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Assessing gelling properties of chia (Salvia
hispanica L.) flour through rheological
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Abstract

BACKGROUND: Chia (Salvia hispanica L.) seeds are considered a promising ingredient for the development of functional
products owing to their high nutritional value: 343 g kg~ lipids, 251 g kg~' protein and 226 g kg~ fibre. Considering chia’s
technological capacities, mainly the ability to swell when absorbing water and gel-forming properties, its addition to a food
matrix can affect texture and rheological behaviour, acting as a texturing and stabilizing agent. The aim of the present work was
to assess the gelling properties of chia flour through the rheological characterization of 100, 130 and 150 g kg~ chia flour gels.

RESULTS: According to the mechanical spectra, all gels presented weak gel-like structures, as G’ was always less than a decade
higher than G, but higher chia flour concentrations showed a considerable increase in viscoelastic moduli. The gels had
relatively low maturation times, almost instantaneous for lower concentrations, but the cooling rate affected the dynamics of
formation of the gel structure.

CONCLUSION: Based on texture and rheological properties, gels with 130 g kg~ of chia flour processed at 90 °C for 30 min

showed the most suitable characteristics for use in the development of new food applications.
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INTRODUCTION

Salvia hispanica L., commonly known as chia, is a summer annual
plant of the Lamiaceae family that grows in arid or semiarid cli-
mates and is native to southern Mexico and northern Guatemala.
The plant produces small dark and beige oval seeds that were
used by the Aztec tribes as a food, but also as a medicine and oil
source.! Nowadays, chia consumption is considered safe by food
authorities? and is a potential source of nutrients for the food and
animal feed industries.”* Chia seeds have a high content of pro-
tein (150-250 g kg™"), lipids (200-350 g kg~") and dietary fibre
(180-380 g kg~").4~% Chia also contains high amounts of natu-
ral antioxidants*’ and is an important source of B vitamins and
minerals.! Its composition, particularly the oil and fatty acid con-
tent, is affected by the ecosystem in which the chia plant is grown,
rather than by the genotype® or the seed coat colour.’

Chia is mainly valued for its oil, as it has one of the highest
known contents of a-linolenic acid (ALA) (up to 680 g ALA kg™
chia 0il).’®™ Chia in the form of seed and/or oil can be an efficient
renewable resource to ensure supply of w-3 fatty acids for enrich-
ing food formulations.12

When chia seeds are soaked in water, a clear mucilagi-
nous gel is released, forming a highly viscous solution.’>
The exuded polysaccharide, located in the outer three layers
of the seed coat, has a molecular weight from 0.8x 10° to
2.0x 10% Da. Lin etal." proposed a chemical composition for
the polysaccharide structural unit based on a tetrasaccharide
with 4-O-methyl-a-D-glucopyranosyluronic acid residues occur-
ring as branches at O-2 of some p-D-xylopyranosyl residues

in the main chain consisting of (1 — 4)-p-D-xylopyranosyl-
(1 - 4)-a-D-glucopyranosyl-(1 — 4)-p-D-xylopyranosyl. The poten-
tial of chia seeds and mucilage to be used as functional ingredients
has been recognized by several authors.5'3

All chia nutraceutical components support claims associated
with health benefits: reduction of cardiovascular diseases and obe-
sity, regulation of intestinal transit and cholesterol and triglyceride
levels, as well as prevention of diseases such as type Il diabetes and
some types of cancer.!’-1?

The objective of this study was to characterize the gelling prop-
erties of chia flour (from ground chia seeds) with the purpose of
studying its potential for the development of functional foods. The
rheological approach is determinant to understand the role of the
polysaccharide’s molecules in the development of the gel struc-
ture. The evolution of the gel viscoelastic functions during heat-
ing and cooling processes and the kinetics of gel maturation are
key features to consider for the development of new food prod-
ucts such as gel desserts or salty gel preparations with addition
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health benefits. Similar rheological studies have been done by the
authors using other sources such as chestnut and rice flours'® and
complex polysaccharide -protein systems.!”

MATERIALS AND METHODS

Raw materials

Commercial chia seeds Midzu from Peru (provided by Efeito Verde,
Lda) were ground in a domestic mill (Classic Moulinex 123-A320R1)
at constant speed. Particle size separation was performed using a
sieve system, and only the fraction smaller than 0.5 mm was used
for gel preparation. This chia flour was the raw material for gel
development.

Physicochemical characterization

Chia flour was characterized in terms of moisture and ash contents
according to AOAC method 935.29'® and Portuguese standard
NP 518'° respectively, based on gravimetric methods. Total lipid
analysis was carried out according to Portuguese standard NP
4168.2° Protein content was determined by the Kjeldahl method
following 1SO 20483,2! using a nitrogen conversion factor of 5.83.22
Soluble, insoluble and total dietary fibre contents of chia flour
were evaluated according to the enzymatic/gravimetric method
described by Prosky etal.?* Total fibre content is included in
carbohydrate content, which was calculated by difference.

The swelling power and solubility of chia flour were determined
using the method developed by Leach et al.?* for starches, with
slight modifications. This method involves the suspension of chia
flour (Wg,mpie) in @ known volume of water, with gentle stirring
to keep it in suspension, followed by incubation at a selected
temperature for 30 min and centrifugation at 3000 x g for 10 min.
Chia flour solubility was obtained by drying the supernatant at
105 + 1 °C (w,) and expressed as

solubility (%) = (W,/Wgmpe) X 100 (1

Swelling power was determined from the weight of the sediment
(Weegiment) @ccording to the equation
swelling power (9g7") = Wyegiment/ (W — W) )
The temperatures selected for incubation, namely 25, 35, 50 and
90 °C, were within the range of temperatures involved in the chia
flour gelling process.
All chemical analyses were carried out at least in triplicate and
the results expressed as mean + standard deviation.

Preparation of chia gels
The capacity of chia flour to form gels was evaluated for a range of
concentrations from 10 to 150 g kg™'. The effect of the binomial
time/heating temperature on chia gel properties was also studied.
In preliminary studies, the critical chia flour concentration, i.e.
the amount of chia flour need to produce a structured system
with a rheological behaviour close to a gel dessert,?> was estab-
lished as 130 g kg™". For texture measurements, 130 g kg~' chia
flour gels were prepared by dispersing the flour in water under
mechanical stirring (Eurostar Digital, IKA-Werke Staufen, Germany)
at 15x g for 30 min at 20+ 1 °C. The time and temperature for
chia hydration were optimized in preliminary studies performed
according to Salgado-Cruz etal.,'* which showed that the chia
mucilage expelling process required about 30 min. The suspen-
sions were poured into glass containers (35 mm height, 32 mm

diameter) and heated in a water bath at gelation temperatures of
40, 50, 60, 70 and 90 °C for 30 min. The effect of heating time was
also studied by preparing gels at 90 °C for 10, 30 and 60 min.

Gel rheological characterization was performed using different
concentrations (100, 130 and 150 g kg™") of chia flour suspensions
also hydrated at 20 + 1 °Cfor 30 min under magnetic stirring owing
to the small quantity of each sample. Subsequently, the gelation
occurred under controlled time and temperature conditions in the
rheometer measurement device (gelation in situ).

Texture evaluation of chia gels

Texture analysis of chia flour gels was performed using a
TAXT-Plus texturometer (Stable Microsystems, Godalming, UK)
in a temperature-controlled room at 20+ 1 °C. Texture profile
analysis (TPA) tests were performed on the gels contained in a
cylindrical flask (35 mm height, 32 mm diameter), using a 10 mm
cylindrical probe (10 mm penetration, 2 mm s~ crosshead speed,
with a waiting time of 5 s between the two cycles). The tests were
carried out 24 h after gel preparation, allowing the gels to achieve
full maturation, at 4 + 1 °C. Before performing the measurements,
the samples were allowed to equilibrate at 20 °C for 30 min. From
the experimental force versus time data, the maximum force was
calculated and expressed as gel firmness. From the TPA results,
the cohesiveness and adhesiveness of gels were also obtained.

Rheological properties of chia gels

Dynamic oscillatory measurements were performed to char-
acterize the mechanical properties of chia flour gels, using
small-amplitude oscillatory shear (SAOS) measurements in a
controlled stress rheometer (RS-300, Haake Karlsruhe, Germany)
coupled to a UTC-Peltier system, with a serrated parallel plate with
35 mm diameter (PP35) and T mm gap.

The chia flour suspensions were transferred to the instrument
plate, covered with a layer of paraffin oil to prevent moisture loss
and stabilized for 5 min at 20 °C. The subsequent gelation in situ
was followed up.

The samples were heated from 20 to 90 °C (heating rate 2
°C min~"), maintained at this temperature for 30 min, with no
shear applied, and then cooled to 5 °C at different rates (0.5, 2
and 5 °C min~"). These temperature sweep tests were carried out
at f=1 Hz and =1 Pa (within the linear viscoelastic region).
Subsequently, a time sweep test at 5 °C for 120 min (f=1 Hz,
t=>5 Pa) was performed to allow full chia gel maturation. To
characterize the mechanical properties of the maturated gels,
frequency sweep tests (r =10 Pa, f =0.01-100 Hz) were conducted
after the maturation process. Each test was performed in triplicate.

Colour measurements

The colour of chia gels prepared at 40, 60, 70 and 90 °C for
30 min was measured instrumentally using a CR-300 colorimeter
(Minolta, Osaka, Japan) with standard illuminant D65 and a visual
angle of 2°. The colour parameters L*, a* and b* (CIELAB system)
were assessed, where L* corresponds to the lightness, a* to the
degree of redness or greenness and b* to the degree or yellowness
or blueness. The total colour difference between the parameters
obtained for all temperature/time conditions and 40 °C/30 min
was calculated according to

AE* = [(AL*)? + (A" + (Ab*?]"* )
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Table 1. Proximate composition (g kg™") of chia flour

Moisture Fat Protein Ash

Carbohydrate Soluble fibre Insoluble fibre

787 +23 343.1+£2.2 2505+74 398+ 15

287.9+8.22 353+13 190.9+0.3

@ Carbohydrate standard deviation was obtained by combined uncertainty.

The colour difference is considered to be detectable by the
human eye when AE* > 5.6

The measurements were conducted 24 h after preparation at
20+ 1 °Cand replicated at least eight times.

Statistical analysis

Experimental data were analysed by one-way analysis of variance
(ANOVA) or the Kruskal-Wallis test. When the former analysis indi-
cated differences among means, a Scheffé test or pairwise compar-
ison was performed to differentiate means with 95% confidence
(P < 0.05). All statistical treatments were done using SPSS Statistics
Version 20 (IBM SPSS Statistics, New York, NY, USA).

RESULTS AND DISCUSSION

Physicochemical characterization of chia flour

Nutritional evaluation of chia flour

The proximate chemical composition of chia flour is summarized
in Table 1. The values are in accordance with the characterization
obtained by other authors.*~%%7:28 The slight differences should
be primarily related to geographical origin and to different pro-
duction factors such as temperature, light and soil type. The influ-
ence of these factors on the nutritional composition of chia flour is
widely reported by Ayerza and Coates.®

Chia flour presented a 251 g kg™ protein, 288 g kg™' carbohy-
drate and 343 g kg~' fat content, accounting for a caloric value
of 524.2 kcal per 100 g. According to Ayerza and Coates® and
Segura-Campos et al.,?® about 70% of the fat fraction consists of
w-3 fatty acids.

The chia flour analysed had a higher content of insoluble (191
g kg™") than soluble (35 g kg~') fibre. The insoluble fraction
results from the high proportion of insoluble pectins, cellulose,
hemicellulose and lignin, which have already been described by
other authors”3® as the main constituents of the fibre fraction
of chia.

Swelling power and solubility
The ability of chia flour to form gels is highly dependent on its
swelling power and solubility. These parameters are closely related
to the interaction of chia flour constituents with water molecules.
Swelling power and solubility were evaluated at several different
temperatures commonly associated with food storage and pro-
cessing conditions, since water absorption is strongly dependent
on the temperature conditions.®

The swelling power and solubility of chia flour stirred for 30
min at the studied temperatures are presented in Table 2. The
values show that below 50 °C the swelling power and solubility
are not significantly dependent on the temperature value. In a
previous study, Raymundo et al.3? also reported that the swelling
capacity and solubility of psyllium husk were influenced by the
temperature.

For common flours containing starch, the solubility is a conse-
quence of amylose leaching, which is dependent on the starch

Table 2. Swelling power and solubility of chia flour processed at
different temperatures for 30 min
Swelling power (g g~')

Temperature (°C) Solubility (%)

25 19.74 +0.95y 46.48 +4.94a
35 18.76 + 1.03y 47.17 +2.70a
50 18.80 +0.53y 49.64 +4.11ab
90 15.68 + 1.29x 59.90 +3.55b

Different letters within the same parameter indicate significant differ-
ences at P < 0.05 level.

gelatinization temperature. However, since chia flour contains no
starch, the observed increase in solubility with temperature must
result from other phenomena. When chia is soaked in water, the
outer layer of the seeds swells into a firm gel layer which is tightly
bound to the seeds,’ and a similar process is observed on chia
flour particles. This mucilaginous gel is formed as a result of the
chia soluble dietary fibre that is partially expelled from the seed as
it comes into contact with water.

The observed increase in chia flour solubility with temperature
has been noted by other authors such as Timilsena et al.** who
also mentioned the importance of high solubility of chia in water
at ambient temperature to its promising application in food. In
Table 2, one can also observe a parallel reduction in swelling power
with increasing temperature. It isimportant to note that, according
to the adapted Eqn (2) for non-starch systems, the swelling power
is a measure of the water absorption by the insoluble fraction
of sediment. This fraction decreases as the solubility increases,
resulting from the migration of soluble compounds from the
sediment to the outer layer.

In previous studies with psyllium,*? the opposite phenomenon
was recorded, i.e. the solubility decreased with increasing temper-
ature from 60 to 95 °C, although the fraction of soluble fibre in
psyllium husk is higher than that of insoluble fibre. According to
Lai et al.,* the presence of fibre may compete for water, modifying
the solubility behaviour.

Effect of thermal treatment conditions on chia gel texture
and colour
Preliminary studies (not presented) were performed to define the
chia flour critical concentration to obtain a gelled structure. A
range of chia flour concentrations from 10 to 150 g kg~' was
tested and it was observed that 100 g kg=' is the minimum
concentration required to obtain a structured material. However,
the gel concentration of 130 g kg~ showed the greatest potential
for future application. The impact of thermal treatment (time and
temperature) on the texture and colour of this gel was studied (see
Tables 3 and 4).

Several authors3¢738 emphasize the importance of optimizing
the time/temperature binomial in order to improve gel structure.
The impact of heating temperature in the range 40-90 °C, applied
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Table 3. Effect of heating time on textural properties of 130 g kg™
chia flour gels prepared at 90 °C

Time (min) Firmness (N) Adhesiveness (=N s) Cohesiveness
10 0.053+0.001a 0.040 + 0.004x 0.489 +0.043i
30 0.181+0.016b  0.096 + 0.007y 0.306 +0.023h
60 0.147 +0.007c  0.092 + 0.004y 0.383 +0.51hi

Different letters within the same parameter indicate significant differ-
ences at P < 0.05 level.

for 30 min on 130 g kg™' chia flour suspensions, on gel texture

(firmness, adhesiveness and cohesiveness) is shown in Fig. 1.1t can
be seen that the gels prepared at 70 and 90 °C showed significantly
higher firmness than those prepared at lower temperatures. The
gel prepared at 90 °C exhibited the significantly (P < 0.05) highest
value of adhesiveness and the lowest value of cohesiveness.

It is important to point out that there is a linear relationship of
the three texture parameters studied with temperature (r2 > 0.9).

Taking into account the high levels of protein and carbohydrate
present in the chia flour studied (Table 1), it is expected that the
gelation process is driven by the denaturation of proteins, which
can be enhanced by their interaction with polysaccharides. These
two phenomena are generally favoured by temperature increase,
which can explain the gel formation at high temperature.

Ferry,® Tobitani and Ross-Murphy3® and Nunes etal.® also
reported an important dependence of the gel texture on the heat-
ing temperature. Increasing temperature induces a greater degree
of unfolding of protein molecules and the formation of ordered
structures or assembly zones by polysaccharides,*' leading to the
consequent exposure of a greater number of hydrophobic groups,
which is reflected in increasing gel firmness and adhesiveness.
However, at lower temperatures (<70 °C), a gelled structure was
also noticed. In this case, the driving force should be mainly related
to mucilaginous polysaccharides that remain available for hydra-
tion in the chia flour after milling.33

Considering the type of structure most suitable for future food
development, the temperature of 90 °C seems to be the most
appropriate for the chia flour gelation process. This temperature
also has advantages in terms of microbiological conservation.

The effect of three heating times, 10, 30 and 60 min, at 90 °C
on the textural properties of chia gels was evaluated (Table 3).
It can be seen that 30 min processing time yielded a gel with
significantly higher firmness (P < 0.05) than those prepared with
10 or 60 min processing time. Gels prepared at 90 °C for 30 and
60 min had significantly (P < 0.05) higher adhesiveness and lower
cohesiveness than the gel processed for 10 min. The optimal
thermal conditions for the preparation of a gel with a given
texture are strongly dependent on the conformational state of
the macromolecules. Excess thermal energy can lead to excessive
protein denaturation, which may have a negative impact on gel
texture development.’®'” To obtain chia gels with interesting
characteristics for the development of new food applications, heat
treatment at 90 °C for 30 min provides conditions that result in
appropriate textural properties for the development of target gel
desserts and salty preparations (developed in a parallel work).

In order to evaluate the effect of thermal treatment on the colour
of chia gels (130 g kg™"), instrumental colour measurements were
performed on suspensions heated for 30 min at different temper-
atures. Colour parameters L*, a* and b* obtained for different tem-
peratures from 40 to 90 °C are presented in Table 4. In general, L*

and b* have values that do not change significantly (P < 0.05) with
temperature. It can also be seen that the a* value shows a tendency
to increase with temperature. This reveals an increment in the red
colour component and can be considered an indicator of a slight
change in the colour of the gel matrix as a result of heat treatment.

The effect of heating time (10, 30 and 60 min) on colour parame-
ters of gel prepared at 90 °C was also investigated (Table 4). For this
temperature, the gel prepared with a heating time of 10 min exhib-
ited significantly higher (P < 0.05) lightness (L*) than gels prepared
with longer processing times. It can be stated that an increase in
heating time can induce a slight darkening of the gel. Regarding
a* and b*, no direct relationship between the variation in these
parameters with temperature can be seen.

In all heat treatment conditions studied, the colour changes
observed, expressed in terms of AE* (Eqn (3)), range between 3.1
and 7.4, but these variations are only detectable by the naked
eye when AE* > 5. However, the range of colorations obtained is
relatively neutral, which is desirable for food applications under
development, i.e. gelled desserts and salty preparations, since they
allow the expression of colour by adding other colouring agents
(e.g. fruits or vegetables).

Considering the texture and colour results, the time/heating
temperature binomial 30 min/90 °C was used for further work.

Rheological properties of chia gels

The effect of chia flour concentration on gel rheological properties
was studied taking into account the different stages of the gelation
process: heating, cooling and maturation. The type of structure
formed in each case was also evaluated through a mechanical
spectrum of the matured gel.

Heating phase

Figure 2A presents the heating curves (2 °C min~') for 100, 130
and 150 g kg™ chia flour suspensions. In all cases, the elastic
modulus (G) is always higher than the viscous modulus (G”) in the
temperature range studied. Even at the beginning of the heating
process, at 20 °C, such behaviour is already evident. To explain this,
it can be stated that the previous hydration of the suspension (30
min/20 °C) led to the formation of a gel-like structure. Thus, for the
studied conditions, the gelling temperature cannot be evaluated,
according to the procedure referred to by Winter and Chambon,*
based on the cross between G’ and G”.

It should also be noted that, for the highest chia flour concen-
trations (130 and 150 g kg~'), a considerable increase in viscoelas-
tic moduli is observed in comparison with the gel produced with
100 g kg~'. This increase, which started to be noticeable at 50
°C, should result from a greater uptake of polysaccharide and
protein molecules in the gel matrix, leading to the formation of
more junction zones.** ™% At this temperature, reinforcement of
the gel structure started to occur, corresponding to an apprecia-
bleincrease in solubility and a decrease in swelling power (Table 2).
This behaviour must be associated with the ability of soluble com-
pounds of chia flour to contribute to reinforcement of the gel
structure.

Cooling curve

After gradual heating (2 °C min~") of chia suspensions from 20
to 90 °C, samples remained at this temperature for 30 min. Then
cooling from 90 to 5 °C at 2 °C min~" was performed for the three
chia flour concentrations under study (Fig. 2B).
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Table 4. Colour parameters of 130 g kg~ chia flour gels obtained by thermal processing at different temperatures for different times

Processing condition L* a* b* AE*
40°C/30 min 59.66 + 1.03a 249+0.55z 11.66 + 1.38mn -

60 °C/30 min 54.00 + 0.59bd 3.93 +0.14xy 11.61£0.6Tmn 5.8
70 °C/30 min 55.78 + 1.80acd 343+0.33y 1295+ 1.56m 42
90 °C/30 min 52.44 +0.81bc 3.50 +0.09yz 10.20 +£0.80n 74
90 °C/10 min 57.46 + 1.52ae 4.26 +0.13x 1289+ 1.11Tm 3.1
90 °C/60 min 54.23 + 1.90bde 4.32 +0.84xy 13.25+0.95m 5.9

Different letters within the same parameter indicate significant differences at P < 0.05 level. AE* was calculated in relation to 40 °C/30 min condition.
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Figure 1. Influence of heating temperature on firmness, cohesiveness and adhesiveness of gels obtained from 130 g kg~" chia flour suspensions.

It can be seen that, for 130 and 150 g kg™ chia flour gels, G’ and
G" increase sharply with temperature decrease, with no apprecia-
ble difference between the two concentrations. There are clearly
two regions with different temperature dependence characteris-
tics: (1) up to 50 °C, viscoelastic functions increase gradually with
temperature decrease; (Il) starting from 50 °C, G’ and G” increase
sharply with temperature decrease. These behaviours may be
associated with the gelling mechanism of chia flour, i.e. the pro-
cess associated with the incorporation of molecules with different
characteristics in the gel matrix. Thus the incorporation of proteins
and polysaccharides in the gel matrix, whose three-dimensional
dynamic organization is distinct,*® should occur in phase I. After
this stage, in phase ll, the increase in G’ reflects the increase in
gel rigidity during cooling, resulting from the formation of inter-
molecular bonds, especially those from hydrogen bonds between
polysaccharides and other components of chia flour (e.g. proteins),
and among these and water molecules.’

For the 100 g kg~' sample, there was only a slight increase
in viscoelastic functions with temperature decrease, showing a
behaviour distinct from that of samples with higher concentration.
In this case, the formation of a gelled structure is not evident.

Gel maturation

Considering the curves for the maturation kinetics of systems with
100, 130 and 150 g kg~! chia flour (Fig. 3), obtained after cool-
ing to 5 °C, it turns out that in all cases the value of G’ remains
almost constant from 100 min maturation. The maturation of the
three gels was studied during the same period in order to high-
light major differences between them and to mimic real cooking
conditions for preparing gelled desserts. It can also be seen that G’

and G” increase with chia flour concentration, corresponding to
more structured systems. Nevertheless, the time needed to attain
the equilibrium state also increases with chia content: it is almost
instantaneous for the gels prepared with 100 and 130 g kg™' chia
flour but is longer for the highly concentrated gel (150 g kg™').

The presented gel maturation kinetics also highlight that from
a practical viewpoint, depending on the chia concentration, the
time needed for gel stabilization is different. Nevertheless, 2 h
is enough to achieve structure stabilization even at the highest
concentration. This is the time required to reach the equilibrium
state of the gel structure.'””#”*¢ Itis an important datum to take into
account for planning food product development, as this will be the
waiting time required between the preparation of the gel and the
attainment of a stable structure. The time of 2 h is relatively short
compared with other gelling systems; for example, the maturation
time of vegetable protein gels is up to 20 h or more.*’

Gel structure - mechanical spectra
After the previously described gel maturation at 5 °C, the chia
flour gels were subjected to sweep frequency tests within the lin-
ear viscoelastic region. Analysing the mechanical spectra obtained
(Fig. 4), it is found that, for all chia flour concentrations, the
elastic modulus (G’) always show higher values than the vis-
cous modulus (G”) over the frequency range studied. In all cases,
a dependence of viscoelastic moduli on frequency is observed,
showing a pattern generally associated with a weak gel-like
structure.*

It should also be noted that, for the gel with 100 g kg~! chiaflour,
there is a tendency for a crossing of G’ and G” at high oscillation
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Figure 2. (A) Heating curves from 20 to 90 °C of 100, 130 and 150 g kg~
chia flour suspensions. (B) Cooling curves of 100, 130 and 150 g kg~' chia
flour gels obtained after the heating process and a stage of 30 min at 90 °C.
G', storage modulus; G”, loss modulus.
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Figure 3. Maturation curves of gels prepared from 100, 130 and 150 g kg™
chia flour suspensions. G/, storage modulus; G”, loss modulus.

frequency, which is associated with a certain weakness of the gel
structure.

The increasing of G’ and G” with concentration results from
a more complex structural organization of biopolymers and
the intensification of their intermolecular bonds, associated
with the production of firmer gels. Similar behaviour was
obtained for the concentration effect of other biopolymers on gel
structure.*

Several authors (e.g. Batista et al.*®) have reported that the gel
cooling rate has a direct influence on its level of structure, deter-
mining the way in which molecules become balanced in the gel
matrix, which may have not only sensory and textural implications
but also stability ones.>®

1.E+04 -
e @
e ©
eo o ® e ® © e ® g
1E+ 03 L o © © @ “‘Aaggg%Q
= A A AAAALRGODNA
a o0 O (o] A D *
= oo Aand bl JEPAR *
b g2 § 28 PO 2 24 o ©
-E+ M I B O o @
o & o0 ®
s o000 0®?®
1E+01 - #G'100g/Kg  ©G" 100 g/Kg
AG'130g/Kg  AG" 130 giKg
®G' 150 g/Kg  OG" 150 giKg
1.E+00 y y ; ‘ )
0.001 0.01 0.1 1 10 100
f(Hz)

Figure 4. Frequency sweep tests of 100, 130 and 150 g kg~ chia flour gels
obtained after maturation at 5 °C. G’, storage modulus; G, loss modulus.
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Figure 5. Cooling curves of 130 g kg~ chia flour gels cooled at different
rates. G’, storage modulus; G”, loss modulus.

The effect of cooling rate (0.5, 2 and 5 °C min~") was investigated
for gels prepared with 130 g kg™ chia flour. These gels were sub-
jected to the same treatment in terms of heating and maturation
as described above. The resulting cooling curves are summarized
in Fig. 5. It can be seen that, as the cooling rate increases, lower
values of G’ and G” are obtained, corresponding to less structured
systems. However, the shapes of the curves are very similar, which
indicates that the gel matrix consolidation process is not substan-
tially altered by the cooling rate. Similar results were described
by Hesarinejad et al.,>' who studied the gelation process of clasp-
ing pepperweed seeds and observed that G’ also decreased with
increasing cooling rate, indicating that molecules did not have
enough time to develop a firm network. The cooling time is directly
related to the magnitude of the structural molecular bonds of
the gelled system. Thereby slower cooling processes are generally
associated with more organized molecular structures and more
stable connections.!”

CONCLUSIONS

Chia flour has an interesting nutritional composition related to
its high protein, fat and fibre content, which confers on this
ingredient good potential for use in several food applications
involving gelation, with positive impact on health.

With chia flour concentrations of 130 g kg=' or higher, it is
possible to obtain gels with structural features interesting for use
in diverse food applications. Based on textural analysis and colour
measurements, the optimal time/heating temperature binomial
was found to be 30 min/90 °C.

The obtained gels have a short maturation time, which effec-
tively allows optimization of the time between preparation and
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consumption of the gelled food. The cooling rate influences the
final system structure: more structured gels can be obtained by
conducting a slower cooling process.
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