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Abstract Background: Hydrocolloids are hydrophilic biopolymers which are widely used in the

food industry due to their functional properties. In the present study, sesame hydrocolloids (Sesa-

mum indicum) were obtained and, consequently, their physicochemical, proximal composition, func-

tional, and rheological properties were evaluated to establish their potential applications in the food

industry. Methods: Hydrocolloids were obtained from sesame seeds at 80 �C on evaluating the pH

at 3, 7, and 10 and specific flour: water ratios during the solubilization process. Results: The hydro-

colloids obtained had a good relationship between carbohydrates and proteins, which increased

their potential use in the development of colloidal systems. The samples had high water holding

capacity, solubility, and appropriate emulsifying and foaming properties. The hydrocolloids showed

non-Newtonian shear-thinning behavior, adjusted to the Carreau-Yasuda model. Based on the

dynamic viscoelastic rheological test, samples were characterized as a gel-like state when storage

modulus values were higher than the loss modulus in the frequency and temperature ranges inves-

tigated. Conclusion: The findings revealed that sesame seeds can be considered appropriate raw

material for extracting hydrocolloids as an alternative for obtaining natural food ingredients with

interesting functional and rheological properties, with further applications in the development and

formulation of micro-structured products.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 Experimental design (%) of sesame hydrocolloids.

Code Sample Ratio

flour: water

pH

HS1 1:4 3

HS2 1:6 3

HS3 1:8 3

HS4 1:4 7

HS5 1:6 7

HS6 1:8 7

HS7 1:4 10

HS8 1:6 10

HS9 1:8 10
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1. Introduction

Hydrocolloids are a heterogeneous group of long-chain polymers,

mainly proteins and polysaccharides (Dickinson, 2003), employed in

food as modifiers of the physical properties of solutions due to their

ability to form gels or as a thickening, emulsification, coating, and sta-

bilization agent (Williams and Phillips, 2000). Polysaccharide-based

hydrocolloids exhibit functional and textural properties such as viscos-

ity control, stabilization, and gel formation (Rascón-Chu et al., 2016),

while protein-based hydrocolloids exhibit properties such as water or

fat absorption capacity, protein solubility, foaming capacity, and

emulsifying activity (Bessada et al., 2019), then, polysaccharide-

protein hydrocolloids interaction is an interesting alternative for pro-

ducing hydrocolloids that improve the properties of food products.

Different sources of hydrocolloids have been explored to take

advantage of natural resources with renewable raw materials, such as

algae (Borah et al., 2020), seeds, fruits, and plant exudates (Naji-

Tabasi and Razavi, 2017), employing simpler and safer processes to

obtain hydrocolloids with low cost, environmental sustainability,

biosecurity, biodegradability, and superior physical and chemical

properties (Liu et al., 2018).

Sesame (Sesamum indicum) is an annual plant belonging to the

Pedaliaceae family. It is well known as the queen of oilseeds due to

its excellent oil quality, which presents greater resistance to oxidation

and rancidity (Mailer, 2016), and the meal. Sesame seeds are character-

ized by a high oil (56.56 %) and protein (18–23.5 %) content (Mailer,

2016), followed by carbohydrate (18.44 %), fiber (8.22 %), and low

moisture (3.49 %) (Dravie et al., 2020). In comparison, the oil-free

sesame content contains approximately 42 % of proteins (Sharma

et al., 2016), which possess the ability to stabilize colloidal systems

such as foam and emulsions as an alternative to develop food ingredi-

ents. In the present study, the objective was to extract hydrocolloids

from sesame waste obtained during the oil extraction process and to

determine their proximal composition, physicochemical, functional,

and rheological properties, as well as their potential applications in

the food industry.

2. Materials and methods

2.1. Chemical reagents

Ethanol (99.5 % purity) and hexane were obtained from Pan-
reac (Barcelona, Spain). NaOH, acetic acid, and phenolph-

thalein were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All other reagents were of analytical grade and used
with further processing.

2.2. Materials

Sesame seeds (Sesamum indicum) were purchased from a local
food market in the city of Cartagena, Colombia. A defatted

sesame flour was obtained following the procedures described
by Rafe et al., (2014), with some modifications. Briefly, the
seeds were washed, disinfected, and defatted using an oil

extractor (Dulong model DL-ZYJ05); then, the defatted seeds
were ground using a basic microfine grinder drive MF 10
(IKA, Germany) to obtain a flour (extraction yield 45.06 ± 1.

89 %) with a particle size < 200l m.

2.3. Hydrocolloids extraction

Sesame hydrocolloid (HS) extractions were carried out follow-
ing the methods described by Orgulloso-Bautista et al., (2021)
and Ibañez and Ferrero, (2003) with some modifications, eval-
uating the effect of solubilization pH (3, 7, and 10) and the
sesame flour: water ratio (1:4, 1:6, and 1:9) obtaining nine

experiments (Table 1). Initially, solid–liquid extraction was
carried out by mixing different sesame flour: distilled water
ratios; for 4 h at 80 �C for the solubilization.; after that, the

pH was adjusted using acetic acid and NaOH. The mixture
was separated by centrifugation for 15 min at 4000 rpm, and
the supernatant was collected. Then, the viscous solution was
mixed with ethanol in a 1:1 ratio at 4.0 ± 0.5 �C for 2 h to pre-

cipitate the hydrocolloid-based extract. The mixture was cen-
trifuged, and the precipitate was collected, lyophilized
at � 45 �C and 0.1 mbar for 48 h, and milled. The extraction

yield of hydrocolloids (g of hydrocolloid obtained/g of sesame
flour � 100) was determined for the different assays
performed.

2.4. Chemical analysis

The physicochemical and proximal composition of the hydro-

colloids was determined following the method described by the
Association of Official Analytical Chemists, (AOAC, 2000).
The pH values were determined using a digital pH meter
(Model HANNA HI 9124). The titratable acidity (TTA) was

determined by titration. The moisture content was determined
by dehydration in an oven at 105 �C for 4 h. The ash content
was determined by incineration at 550 �C until constant

weight. The total fat content was assessed by Soxhlet using
hexane as a solvent. The total protein content was determined
using the Kjeldahl method. The total carbohydrate content

was analyzed per difference.
The functional groups were identified by Fourier transform

infrared spectroscopy (FTIR). FTIR spectra were obtained
with an infrared spectrophotometer (Shimadzu IR-Affinity

model instrument, Japan). The samples were placed between
two KBr discs (dimensions 32 mm � 3 mm) in a suitable sam-
ple holder. Spectra were acquired in an absorbance mode with

a resolution of 4 cm�1 in the wavelength range 500 –
4000 cm�1. Analyses were performed in duplicate, and average
spectra were used.

2.5. Technological properties

2.5.1. Water holding capacity (WHC)

WHC (mL of water held=g of sample� 100) expresses the
amount of water retained by hydrocolloids. For quantification,
0.5 g of hydrocolloids were placed in a centrifuge tube, 3 mL of
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water was added, followed by shaking for 1 min. The mixture
was centrifuged at 3200 rpm at 24 �C for 30 min to measure the
volume of water held (Modercay and Bermudez, 2010).

2.5.2. Solubility

The solubility (g dried sample=g initial sample� 100 ) was
carried out following the procedure described by Betancur-

Ancona et al., (2003). It was determined by dispersion of 1 %
w/v of hydrocolloids in 30 mL of distilled water at 25, 45, and
65 �C for 30 min with continuous stirring. The 10 mL aliquots

were centrifuged, and the supernatant was dried in a muffle at
125� C until a constant weight was obtained.
Fig. 1 Yield extraction of each hydrocolloid from sesame (HS1,

HS2 and HS3 Acid pH extraction); (HS4, HS5 and HS6 Neutral

pH extraction) and (HS7, HS8 and HS9 Alkaline pH extraction).

Means with different letters are significantly different (p > 0.05).

Error bars show the standard deviation of experimental values

(n = 3).

Table 2 Physicochemical, proximal composition, a

loids in acid (HS-3) and alkaline (HS-9) medium.

Parameter

Proximal and

Physicochemical

Properties

TTA (mg Citric acid/100 mL)

pH

Moisture (%)

Protein (%)

Fat (%)

Ash (%)

Carbohydrate (%)

Technological

Properties

%WHC

% Solubility 25 �C
% Solubility 45 �C
% Solubility 65 �C
% EA

% ES

% FC

% FS

Results are expressed as mean ± standard deviation.

Different letters within each row are significantly differe

TTA, titratable acidity; WHC, water holding capacity; E

foaming capacity; FS, foam stability.
2.5.3. Emulsifying ability (EA) and emulsifying stability (ES)

EA (mL emulsion=mL final� 100 ) and ES

(mL final volume=mL initial volume� 100) were analyzed
following the method described by Sciarini et al., (2009). The
emulsions were prepared by mixing 6 mL of commercial oil in

60 mL of distilled water, along with hydrocolloids at 0.5, 0.25,
and 0.1%w/w. The dispersionsweremixedwith amagnetic stir-
rer and subsequently homogenized for 1 min at 3000 rpm (Ultra

Turrax T-25, IKA, Germany). In order to determine ES, the
emulsions were heated in a water bath at 80� C for 30 min and
then centrifuged for 10 min and the volume was taken.

2.5.4. Foaming capacity (FC) and foam stability (FS)

FC (mL after agitation�mL before agitation=mL before
agitation� 100 ) and FS (Foam volume =initial foam

volume� 100 ) were determined as described by Jahanbin
et al., (2012). 1 g of hydrocolloids was added to 100 mL of dis-
tilled water and vigorously agitated for 5 min.
2.6. Rheological measurements

The rheological characterization of hydrocolloids was per-
formed using a controlled stress rheometer (Modular

Advanced Rheometer System Haake Mars 60, Thermo-
Scientific, Germany) using a rough plate geometry of 35 mm
diameter and a 1 mm gap to prevent wall slip effects. The pro-

cedures were done following the method described by
Quintana et al., (2018). The temperature was maintained using
a Peltier system, and each sample was equilibrated for 600 s

before the rheological test to ensure the same thermal and
mechanical history for each sample.

Viscous flow tests were performed at steady-state, analyzing
variations in apparent viscosity at shearing rates ranging

between 10-3 and 103 s�1. The viscoelastic properties were eval-
uated with small-amplitude oscillatory shear (SAOS) tests.
nd technological properties of sesame hydrocol-

HS-3 HS-9

0.48 ± 0.01a 0.08 ± 0.00b

4.21 ± 0.03a 8.85 ± 0.04b

5.46 ± 0.04a 7.75 ± 0.11b

29.55 ± 0.48a 23.31 ± 0.76b

8.65 ± 0.13a 12.47 ± 0.59b

8.33 ± 0.11a 7.48 ± 0.72a

47.98 ± 0.53a 48.92 ± 1.13a

486.67 ± 23.09a 400.00 ± 34.64a

35.00 ± 1.73a 32.00 ± 3.46a

40.00 ± 9.64a 38.00 ± 4.58a

47.00 ± 11.35a 67.00 ± 3.46b

100.01 ± 0.01a 100.00 ± 0.01a

94.69 ± 2.37a 96.43 ± 0.62a

49.67 ± 3.51a 60.33 ± 1.53b

21.65 ± 3.88a 68.48 ± 2.23b

nt (p < 0.05).

A, emulsifying ability; ES, emulsifying stability; FC,
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Stress sweeps were carried out at a frequency of 1 Hz applying
an ascending series of stress values from 10-3 and 103 Pa to
determine the linear viscoelasticity range. Frequency sweeps

were performed to obtain the mechanical spectrum applying
a stress value within the linear viscoelastic range at 10 Pa, in
the frequency range of 10-2 - 102 rad�s�1. All analyses were per-

formed at 10, 25, 40, and 80 �C.

2.7. Statistical analysis

All experiments were done per triplicate. The data obtained
were analyzed by ANOVA using Statgraphics software
(Centurion version 16.1) to determine statistically significant

differences (p < 0.05) between samples.

3. Results and discussion

3.1. Extraction Yield, physicochemical and proximal
composition

The extraction yield of hydrocolloids from sesame flour in acid
(pH 3), neutral (pH 7), and alkaline (pH 10) medium, with var-
ious mass ratios of sesame flour: water (1:4, 1:6, and 1:9) at

80 �C are shown in Fig. 1. The pH of solubilization exhibits
significant differences (p < 0.05); hydrocolloids obtained at
pH 3 demonstrated the highest extraction yield, followed by

pH10, whereas the extraction condition at pH 7 was the low-
est. Then, the extraction yield at pH 10 favored the removal
of the remaining fatty component of the defatted sesame flour

to form a paste, in this case the employee of a second solubi-
lization step was performed to remove part of the compounds
solubilized in the aqueous medium; this is in accordance with
the results reported by Karazhiyan et al., (2011) as the yields

were higher in the acid and alkaline medium than those
obtained at neutral pH.

The flour:water ratio presented a linear increase in yield

extraction (p < 0.05) which was attributed to the greater mass
and energy transfer induced by the increase in the proportion
of water used for extraction attributed to the formation of

hydrogen bonds of polysaccharide molecules of hydroxyl also
the pH of solubilization that causes electrostatic repulsion and
hydration of charged residues, thus promoting protein solubi-
Fig. 2 FTIR of sesame hydrocolloids in acid (HS-3) and alkaline

(HS-9) medium.
lization at the isoelectric point (Petrucci et al., 2011). Similar
findings have been observed with hydrocolloids obtained from
seeds of Lepidium sativum (Karazhiyan et al., 2011), and gums

of basil seed (Razavi et al., 2009) and the roots of Acanthophyl-
lum bracteatum (Ghosh et al., 2005). Based on these findings,
samples obtained at pH 3 (HS-3) and pH 10 (HS-9), in a 1:8

flour to water ratio, were characterized to analyze their prox-
imal composition, functional and rheological properties.

The physicochemical and proximal compositions of the

hydrocolloids obtained at pH 3 (HS-3) and pH 10 (HS-9)
are shown in Table 2. The sample presents different pH values
(p < 0.05) depending on the conditions of solubilization. HS-3
had a pH of 4.21 ± 0.03, while HS-9 had a pH of 8.85 ± 0.04.

The marginal increase or decrease in the pH value of the
extraction is related to the addition of a neutral solvent, such
as ethanol, in the precipitation step; the pH will attempt to bal-

ance the pH of the two components based on its ability to
Fig. 3 Fitting the flow curves with the Carreau-Yasuda model

for sesame hydrocolloids at 10, 25, 40, and 80 �C in a) acid (HS-3)

and b) alkaline (HS-9) medium.
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transfer H + ions in the case of an acidic solution, or OH–
ions when the solution is basic (Petrucci et al., 2011). Similarly,
the TTA was consistent with the pH (p< 0.05), indicating that

HS-3 contained a higher percentage of acid than HS-9,
although it has a certain amount of acid attributable to
sesame.

The moisture content of the hydrocolloids showed signifi-
cant differences (p < 0.05), with HS-9 showing a higher con-
tent than HS-3. Furthermore, the fat content of the extracted

HS demonstrated significant differences (p < 0.05), with sam-
ples at alkaline pH 10 presenting the highest values, with a dif-
ference of 3.82 %. The ash content did not differ significantly
between the extracted HS (p > 0.05). Moreover, the carbohy-

drate content did not significantly differ among samples
(p < 0.05), but it was the major macronutrient in the propor-
tion of the hydrocolloids; this can be attributed to the extrac-

tion process, which results in high proportions of starches and
other polysaccharides, as it has been reported in guar gum and
locust bean gum (Martı́nez et al., 2015). The similar carbohy-

drate content of the samples can be attributed to the degrada-
tion of sesame polymeric chains in alkaline and acidic media,
extracting mainly glucose, arabinose, xylose, galactose, man-

nose, and rhamnose present in sesame flour (Ghosh et al.,
2005). Protein percentage also differed significantly between
samples (p < 0.05), with values of 29.55 ± 0.48 % and 23.3
1 ± 0.76 % for HS-3 and HS-9, respectively; this finding could

be attributed to the co-precipitation of proteins and polysac-
charides on mixing the supernatant with ethanol.

Furthermore, sesame proteins could be isolated using water

at pH 10 or precipitation at acid pH, which can facilitate the
extraction of globular proteins such as albumins, globulins, pro-
lamins and glutelins (Hassan et al., 2018; Onsaard, 2012), which

are primarily composed of leucine, valine, phenylalanine, thre-
onine and other amino acids (Kotecka-Majchrzak et al., 2020)
and presenting predominantly hydrophobic components com-

pared to amino acids that possess hydrophilic groups
(Gromiha, 2010). Based on the composition presented by bro-
matological characterization of hydrocolloids and previously
reported components of sesame, the relationship between carbo-

hydrate and proteins mainly improves the emulsifying proper-
ties and functions as a molecular linker (Kačuráková and
Wilson, 2001). Furthermore, isolated hydrocolloids that

demonstrate a close relationship between polysaccharides and
proteins have shown amphiphilic characteristics capable of
easily stabilizing colloidal systems (Manzoor et al., 2020).
Table 3 Fitting parameters of the Carreau-Yasuda model for sesa

alkaline (HS-9) medium.

Code Sample Temp.

(�C)
g0(Pa�s) g‘(Pa�s)

HS-3 10 29999.99 ± 1.12a 0.42 ± 0.03a

25 14516.32 ± 14.07b 0.22 ± 0.01b

40 10826.92 ± 70.43c 0.59 ± 0.01c

80 620616.67 ± 24.64d 0.30 ± 0.01d

HS-9 10 145132.24 ± 1.17e 0.15 ± 0.06e

25 50298.83 ± 80.17f 0.04 ± 0.01f

40 40232.02 ± 54.40 g 0.11 ± 0.04e

80 17340.21 ± 94.41 h 0.03 ± 0.01f

Results are expressed as mean ± standard deviation.

Different letters within each column are significantly different (p < 0.05
The analysis of chemical groups of samples was done by
FTIR.Most of the investigated components usually have chem-
ical bonds that exhibit vibrational motion in mid-infrared spec-

troscopy (4000–650 cm�1), where proteins and carbohydrates
canbe identifiedas themaincomponentsofhydrocolloids.FTIR
spectra for HS-3 andHS-9 were determined in the range of 4000

to 550 cm�1, as canbe observed inFig. 2. The bandbetween 3800
and 3100 cm�1 belonged to the –OH stretching. The band in the
region of 3000–2800 cm�1 was related to the stretching vibration

of –CH. A substantial peak was recorded between about
2700 cm�1 and 2950 cm�1, corresponding to CAH stretching
vibrations, and the peak bands at wavenumbers 1157, and
1022 cm�1 were attributed to the stretching vibration of the

CAObond.Thenhydrocolloids present a typical polysaccharide
profile,withmultiplepeaksbetween theabovementioned regions
1160–1130 cm�1. The profile of peaks with vibrations between

1100 cm�1 and 980 cm�1 has been attributed to ring and side ring
vibrations of the individual sugar components (CAOAC, C–
OH) (Kacuráková et al., 2000). The peak at 1663 cm�1 can be

attributed to adsorbed water (Kac-Ura, et al., 1998;
Kačuráková and Wilson, 2001), the protein component of the
extract can also account for the adsorption of the amide band

in this area, while the typical in these wavenumbers is also the
adsorption of carboxylic groups (Haris and Severcan, 1999).

3.2. Technological properties

The functional properties of HS are presented in Table 2. The
WHC of sample HS-3 was slightly greater than that of sample
HS-9, as the presence of carbohydrates, the number of hydra-

tion positions, the configuration of the protein and fiber, and
the biopolymer’s protein content (Ragab et al., 2004), allowed
higher retention between hydrocolloids and water favoring

retention (Alpizar-Reyes et al., 2017). This can also be
explained by the structure, pH, temperature, and density of
the total charge, as well as the hydrophilic nature of molecules

(Bayar et al., 2016).
The HS solubility was evaluated at different temperatures

and revealed a linear increase with significant differences
(p < 0.05); this difference could be attributed to the isoelectric

point of proteins (Badui, 2006) since the solubility was mark-
edly enhanced under alkaline conditions and was considerably
improved by protein-carbohydrate conjugates formed through

glycosylation reactions, as indicated by the amount of these
components determined in the hydrocolloid composition.
me hydrocolloids at 10, 25, 40, and 80 �C in acid (HS-3) and

kc(s) a n R
2

108.95 ± 4.20ad 1.52 ± 0.04a 0.01 ± 0.01a 0.99

57.21 ± 4.98a 1.37 ± 0.08a 0.01 ± 0.01a 0.99

61.09 ± 3.58a 2.79 ± 0.27b 0.01 ± 0.01a 0.99

2216.64 ± 40.80b 8.00 ± 1.12c 0.10 ± 0.01a 0.99

873.73 ± 7.04c 2.69 ± 0.03b 0.01 ± 0.01a 0.99

185.11 ± 5.79d 0.92 ± 0.03a 0.08 ± 0.01b 0.98

503.81 ± 3.07e 2.81 ± 0.17b 0.01 ± 0.01a 0.99

370.21 ± 6.30f 3.75 ± 0.22d 0.01 ± 0.01a 0.99

).



Fig. 4 Frequency tests. Elastic modulus (G0) and Viscous

modulus (G00) for sesame hydrocolloids at 10, 25, 40, and 80 �C
in a) acid (HS-3) and b) alkaline (HS-9) medium.
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The formation of these conjugates markedly helps mitigate the
drop in hydrocolloid solubilization at pH values close to the
isoelectric point and can even affect solubility at basic pH val-

ues (Saatchi et al., 2019). This functional property presents a
high potential for the dispersion of these compounds, mainly
in aqueous colloidal systems, to exploit their other functional

properties as stabilizers or thickeners.
The EA% in all cases was 100 % of the mixture volume,

and St% was 94.96 � 2.37 for HS-3 and 96.43 � 0.62 for

HS-9, respectively, presenting a high emulsifying capacity
and showing enhanced stability throughout the time, without
significant differences (p > 0.05). This behavior could be
attributed to the high protein content of HS, as the presence

of proteins decreases the surface tension as a result of electro-
static repulsion on molecule surfaces; therefore, the stability of
the emulsion is higher (Dickinson, 1994).

Significant differences (p < 0.05) were observed in terms of
FE% and FS%, HS-3 presenting the lowest values of FC%
and FS%, while 3-fold increased values of HS-9; these results

depend on various factors, including protein and carbohydrate
content, structure, molecular weight, and the presence of addi-
tional agents in hydrocolloids (Mahfoudhi et al., 2014). The

high protein content of hydrocolloids may be directly related
to interfacial properties (Fedeniuk and Biliaderis, 1994). Then,
the polysaccharide content facilitates foaming, as it has been
previously confirmed that polysaccharides can increase the

foaming properties of protein systems by increasing the viscos-
ity of the continuous phase, creating a network of biopolymers
that trap air bubbles, thus preventing their rupture or coales-

cence (Makri and Doxastakis, 2007).

3.3. Rheological properties

3.3.1. Steady-state viscous-flow curves

The apparent viscosity (g) of HS-3 and HS-9 was analyzed

against the deformation rate (c
�
) at 10, 25, 40, and 80 �C

(Fig. 3). The samples showed a decrease in g as a function

of c
�
typical behavior of non-Newtonian fluid-type shear thin-

ning (Piñeiro-Lago et al., 2020), which presents three regions:
an initially Newtonian plateau at low shear rates, followed by
a power drop, and an infinite Newtonian region at high shear

rates. This behavior can be explained by a break in the reticu-
lar structure of polysaccharide molecules of hydrocolloids dur-
ing shear, with their chains aligned along the flow direction,

leading to an exponential reduction in viscosity (Mir et al.,
2016). Experimental data were adjusted to the Carreau-
Yasuda model (Carreau, 1972) (R2 > 0.98) (Equation (1)):

g ¼ g1 þ g0 � g1ð Þ 1þ kc c
�� �ah in�1

a ð1Þ

where go is the Newtonian viscosity region at low deformation
rates, g1 is the Newtonian viscosity when the deformation

speed values tend to infinity, kc is the Carreau time constant,
a is the transition control factor, and n corresponds to the
parameter of the power-law model of flow index.

The parameters for adjusting the Carreau-Yasuda equation
are shown in Table 3, where the effect of the temperature on
the flow parameters was observed. In all cases, n < 1 con-

firmed a shear-thinning behavior. The hydrocolloids presented
relatively high viscosities at different temperatures. When com-
paring each parameter of the Carreau-Yasuda model at the
different temperatures of hydrocolloids, significant differences
were obtained (p < 0.05). For HS-3, the parameter go
increased at 80 �C, which can be related to an increase in the

rigidity and viscosity owing to apparent gelatinization, form-
ing viscous agglomerates that cause particles to coalesce and
form networks that trap the internal fluids, inducing the for-

mation of higher viscosity aggregates (Ramı́rez-Navas, 2006).
The decrease in viscosity in HS-9 with the increase in temper-
ature even at 80 �C is related to their fat content, considering

that the gelation temperature depends on the water proportion
and the concentration of gelling agent (Badui, 2006). However,
it appears to enter a pre-gelatinization phase, as the viscosity
did not decrease with the same potential from 10 to 25 �C.

3.3.2. Viscoelastic oscillatory test

The frequency sweep (Fig. 4) revealed that the samples present

a gel-type solution in the mechanical spectrum of the studied
frequency by a network of entangled macromolecules. The
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magnitudes of the storage module G0 was greater than the loss
modulus G00 for hydrocolloids within the frequency range ana-
lyzed, indicating that the elastic behavior predominates against

the viscous component (Ibañez and Ferrero, 2003) showing an
increment of solid properties than liquid ones, influenced by
the organization and structure (Quintana et al., 2018). The

structure of hydrocolloids with protein-carbohydrate conju-
gates is a complex matrix, and the links between molecules
determine their mechanical properties. Hence, the protein

and carbohydrate content define the structure’s firmness by
combining double helices to form links between molecules in
a three-dimensional network, thus promoting stable gel forma-
tion (Drapala et al., 2019). Consequently, protein-

carbohydrate complexes have been developed to improve the
elastic properties of gels; this was not required to improve
Fig. 5 Phase angle tangent (tan d) as a function of angular

frequency for sesame hydrocolloids at 10, 25, 40, and 80 �C in a)

acid (HS-3) and b) alkaline (HS-9) medium.
the viscoelastic properties of the prepared HS. Moreover, these
complexes can be used in gelled products that require this kind
of hydrocolloids (Moreno-Santander et al., 2020).

HS-3 exhibits higher G0 and G00 values than HS-9 at 80 �C
indicating a higher gel strength, which can be attributed to
the links between proteins and carbohydrates due to decreased

pH, mediated by the Maillard reaction and crosslinking of pro-
tein molecules (Drapala et al., 2019), which can increase the
viscosity of different matrices. The viscoelastic properties of

hydrocolloids are shown in Table 4, where G0 at 1 Hz fre-
quency decreases from 10 to 40 �C, which then changes the
value depending on the pH of solubilization. Hydrocolloids
depended on temperature variation; at 80 �C G0 increased at

80 �C for HS-3 describing particle entanglement due to gel for-
mation (Larrosa, 2014), whereas for HS-9, G0 did not increase
significantly at the gelling temperature owing to the melted fat

content at 40 �C; both HS-3 and HS-9 showed thermal disrup-
tion of physical bonds (Piñeiro-Lago et al., 2020).

The loss factor (tan d) did not show significant differences

(p > 0.05), indicating that the elastic character of the internal
hydrocolloid networks was maintained. Fig. 5 shows the values
of Tan d as the angular frequency increases at different temper-

atures, in which the hydrocolloids show values closer to 0, con-
firming that storage modulus (G0) was persistently greater than
the loss modulus (G00), presenting a clear predominance of elas-
tic properties over viscous properties, as mentioned earlier.

3.4. Potential use of hydrocolloids as food ingredients

Hydrocolloids have different technological properties which

make them suitable ingredients for the development of food
products. Different applications have been investigated, such
as hydrocolloids for improving food structures (Mir et al.,

2016), or as a functional ingredient to encapsulate, protect,
and release nutrients (Taheri & Jafari, 2019) associated to their
technological and rheological properties.

The retention of HS, along with a good protein-
carbohydrate ratio and adequate properties at different pH
values, can facilitate its development as additives/substituents
with distinct physicochemical properties, increasing the range

of product applications, as the final pH of the samples influ-
ences the interactions that affect techno-functional properties
Table 4 Viscoelastic parameters of sesame hydrocolloids at

10, 25, 40, and 80 �C in a) acid (HS-3) and b) alkaline (HS-9)

medium.

Code Sample Temp

(�C)
G*

(kPa)

Tan d G0 peak

(kPa)

Tan dpeak

HS-3 10 15.29c 0.25b 23.64e 0.33a

25 6.74b 0.20a 9.48c 0.29a

40 8.06b 0.21ab 14.89d 0.28a

80 66.48d 0.18a 90.38f 0.50b

HS-9 10 15.59c 0.23a 22.79e 0.28a

25 4.43a 0.20a 6.48b 0.33a

40 3.45a 0.17a 4.58a 0.33a

80 7.95b 0.22b 13.21d 0.29a

The standard deviation of the samples was < 0.01.

Different letters within each column are significantly different

(p < 0.05).
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in a specific matrix (Yousefi and Jafari, 2019). For example,
the water retention capacity of HS-3 and HS-9 could be uti-
lized in meat emulsions as an alternative to improve the textu-

ral properties, stability, and yield of this food matrix,(Yao
et al., 2018) or to modify the texture of beef patties
(Pematilleke et al., 2020).

The solubility afforded by these hydrocolloids presents a
high potential for dispersion, mainly in aqueous colloidal sys-
tems, to exploit their additional functional properties as stabi-

lizers or thickeners, as demonstrated in a wide range of dairy
products (Yousefi and Jafari, 2019). The obtained HS, owing
to emulsification properties, could be used as an emulsifying
agent or to deliver an active compound; these properties have

been investigated in other gums possessing this important
polysaccharide (Singh and Kumar, 2020) or emulsion gels
(Shi et al., 2020), edible films, or coatings,(Trinetta, 2016)

among others. The superior foaming capacity of HS-9 can be
used to highlight specific and vital products in the.

industry, including whipped cream, mousses, soufflés, ice

cream, bread, cakes, and carbonated beverages, as these col-
loidal systems provide texture, color, novelty, and excitement
to the consumer (Murray, 2020). HS showed different rheolog-

ical properties, which could improve.
rheological properties if used in food products.
4. Conclusions

Hydrocolloids from sesame seeds were obtained in alkaline (pH 10)

and acidic (pH 3) media, employing a 1:8 ratio at 80 �C. The pH of

the samples was determined according to the pH used for extraction;

the proximal composition and functional properties of hydrocolloids

revealed a high percentage of protein and carbohydrates contributing

to the improvement of technological properties. HS presented a high

WHC, solubility, and emulsion formation. Hydrocolloids obtained in

an alkaline medium presented a better foaming ability. The samples

presented a non-Newtonian flow behavior type shear-thinning, which

was adjusted to the Carreau-Yasuda model (R2 > 0.98) when the

pH of the extraction process induced a change in viscosity related to

the bromatological composition. The viscoelastic properties revealed

a G0 were higher than G00, with higher strength. The suitable protein-

carbohydrate ratio of hydrocolloids can be exploited for developing

products with different physicochemical properties. HS demonstrated

different technological and rheological properties that can be

employed to improve the physical stability, as well as the textural

and sensorial properties of microstructured food products, including

emulsions, salads, coatings, or dressings, as well as for the development

of carriers in the encapsulation process owing to their rheological

properties.
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