). Although the
pH value slightly decreased, G0 value remained con-
stant for CPI12 after 30 min of gelation; thus, we
considered that this sample had attained a pseudo-

equilibrium stage. The mechanical spectrum of
CPI12 acidified systems (Table S2) was consistent
with a gel rather than an entanglement network.
The observed dependence of G0 on ω – a characteris-
tic of weak gels – fitted the power law type
(Table S2). The n and tan δ values support the fact
that the viscoelastic behaviour of these gels is not
mainly elastic (Özkan et al., 2002). The mechanical
properties of the gels obtained from CPI10 could
not be studied through frequency sweep measure-
ments since G0 did not reach a constant value in the
period of time analysed.

Microstructure of heat-treated suspensions and gels

The microstructure of both the heat-treated suspen-
sions from CPI10 and CPI12 and that of the acid-in-
duced gels formed was visualised with a CLSM
(Fig. 3).
Heat treatment of CPI10 led to protein aggregates

whose median size was 2 μm (Fig. 3a). By contrast,
micrographs from the heat-treated suspensions of
CPI12 (Fig. 3b) did not show an appreciable associa-
tion among proteins, suggesting that they remained in
suspension after heating. These results are consistent

(a) (b)

(c) (d)

Figure 3 Confocal laser scanning micro-

scopy of heat-treated suspensions of chia

protein isolates obtained by extraction at pH

10 and 12 (a and b, respectively).

Microstructure of acid-induced gels from

CPI10 and CPI12 (c and d, respectively).
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with those previously discussed, since the β parameter
obtained before GDL addition was significantly higher
for CPI10 than for CPI12.

The size of the heat-treated proteins has been clo-
sely related to the development of the rheological
properties of the gels. According to Mession et al.
(2015), the presence of macro-aggregates in heat-trea-
ted dispersions may be detrimental for gel formation.
More precisely, Liu et al. (2016) reported the forma-
tion of a weakly interconnected protein network from
microparticles (between 1 and 10 μm) of whey pro-
teins. By contrast, gelation from nanoparticles (whose
size is lower than 1 μm) occurred faster and formed
a denser network. The findings obtained in the pre-
sent work are in the same trend as those described
above.

Micrographs from CPI10 cold-set gels (Fig. 3c)
showed a similar structure to those of the heat-treated
dispersions but with a higher median size of the pro-
tein aggregates (Table S3). Conversely, a regular fine
structure was observed in the gels from CPI12
(Fig. 3d). A similar behaviour was observed for the
cold gelation of quinoa proteins. Samples that were
heat-treated at pH 8.5 showed coarse and irregular
clusters of aggregated particles after acidification.
However, a regular gel system was formed from sam-
ples heat-treated at pH 10.5 (Mäkinen et al., 2015). As
discussed above, the pH of the heat-treated samples
was also significantly different in the present work
(Table S1) and may have influenced the gelation prop-
erties of both CPI.

The addition of GDL diminished the repulsive
forces of the heat-treated CPI10, leading to the forma-
tion of coarse aggregates. Therefore, low G0 values
were obtained throughout the gelation process. When
CPI12 was acidified after heat treatment, the soluble
aggregates cross-linked to form a regular and fine net-
work with a higher G0 (Alting et al., 2004).

Entropy and contrast of the images of the acidified
systems were determined (Table S3). Images from
CPI12 gels showed higher entropy than images from
CPI10 acidified systems, indicating that there is a
greater amount of grey-level transitions. On the other
hand, contrast was lower for CPI12 images, suggesting
that they presented a greater amount of tone varia-
tions of high magnitude, that is that CPI10 images
showed a more heterogeneous and rougher microstruc-
ture (Hernández-Carrión et al., 2015).

High contrast values may be related to low-size par-
ticles (Donato et al., 2005); however, heat-treated and
acidified CPI10 suspensions presented coarse particles
and the contrast of these images was high. This may
be explained considering that proteins seem to be con-
centrated in high-sized particles, remaining an extre-
mely low amount of protein in suspension. In
agreement with Shih et al. (2013), images obtained

from CPI12 gels may be described as more monotone
and smooth.

Conclusion

This work describes for the first time the ability of
chia proteins to develop acidified systems. Considering
our results, the obtainment of CPI through solubilisa-
tion at different alkaline pH significantly affected their
aggregation and cold-set gelation. The rheological
characterisation of the acid-induced gelation is clearly
consistent with the results obtained from the study of
aggregation, highlighting the relationship between both
processes.
As for other proteins studied, protein concentration,

pH and the size of the heat-treated aggregates proved
to be important factors which determined the rheologi-
cal properties of the acidified systems from chia pro-
teins. The soluble aggregates formed at the end of the
aggregation process for CPI10 were not able to form a
regular network, leading to a coarse and irregular
structure after acidification. By contrast, CPI12
formed a regular and interconnected gel. In the present
work, we found that the modification of the extraction
procedure of chia proteins provides an important
opportunity for the development of a wide variety of
acidified food products with different textures.
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Débora Natalia López: Methodology (lead); Writing-
original draft (lead). Romina Ingrassia: Methodology
(supporting); Writing-original draft (supporting). Pablo
Busti: Funding acquisition (supporting); Writing-review
& editing (lead). Jorge Ricardo Wagner: Resources
(lead); Writing-review & editing (supporting). Valeria
Boeris: Funding acquisition (lead); Resources (support-
ing); Supervision (supporting); Writing-review & editing
(lead). Darı́o Spelzini: Funding acquisition (supporting);
Resources (supporting); Supervision (lead); Writing-re-
view & editing (supporting).

© 2020 Institute of Food Science and TechnologyInternational Journal of Food Science and Technology 2021

Acid-induced gelation of chia proteins D.N. López et al.1646
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