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Abstract

The objectve of this work was to develop a hydrogel based on white sorghum starch and characterize its visual aspects,
behavior in the presence of water, morphology, and texture profile. Six hydrogel samples were developed from sorghum
starch, chitosan, and different proportions of citric acid through thermal gelatinization. The hydrogels were then physically
crosslinked by freeze-thawing. All six samples showed high water absorption capacity and low syneresis rate, ranging
from 0.35% (sample 5, with the highest concentration of citric acid) to 9.75% (sample 6, without the addition of citric
acid). After lyophilization, all six samples exhibited stable and intact structures after immersion in water; however, those
with citric acid maintained greater structural integrity after 24 h. The water activity values among the samples ranged
from 0.995+0.002 to 0.999+0.001, characterizing a high a,, as they were close to 1. Regarding water release from the
hydrogels, the six samples presented values ranging from 0.08+0.03 to 25.35+1.90%. Water loss values ranged from 0.03
to 0.44 g among the six hydrogel samples. Regarding the pH of the hydrogel samples, the results ranged from 3.36+0.01
to 7.66+£0.01. Morphological analysis of the hydrogels revealed that the crosslinking process promoted the formation of
a three-dimensional polymeric matrix, resulting in highly porous hydrogels with greater water absorption capacity. The
texture profile of the developed hydrogels revealed the formation of firm and cohesive gels, with good integrity and high
resistance. Fourier transform infrared spectroscopy (FTIR) identified the characteristic functional groups of starch and
citric acid. This study presents, for the first time, the development of hydrogels based on sorghum starch, a raw material
still unexplored for this application, highlighting the potential of sorghum as a sustainable and environmentally friendly
alternative. Furthermore, the developed material stands out as a promising matrix for the incorporation of bioactive com-
pounds, expanding its possible technological applications.
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with a highly hydrophilic three-dimensional structure,
which has the ability to absorb and retain large amounts of
water without dissolving. This occurs through the formation
of a cross-linked three-dimensional network, in which water
is able to enter the polymer granules, forming strong and
stable interconnected structures [1, 2].

The cross-linking of starch hydrogels can occur through
physical or chemical processes, in which water penetrates
the polymer granules, forming interconnected structures
that are highly resistant [3, 4]. Physical crosslinking offers
an advantage over chemical methods because it is a process
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that does not involve the use of potentially toxic reagents,
resulting in a more natural and ecologically sustainable
product [5].

The physical cross-linking of starch gels can be achieved
through freeze-thawing cycles. During freezing, when the
paste or gel is frozen, phase separation occurs as ice crys-
tals form. After thawing, the polymer paste and gel undergo
syneresis, i.e., water is released. These cycles promote
increased molecular associations between polymer chains,
resulting in the formation of a porous system [5, 6].

In recent years, there has been a notable rise in the use of
both conventional and unconventional starch-based hydro-
gels as matrices for releasing bioactive compounds [7].
Examples include potato starch [8], rice [9], mung beans
[10], wheat [11], tapioca [12], and cassava-parsley [13],
with corn starch being the most widely used and recognized
as the predominant commercial starch globally [14—16].

Unconventional starch sources are pivotal in address-
ing the demand for biodegradable materials and packaging,
serving as an alternative to promote ecologically sustainable
systems [3]. Sorghum emerges as a promising alternative
source of starch, which is produced worldwide, including
in Brazil. It is rich in starch (70 to 80%) and is available all
year round. As a cereal crop, sorghum is cultivated in very
dry, hot areas, and under different environmental conditions,
being considered an important contributor to the security of
the food supply. Given these conditions, sorghum has an
advantage over other cereal crops, which often struggle with
low productivity in such climates [17-19].

To date, there are no reports in the literature on the devel-
opment of hydrogels based on sorghum starch, which gives
the present investigation a novel and relevant character. The
exploration of this starch for such an application stands out
as a promising alternative, especially given the scarcity of
studies involving unconventional starches in the formula-
tion of hydrogels, despite their high potential for sustain-
able and environmentally compatible systems. Therefore,
the objective of this study was to develop a hydrogel based
on sorghum starch, chitosan and varying concentrations of
citric acid, physically cross-linked, for different applica-
tions, with a particular focus on providing a matrix for the
incorporation of extracts rich in bioactive compounds.

Materials and methods

Material

Sorghum grains [Sorghum bicolor (L.) Moench] of the BR
501 genotype (white pericarp and no tannin) were donated

by the National Maize and Sorghum Research Center
(CNPMS) of EMBRAPA, located in Sete Lagoas, Minas
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Gerais, Brazil (latitude 19°28’S, longitude 44°15°W). The
hydrogels were produced by extracting starch from sor-
ghum grains, which served as the base material. Chitosan
(Xingcheng Biochemical, China) and citric acid (Dinamica
Quimica Contemporanea LTDA, Brazil) were also used in
the production process.

Methods
Sorghum starch extraction

The starch extraction followed the method described by
Vieira et al. [19] with modifications, as shown in Fig. 1. The
sorghum grains (500 g) were soaked in an aqueous solu-
tion containing 0.15% sodium metabisulfite and incubated
in a BOD oven (BOD Incubator with Photoperiod SL — 224,
SOLAB) at 40 °C for 24 h. After draining and washing
extensively, the grains were ground in an industrial blender
(Poli Metalurgica Siemsen, model TR-02, frequency 60 Hz,
power 245 W) and sifted through 80 mesh and 120 mesh
sieves for standardization. The resulting material was then
rested at 10 °C for 20 h. The decanted material was resus-
pended in distilled water and centrifuged (Mod Jouan BR4)
at 3500 rpm for 15 min until pure starch, visually confirmed
by color, was obtained. The centrifuged material was dried
in a forced air circulation oven (Mod 320-SE — Mechanical
Circulation, FANEM) at 40 °C for 12 h. Following drying,

Maceration in metabisulfite
— solution

(24 h at 40 °C)
|

Sorghum grains

\/

Wet grinding >| Washing in sieves

\7

Decantation | Centrifugation
>
(20h at10°C) “ | (1533,28x g/ 15 min)

—

Kiln drying
(18 h at 40 °C)

Milling and
standardization

Fig. 1 Flowchart of the sorghum starch production process
Source: Author (2024)
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Table 1 Experimental design for the development and characterization
of hydrogels made with sorghum starch, chitosan and citric acid (CA)

Sample  Sorghum starch (g) Chitosan (g) Citric acid (%)
S1 5 0.5 2
S2 5 0.5 3
S3 5 0.5 4
S4 5 0.5 6
S5 5 0.5 10
S6 5 0.5 0

the starch was sieved through a mesh with an opening of
0.153 mm to standardize particle size and appearance.

Experimental design

The hydrogel samples were defined through pre-tests, based
on the formulation 5 g of sorghum starch to 0.5 g of chito-
san, varying the proportion of citric acid in terms of percent-
age of weight (% w/w of starch), according to the method
described by Demitri et al. [20], with some modifications. A
completely randomized design (CRD) was used, as shown
in Table 1.

Elaboration of starch hydrogels

The hydrogels were prepared by the heating gelatinization
method, as described by Biduski et al. [9], with some modifica-
tions. The sorghum starch suspensions (5 g of starch and 50
ml of distilled water - values established according to prelimi-
nary tests) were heated in a water bath with constant agitation
until reaching 90 °C (GMA Medical TM, Brasil). Subsequently,
0.5 g of chitosan, 50 ml of water and the different proportions
of citric acid (as previously described in Table 1 to improve
chitosan gelatinization) were homogenized using a magnetic
stirrer and added to the starch and water suspensions. The mix-
ture was then heated for 30 min to complete the starch gelling
process. The resulting dispersions were stored in polystyrene
Petri dishes measuring 15 cm in diameter and allowed to cool
to room temperature (25 + 2 °C).

Physical cross-linking of hydrogels

The hydrogels underwent physical crosslinking through
five cycles of freezing and thawing, following the method
described by Silva et al. [21]. The 6 hydrogel samples were
frozen at -20 °C, and then completely thawed at 30 + 2 °C.

Evaluation of visual aspects, syneresis rate and water
absorption capacity of hydrogels

After preparing the six hydrogel samples and subjecting
them to the physical cross-linking process through freezing

and thawing, they were photographed for evaluation of their
visual aspects.

Syneresis rate The syneresis rate of hydrogels following
physical crosslinking (freeze/thaw treatment) was deter-
mined according to the method described by Li et al. [22]
with some modifications. After undergoing physical cross-
linking, the hydrogels were stored at 10 + 2 °C for 24 h,
weighed (pi), and then the released water was decanted and
the hydrogels were weighed again (pf). The syneresis rate
was determined according to Eq. 1.
_h-P

SR (%) = folOO (1)

After this step, the six samples were lyophilized for 72 h.
Both lyophilized and swollen hydrogels were photographed
and evaluated for structural integrity after being immersed
in distilled water for 24 h.

Determination of water activity, water release and water
holding capacity of hydrogels

Water Activity (a,,) The water activity (aw) was determined
by directly reading the samples, using the AqualLab Lite 2T
equipment, from Decagon Devices Inc, (Pullman, USA),
operating at a temperature of 25 °C. Calibration was con-
ducted using distilled water and saturated lithium chloride
solution (aw 0.112+0.003). The samples were placed in
plastic capsules, which were inserted into the equipment
to measure the aw values. The analyses were performed in
triplicate.

Water release (%) The water release rate was determined
according to the method described by Li et al. [22], with
some modifications. Briefly, suspensions of starch, chitosan,
and citric acid (Table 1) were subjected to gelatinization by
heating. The hydrogels were then stored at 0 °C for 24 h
and subsequently brought to room temperature for analy-
sis. The water release rate was measured gravimetrically as
the amount of water released (g of water/100 g of gel) after
centrifugation at 1500 x g for 15 min. All analyses were
conducted in triplicate.

Water Holding Capacity (WHC) The water holding capacity
(WHC) was determined following the method outlined by
Li et al. [22], with some modifications. Samples of hydro-
gels (2 g, wl) were dried in an oven at 40 °C for 2 h and
then centrifuged at 4000 rpm for 20 min. After removing
excess water with filter paper, the remaining water content
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was weighed (w,). The WHC was then calculated using Eq.
2.

WHC = w1 — W2 (2)
Hydrogen potential (pH)

The pH readings were obtained using a benchtop pH
meter (Bante, model 920). Each reading was conducted in
triplicate.

Morphological evaluation of hydrogels

The morphology of the hydrogels was evaluated using a
Scanning Electron Microscope (JEOL JSM —6360LV).
Prior to the analysis, the samples were freeze-dried, and
subsequently, a small fraction of each sample was collected,
fixed on carbon tape, pulverized and coated with gold. Visu-
alization analysis was conducted using magnifications rang-
ing from 50 to 350 x with a voltage of 5.0 V.

Texture Profile Analysis (TPA)

The TPA of the hydrogels was performed following the
method described by Biduski et al. [9] with some modifica-
tions. A TAXTPLUS (Stable Micro Systems) texture ana-
lyzer was used, and data were collected using the Exponent
Lite program, version 5.1.1.0, 2010. The analysis involved
two compression cycles. The samples, placed in 100 ml
plastic containers (5 cm diameter x 7 cm height) at a height
of 2 cm, were tested in quadruplicate. Each sample under-
went compression to 50% of its initial height at a speed of 5
mm.s_ ! using a cylindrical probe of 35 mm in diameter. A
defined delay period (10s) between the beginning of the sec-
ond and the end of the first compression was applied. The
attributes hardness, cohesiveness, gumminess, resilience
and adhesiveness were analyzed.

Fourier-Transform Infrared Spectroscopy (FTIR)

The spectra of the hydrogels were acquired using a Fourier
Transform Infrared Spectrophotometer (Shimadzu, model
IR-Prestige 21) equipped with an Attenuated Total Reflec-
tance (ATR) sampler. This enabled direct insertion of each
sample for analysis without prior preparation. The equip-
ment was configured to perform 20 scans, with a resolution
of 1 cm™!, over the range of 4000 and 400 cm™ .

Statistical analysis

The results underwent analysis of variance (ANOVA) and
comparison of means using Tukey’s test at a significance
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level of 5%, after evaluation of normality and homogeneity.
All analyses were performed using SPSS 15.0 (SPSS Inc.,
USA).

Results and Discussion

Evaluation of visual aspects, syneresis rate and
water absorption capacity of hydrogels

The photographs of the hydrogels, prepared from sorghum
starch and chitosan with varying proportions of citric acid,
after gelatinization by heating, are presented in Fig. 2.

From the photographs taken (Fig. 2) of the 6 hydrogel
samples, noticeable differences in the visual aspects can be
observed, particularly in terms of color intensity and gel
consistency.

After the preparation of the six hydrogel samples, they
were submitted to the physical crosslinking process, and the
resulting visual aspects are shown in Fig. 3.

It was observed that, after being gelatinized again in
a water bath at 90 °C for 30 min, samples S1, S2 and S5
presented a firmer consistency with the presence of groats
noted. Sample S6 (0% citric acid) also displayed a firm con-
sistency and darker color compared to the others, in addition
to the presence of lumps.

In contrast, samples S3 and S4 formed a fluid, homoge-
neous, smooth gel without the presence of lumps. Therefore,
these two samples presented better visual aspects compared
to the others, meaning those with lower concentrations of
citric acid (S1 and S2), higher concentration of citric acid
(S5) and without the addition of citric acid (S6). This obser-
vation demonstrates that intermediate levels of citric acid
were sufficient to improve the gelatinization process of

Fig. 2 Visual aspects of the six samples of hydrogels prepared with
sorghum starch, chitosan and varying proportions of citric acid (CA).
S1: 2% CA; S2 3% CA; S3: 4% CA; S4: 6% CA; S5: 10% CA; S6:
0% CA
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Fig.3 Visual aspects of sorghum starch and chitosan hydrogels with different citric acid ratios after physical crosslinking. S1: 2% CA; S2 3% CA;
S3: 4% CA; S4: 6% CA; S5: 10% CA; S6: 0% CA

the hydrogels composed of sorghum starch and chitosan,
because it provides an acidic medium that promotes a better
solubility of chitosan [23].

The visually observed differences between the samples
may be attributed to the concentrations of citric acid (CA),
which is an efficient crosslinker used in hydrogels, not only
due to its non-toxicity, but also due to the stable cross-links
it forms with chitosan and starch. In addition, CA is widely
accessible and inexpensive, which makes it a very interest-
ing reagent for industrial applications [24, 25].

A study carried out by da Costa et al. [26], who developed
a hydrogel based on corn starch, demonstrated that the amy-
lose content influences the degree of crosslinking, thermal
stability and water absorption, with the hydrogel developed
with starch with low amylose content (1.8%) showing a
worsening of these parameters, unlike the hydrogels devel-
oped with starch with high amylose content (70%).

The white sorghum starch used in this study has 26.88%
amylose [19] and this content is considered average and was
sufficient to promote starch gelatinization, forming a fluid,

Fig. 4 Syneresis rates (%) of the
six samples of hydrogels made
with sorghum starch, chitosan
and different proportions of citric

acid (CA). Sarr)np}l)e 1: 2% CA; o o
Sample 2 3% CA; Sample 3: 4%

CA; Sample 4: 6% CA; Sample s2

5:10% CA; Sample 6: 0% CA.

homogeneous hydrogel with good stability, according to
visual assessment.

Syneresis rate

The mean results of the syneresis rates of the six hydrogel
samples are shown in Fig. 4.

As can be seen, the syneresis rates of the six samples
of hydrogels, with different proportions of citric acid, var-
ied statistically from each other, with sample 6, without the
addition of citric acid, exhibiting the highest rate of synere-
sis, and sample 5 with 10% citric acid, displaying the low-
est. Samples 1, 2, 3 and 4 exhibited syneresis rates ranging
from 3.39 to 6.16%.

Li et al. [22], reported syneresis rates ranging from
1 to 9% in their study on hydrogels prepared with corn
starch and tapioca, values close to those found in the pres-
ent study. The authors attributed these values to the pres-
ence of starches in the system, which had a strong effect

Syneresis rate (%)

—— 3.39e

lowercase letter did not differ

from each other in the mean-
comparison test (p<0.05)

S5 l—40.35f

—— 6.16b
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on minimizing syneresis during the freeze-thaw process,
reducing the water available to form ice crystals, leading to
a significant decrease in the syneresis rates.

In this study, it was observed that sample 5, containing
the highest concentration of citric acid at 10%, exhibited the
lowest syneresis rate. On the other hand, sample 6, without
the addition of citric acid in its composition, showed the
highest syneresis rate, reaching 9.75%.

The level of citric acid exerts a direct and significant influ-
ence on syneresis rates in starch- and chitosan-based hydro-
gels, since it simultaneously affects the crosslinking density,
the ionization state of the polymers, and the water retention
capacity of the polymer network. At low to moderate con-
centrations, citric acid tends to reduce syneresis, while at
high levels it can promote the opposite effect, depending on
the system conditions. These findings demonstrate the influ-
ence of CA on the water retention of hydrogels, showing it
plays a crucial role in the crosslinking process and forma-
tion of a three-dimensional network, contributing to a high
water retention capacity [24, 27].

After the preparation of the 6 hydrogel samples, they
were lyophilized, photographed (Fig. 5a), and then swollen
in water for 24 h before being photographed again (Fig. 5b).

During the visual evaluation of the lyophilized hydro-
gels (Fig. 5a) and the swollen hydrogels (Fig. 5b), it was
observed that the 6 samples presented a stable and intact
structure after immersion in water. However, the samples
with the addition of citric acid (1b, 2b, 3b, 4b and 5b) dem-
onstrated greater resistance after swelling, highlighting the
role of citric acid in enhancing gelatinization [9, 23].

Although synthetic polymer hydrogels exhibit excellent
mechanical properties, they do not degrade easily, are toxic,
and cause environmental pollution. Therefore, starch-based
hydrogels have attracted great interest due to their biode-
gradability, biocompatibility, and non-toxicity. Chemical
crosslinking usually requires toxic crosslinking agents and
reacts at high temperatures. Therefore, the preparation of
starch-based hydrogels by physical crosslinking is more
attractive in the life sciences and biomedicine fields.

(@)

(b)

The preparation of starch-based hydrogels by physical
methods is environmentally friendly and a healthy option
for consumers.

Water Absorption Capacity of Hydrogels

The weight values in grams of the lyophilized (dry weight)
and swollen hydrogels, as well as the difference between
them, are shown in Fig. 6. All six formulations exhibited
high water absorption, evidencing the characteristic high
water absorption capacity of hydrogels.

Water absorption capacity is an important characteristic
of hydrogels. However, water retention capacity, character-
ized by a lower syneresis rate, is a determining factor to
evaluate hydrogel quality and the efficiency of the cross-
linking process, which results in the formation of a three-
dimensional network with high water absorption and
retention capacity [22, 28].

These two samples (S3 and S4) presented superior visual
characteristics compared to the others, because they formed
a fluid, homogeneous, smooth gel without the presence of
lumps, as shown in Fig. 3.

The physical cross-linking process and citric acid con-
centrations can interfere with the starch-chitosan interac-
tion. As this interaction occurs only by hydrogen bonds, the
presence of citric acid can increase the number of hydrogen
bonds, thus improving the stability of the three-dimensional
lattice characteristic of hydrogels [9, 22].

The solubility of starch is a result of the leaching of amylose,
which dissociates and diffuses out of the starch granule during
swelling, and the retrogradation process of starch, influenced by
the amylose content and chain length of the molecules [29, 30].

In a study assessing the amylose content in white sorghum
starch, cultivar BR 501, the same used in this study, Vieira et
al. [19] found an amylose content of 26.88%, characterizing
it as medium amylose content. This finding aligns with the
results of water absorption capacity reported by Biduski et
al. [9], who investigated water absorption capacity in low,
medium and high amylose rice starch-based hydrogels.

Fig.5 Lyophilized (a) and swollen (b) hydrogels. 1a and 1b: 2% CA; 2a and 2b: 3% CA; 3a and 3b: 4% CA; 4a and 4b: 6% CA; 5a and 5b: 10%

CA; 6a and 6b: 0% CA

@ Springer



Physically cross-linked hydrogel based on sorghum starch: development and characterization 8835

Fig.6 Water absorption capacity
of the six samples of hydrogels
made with sorghum starch,
chitosan and different proportions
of citric acid (CA). Sample 1: 2%
CA; Sample 2 3% CA; Sample

3: 4% CA; Sample 4: 6% CA;
Sample 5: 10% CA; Sample 6:
0% CA

20.95

3; ) }4
<, 2,
%,
vy, "'.0/(‘

&

Hydrogels derived from low and medium amylose starch
presented the best results, whereas the hydrogel containing
high amylose content dissolved completely in water.

In a study that evaluated the degree of swelling of hydro-
gels based on corn starch and carboxymethylcellulose, val-
ues of 6.10 to 11.13 g/g of water absorption were reported
[31], values that are lower than those found in the present
study.

These factors demonstrate that sorghum starch (cultivar
BR 501) is an excellent alternative for the elaboration of
hydrogels with high water absorption capacity. In applica-
tions such as the controlled release of compounds, hydrogels
with partial solubility and high water absorption capacity
can be employed to regulate the release of bioactive agents
[9]. Thus, the sample presenting the most favorable param-
eter concerning water absorption capacity in this study, with
a low syneresis rate, was S3 with 4% citric acid.

Determination of water activity, water release and
water holding capacity of hydrogels

Table 2 shows the values of water activity (aw), water
release rate expressed in grams of water per 100 g of gel,
and water holding capacity (WHC)

Water Activity (a,)

Water activity (a,,) is an important measure of the free water
available for microbial growth in food matrices. a,, is rated
on a scale from 0 to 1, where 1 represents pure water [32,
33].

==@==Dry weight

Water absorption capacity (g)

a=@==S\vollen weight

26.91

17.95 24 .47
2.05 2.44 2.03 2.04
Xy Ny 8, 8,
<, <, <,
2 % 2 %
%%, #% %4, )

The a,, values among the samples ranged from
0.995+0.002 to 0.999+0.001, indicating a high a,, as they
were close to 1. Samples S1 (2% CA), S2 (3% CA), S3 (4%
CA), S4 (6% CA), and S5 (10% CA) presented a,, values
ranging from 0.995+0.002 to 0.998+0.001 and did not sta-
tistically differ from each other.

The a,, (0.995 = 0.002) of sample S3 (4% CA) was
only statistically different from the a,, (0.999 + 0.001) of
sample S6 (0% CA). High water activity values in hydro-
gels are expected, since they are polymer suspensions - in
this study, starch - with high water retention capacity. In
addition, starch hydrogels are characterized as a hydro-
philic polymeric matrix with a three-dimensional structure
cross-linked through physical or chemical processes. This
structure allows for significant water or aqueous solution
absorption while maintaining integrity without dissolving
[3, 34].

Considering the high water activity values of the devel-
oped hydrogels, indicating a product highly susceptible to
microbial growth, it is essential to incorporate compounds

Table 2 Water activity (Aw), water release rate, and water holding
capacity (WHC) of hydrogels

Sample Aw Water release (%) WHC (g)

S1(2%AC)  0.996+0.001 ab 0.08+0.03 d 0.03+0.01b
S2 (3% AC)  0.996+0.002ab 0.13+£0.03d 0.03+0.00 b
S3(4%AC) 0.995+0.002b  16.03+0.21¢ 0.16+0.08 b
S4 (6% AC)  0.997+0.001 ab 25.35+1.90a 0.41+£0.07 a
S5(10% AC) 0.998+0.001 ab 21.90+1.11b 0.44+0.11 a
S6 (0% AC)  0.999+0.001a 0.14+0.12d 0.05+0.02b

* Mean + standard deviation. Means followed by the same lowercase
letter in the column did not differ from each other in the mean-com-
parison test (p < 0.05)
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such as chitosan, which has been shown to have antifun-
gal activity and antimicrobial properties during storage
[35]. When it is solubilized in an acidic medium (e.g., citric
acid), it adds another barrier to the growth of microorgan-
isms [36], imparting an acidic characteristic to the devel-
oped hydrogels. Both chitosan and citric acid were used in
the elaboration of the hydrogels in the present study.

Water release (%)

The release of water from the hydrogels varied signifi-
cantly among the six samples, with values ranging from
0.08+0.03 to 25.35+1.90. Samples S1 (2% CA), S2 3%
CA) and S6 (0% CA) showed the lowest water release val-
ues (0.08+0.03, 0.13+0.03 and 0.14+0.12%, respectively).

Maniglia et al. [28] developed hydrogels based on dry-
heat modified wheat starch (DHT) and reported water
release values ranging from 3.62 = 0.13 to 7.38 £ 0.71 g
water/100 g gel, which are similar to the findings of this
study in formulations exhibiting lower syneresis.

Among all samples, S4 (6% CA) showed the highest
water release value (25.35+1.90%), while S3 (3% CA) and
S5 (10% CA) showed 16.03+0.21 and 21.90+1.11% water
release, respectively. All these values differed statistically
from each other.

Wu wt al. [37] developed acryloyloxyethyl trimethyl-
ammonium chloride (AM/DAC) copolymer hydrogels and
reported that water release values varied from 0 to 40.5%
in the different formulations as a function of tempera-
ture. These findings are close to those found in this study,
where the highest water release from the hydrogels reached
25.35%.

During the cooling of starch gels, molecular retrogra-
dation and the tendency of amylose crystallization release
water from the gels [28]. This parameter is crucial to evalu-
ate the stability of the formed gel. Furthermore, starch-
based hydrogels exhibit a strong effect in minimizing water
release after the freeze-thaw process, reducing the availabil-
ity of water for ice crystal formation and resulting in a sig-
nificant decrease in the water release rate [22].

Water Holding Capacity (WHC)

The water holding capacity of the hydrogels was deter-
mined by the water loss value (WL) in grams, as shown
in Table 2. WL values ranged from 0.03 to 0.44 g among
the six hydrogel samples. Samples S1 (2% CA), S2 (3%
CA), S3 (4% CA) and S6 (0% CA) exhibited the lowest WL
(0.03+0.01, 0.03£0.00, 0.16+0.08 and 0.05+0.02 respec-
tively), and these values are statistically equal. Such values
differed from the WL of samples S4 (6% CA) and S5 (10%
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CA), which had the highest WL (0.41+0.07 and 0.44+0.11
respectively), and are statistically equal.

These results indicate that lower concentrations of cit-
ric acid are sufficient to enhance the water holding capac-
ity of hydrogels, and may be related to the water release
rate, since, as previously presented (Table 2), formulations
S4 and S5 also showed a higher water release (25.35 and
21.90%, respectively).

This demonstrates that the water holding capacity is
influenced by the concentration of citric acid among the
different samples [9, 29]. However, higher concentrations
(6 to 10%) worsen this capacity, indicating that concentra-
tions between 2 and 4% of CA are sufficient to maintain the
water holding capacity, as observed for the sample without
the addition of CA, while improving other aspects of the
gels (as discussed in the results presented in this study) and
maintaining the water holding capacity.

Hydrogen potential (pH)

The hydrogel samples exhibited pH values ranging from
3.36+0.01 to 7.66+0.01, with statistical differences, as
shown in Table 3. The acidic pH observed in the formula-
tions with higher concentrations of CA (S2, S3, S4 and S5)
may be attributed to the gelatinization process through heat-
ing with addition of citric acid.

The pH of the samples decreased as the concentration
of citric acid increased, with S5 (10% CA) displaying the
lowest pH value, indicating greater acidity (3.36+0.01) and
S1 (2% CA) presenting the highest pH (6.23+0.01) among
the samples with added citric acid. S6 (0% CA), serving as
the control sample without citric acid, had a pH closer to
neutrality (7.66+0.01).

Lima et al. [38] developed hydrogels with cassava-pars-
ley starch modified by ozone technology, resulting in pH
ranging from 4.0 to 8.5, similar to those found in this study.
Additionally [28], developed hydrogels based on wheat
starch modified by dry heating treatment (DHT), and found
pH values ranging from 5.90 + 0.10 to 6.06 + 0.15, similar

Table 3 Hydrogen Potential (pH) of hydrogels. *Mean +standard devi-
ation. Means followed by the same lowercase letter in the column did
not differ from each other in the mean-comparison test (p<0.05)

Sample pH

S1 (2% AC) 6.23+£0.01b
S2 3% AC) 5.19+0.00 ¢
S3 (4% AC) 4.30+0.01d
S4 (6% AC) 3.82+0.01 ¢
S5 (10% AC) 3.36+£0.01 f
S6 (0% AC) 7.66+0.01 a

*Mean + standard deviation. Means followed by the same lowercase
letter in the column did not differ from each other in the mean-com-
parison test (p < 0.05)
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to the values from samples S1 (2% CA) and S2 (3% CA) of
the present study.

In another study developed by Maniglia et al. [38] with
ozonated cassava starch hydrogels, the authors reported pH
values of 5.23 £ 0.11, 5.32 +£ 0.17 and 5.45 £+ 0.19, values
close to those measured in this study for sample S2 with 3%
citric acid.

Maniglia et al. [39] also developed hydrogels based on
ozonated cassava starch and found pH values of 4.00 and
5.00. The authors associated the reduction in pH with a
higher content of carboxylates, a functional group of acidic
nature.

It is well known that the amylose and amylopectin (glu-
cose chains) of starch are hydrolyzed by the addition of
acids [40]. The addition of an acidic medium, such as citric
acid dissolved in distilled water, can aid in the development
of pH-sensitive hydrogels, which can be used to modulate
the release of bioactive compounds, besides minimizing the
growth of microorganisms [6, 36].

Therefore, the elaboration of starch hydrogels in acidic
medium (with the addition of citric acid, for example),
shows promise in improving the gelatinization of starch and
chitosan suspensions, as demonstrated in the present study.

CHAUERG

Fig.7 Morphology of sorghum starch hydrogels with chitosan and dif-
ferent proportions of citric acid (CA). Images at different magnifica-
tions (1a 2% CA X75; 1b 2% CA X350; 2a 3% CA X50; 2b 3% CA

Morphological evaluation of hydrogels

Morphology enables the subjective evaluation of the forma-
tion of porous or non-porous structures in the three-dimen-
sional network of hydrogels [9]. Figure 7 illustrates the
internal structure of hydrogels made with physically cross-
linked sorghum starch, chitosan and different concentrations
of citric acid.

In general, the hydrogels presented micropores with
irregular and regular shapes, as well as a spongy and rough
surface. According to Lima-Tenorio et al. [41], this type
of morphology within hydrogels creates a pathway along
the entire structure, allowing the transport of water through
the hydrogel. This phenomenon possibly increases water
absorption and may also result from the formation and
growth of ice crystals during freezing [42, 43].

A study by Azadikhah & Karimi [44] evaluating poly-
vinyl alcohol (PVA), chitosan and tannic acid hydrogels,
demonstrated that all hydrogels presented spongy struc-
tures, with nanometric pore walls. The authors attributed
this behavior to physical crosslinking, suggesting that the
freezing and thawing of PVA-based hydrogels promoted
the formation of hydrogen bonds between polymer chains,

CM-UFMG

X350; 3a 4% CA X50; 3b 4% CA X350; 4a 6% CA X50; 4b 6% CA
X350; 5a 10% CA X50; 5b 10% CA X100; 6a 0% CA X100; 6b 0%
CA X350)
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Table 4 Texture analysis profile of hydrogels made with sorghum starch, chitosan and different proportions of citric acid (CA)

Sample
Parameters S1 S2 S3 S4 S5 S6

(2% CA) (3% CA) (4% CA) (6% CA) (10% CA) (0% CA)
Hardness 438.16+194.70 a 199.09+44.22 b 335.14+79.39 ab 261.72+66.69 ab 136.58+12.29 b 218.58+46.86 b
Cohesiveness  0.34+0.01 b 0.40+0.03 b 0.37+0.02 b 0.36+0.07 b 0.56+0.07 a 0.38+0.01 b
Gumminess 144.81+58.63 a 80.00+16.78 b 122.63+22.97 ab 93.00+19.96 ab 75.33+5.09b 83.57+15.11 ab
Resilience 0.04+0.01 a 0.04+0.00 a 0.05+0.00 a 0.05+0.01 a 0.04+0.00 a 0.04+0.01 a
Adhesion 124.36+29.61 a 129.37+49.88 a 177.57+65.86 a 96.02+24.51 a 138.12+45.14 a 102.50+44.22 a
Flexibility 0.95+0.02 a 0.94+0.02 ab 0.95+0.03 a 0.90+£0.03 b 0.94+0.01 ab 0.92+0.01 ab

*Mean=standard deviation. Means followed by the same lowercase letter in the column did not differ from each other in the mean-comparison

test (p<0.05)

resulting in the formation of highly porous structures. These
characteristics were also observed in the present study.

In Fig. 5 (a) and (b), associated with the higher concen-
tration of citric acid (CA), it is possible to observe over-
lapping micropores that form an interconnected network,
which is more numerous and arranged in a more orderly
manner. This morphological characteristic, as explained by
Biduski et al. [9], allows the formation of a continuous path
throughout the structure, facilitating water transport through
the hydrogel and, consequently, contributing to the increase
in its absorption capacity. Moreover, the network of inter-
connected pores facilitates solute diffusion and efficient
mass transfer in various applications [45].

The hydrogel made with sorghum starch and chitosan,
without the addition of CA, presented more uniform inter-
connected micropores, with regular rounded pore geometry.
These pores are arranged on a denser and smoother surface,
as evidenced in Fig. 5 (a) and (b). Chen et al. [46] high-
lighted in their research that the native corn starch hydro-
gel also displayed an interconnected network in its internal
morphology, similar to that observed in this study.

However, the presence of larger pores makes it easier for
water to penetrate the structure of the hydrogels, increas-
ing their swelling capacity [47], This was observed in all
hydrogels made with citric acid (Figs. 1A and B, 2A and B,
3A and B, 4A and B and 5A and B), highlighting the crucial
role of this component in intensifying crosslinking, which
promotes the formation of a three-dimensional network in
the developed hydrogels with high water absorption capac-
ity [20, 48].

Figure 5a and b show that as the concentration of citric
acid increases, the formation of the network becomes more
pronounced, resulting in larger and more numerous pores.
Consequently, the water absorption and retention capacity
of the hydrogels increase, as previously shown in Tables 2
and 3.

Currently, citric acid has been gaining a lot of attention
from researchers because of its biocompatibility, versatile
chemistry, availability, and low cost, and has been consid-
ered a green crosslinker. Due to its three carboxylic groups
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(COO-) and one hydroxyl group (-OH), citric acid can
actively participate in the interactions of hydrogen bonds
with other polymer networks and improve their character-
istics [25, 27].

Thus, the morphological analysis of physically cross-
linked hydrogels made from sorghum starch, chitosan and
varying concentrations of citric acid, demonstrated the effi-
ciency of the physical cross-linking process in promoting
the development of the three-dimensional polymeric net-
work. Furthermore, the addition of citric acid enhanced this
formation, resulting in the creation of highly porous hydro-
gels, with a high capacity for water absorption and retention.

Texture Analysis Profile (TPA)

The texture profiles of the hydrogels based on sorghum
starch, chitosan and different citric acid concentrations
are presented in Table 4. The 6 hydrogel samples showed
similar behavior in terms of resilience and adhesion, with
no significant differences observed among them (p>0.05).
However, there was a significant difference between the
samples in terms of hardness, cohesiveness, gumminess and
flexibility.

The texture of gels is assessed based on several param-
eters such as hardness, cohesion, gumminess, resilience,
adhesion, and flexibility. Hardness and cohesion determine
the structural integrity of the gels, while the other parame-
ters derive from them. Hardness is defined as the maximum
force required to deform a specimen during initial compres-
sion [49, 50].

The hardness values of the hydrogels ranged from
136.58+12.29 to 438.16194.70. Sample S1, featuring the
lowest CA concentration (2%), exhibited a statistical differ-
ence from S2 (3% CA), S5 (10% CA) and S6 (0% CA),
indicating higher hardness. This demonstrates that even a
minor addition of CA was sufficient to produce a firmer
gel, due to the crosslinking process intensified by this acid.
However, this result also demonstrated that increasing the
concentration of citric acid did not influence the firmness
of the hydrogels, with the values remaining statistically
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equivalent between the S1, S3 and S4 samples, containing
2, 4 and 6% of CA, respectively.

These values were higher and statistically equal in the
samples S1 (2% CA), S3 (4% CA) and S4 (6% CA), which
shows that these samples presented a firmer gel compared
to the others. Zhu et al. [51], observed hardness values rang-
ing from 20.9 to 62.7 when evaluating gels based on potato,
sweet potato and quinoa starches. These values were lower
than those found in the present study, which demonstrates
that hydrogels made with sorghum starch are firmer.

In a study by Biduski et al. [9] that evaluated the texture
profile of rice starch hydrogels, both native and intercrossed,
through the heating gelatinization method, hardness values
of 41.94 for the native starch and 563.24 for the intercrossed
one were reported. This demonstrates that the intercrossing
process enabled the formation of more rigid hydrogels. This
result corroborates the findings of the present study regard-
ing the same parameter, indicating that even with native sor-
ghum starch, physical crosslinking via freeze-thaw cycles
efficiently produced firm gels. In addition, gels with higher
hardness are associated with greater structural integrity,
while those with lower hardness tend to lose structure over
time [50].

The textural parameter of cohesiveness, also evaluated in
the TPA of hydrogels, is related to the measurement of the
strength of internal bonds forming the final structure of the
product. This parameter can be used as an index to assess
the overall acceptability of starchy food products. A lower
degree of cohesion indicates high plasticity or low elasticity
of the gels [50, 52].

Cohesiveness values ranged from 0.34 + 0.01 to 0.56 +
0.07 among the analyzed samples. In a study that evaluated
this same parameter, in rice starch hydrogels, both native
and intercrossed, using the heating gelatinization method,
Biduski et al. [9] found values of 0.56 for the native starch
and 0.71 for the intercrossed one. They associated this result
with the low cohesiveness of the native starch hydrogels and
the weak intermolecular association.

This result was similar to that found in this study, where
the highest cohesiveness value (0.56 + 0.07) was observed
for sample S5, which featured the highest concentration of
citric acid compared to the others. This demonstrates that a
higher concentration of CA was effective in intensifying the
internal bonds of sorghum starch and chitosan, promoting
more robust interactions between the chains. In addition, the
pH value may also have influenced this result. The reduction
in pH, resulting from the greater addition of citric acid in the
present study, may lead to the formation of gels that are dif-
ficult to deform [40]. Zhu et al. [51] observed cohesiveness
values ranging from 0.34 to 0.68 when assessing gels based
on potato, sweet potato and quinoa starches, which are simi-
lar to those found in this study.

Regarding gumminess, this textural parameter is impor-
tant for semi-solid food products, and it is calculated by
multiplying the hardness and cohesiveness values. Higher
gumminess values indicate greater hardness and less cohe-
sion in food products [53].

Biduski et al. [9] reported a gumminess value of 19.71
when evaluating the same parameter in rice starch hydro-
gels, which is lower than the value reported in this study.
In another study that developed hydrogels based on millet
starch [50], found gummy texture parameter values ranging
from 11.81 to 52.01. This demonstrates that the hydrogels
based on sorghum starch, chitosan and different concen-
trations of citric acid, elaborated in the present research,
resulted in firmer gels.

Gumminess refers to the energy required for the disinte-
gration of food and is directly related to the amylose content
of starch, that is, the higher the amylose content, the greater
the force needed for the disintegration of the gel. This phe-
nomenon occurs because linear chains of amylose tend to
form stronger intermolecular bonds. However, it is worth
mentioning that excessively high gumminess values can
make the product unacceptable to consumers [50].

The sorghum starch used in the present study for hydrogel
production contains an average of 26.88% of amylose, cat-
egorizing it as having a medium amylose content [19]. This
characteristic justifies the high gumminess values found in
the samples. Thus, the samples with the lowest gumminess
values were S2, S3, S4, S5 and S6, which were statistically
equivalent. This shows that the addition of citric acid did not
affect the gumminess of the hydrogels, and these samples
presented the most favorable results for the gummy texture
parameter.

Regarding the textural parameters, resilience and adhe-
sion, no statistically significant difference was observed
among the six hydrogel samples. This suggests that the con-
centration of citric acid did not affect these parameters.

Resilience measures the ability of the sample to recover
after compression, concerning both derived force and veloc-
ity, while adhesion is related to the formation of a more
resistant gel structure. In other words, it is related to the
force that the gel exerts on the equipment, preventing it
from reverting to its original state [9].

These results highlight that hydrogels based on sorghum
starch, chitosan, with varying concentrations of citric acid,
were able to resist the compressive forces and recover their
initial size and shape after the TPA tests. This indicates good
integrity and high strength, regardless of the citric acid con-
centration [54].

When analyzing the textural parameter of flexibility, the
observed values ranged from 0.92+0.01 to 0.95+0.02, with
a statistically significant difference only between samples
S1 (2% CA) and S4 (6% CA), the former being higher than
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Fig.8 FTIR spectra of the six samples of hydro-
gels made with sorghum starch, chitosan and
different proportions of citric acid (CA). Sample
1: 2% CA; Sample 2: 3% CA; Sample 3: 4% CA;
Sample 4: 6% CA; Sample 5: 10% CA; Sample
6: 0% CA
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the latter. These results indicate that the concentration of
citric acid did not influence the flexibility of the hydrogels,
since the sample without citric acid addition (S6) presented
results statistically equivalent to the sample with the highest
concentration of citric acid (S5, 10% CA). Flexibility cor-
responds to the ability of the sample to return to its original
state after compression.

Fourier-transform Infrared Spectroscopy (FTIR)

The ATR-FTIR spectra of the six formulations based on sor-
ghum starch, chitosan and different citric acid (CA) ratios
are shown in Fig. 8.

The infrared analysis of the developed hydrogels made
it possible to identify specific characteristics of starch and
citric acid. The identification of starch proved to be simpler
due to its higher proportion.

The presence of starch was indicated by the following
bands: 3308 cm™ !, attributed to the O-H stretch, having
high amplitude due to intermolecular interactions; 3000
and 2800 cm™ ', assigned to the C-H stretch; 1637 cm™ !
assigned to a bending band of the hydroxyl group of the
water, indicating the hygroscopic profile of the starch; 1459
and 1350 cm™ !, assigned to the angular deformation of C-H
groups; 1060 and 990 cm™ !, being characteristic of polysac-
charides and attributed to deformations of the C-O-C group
and flexion of the O-H group; 1016 cm™ !, attributed to the
C-OH stretch; 575 cm™ !, attributed to the vibration mode of
the pyran ring of starch glucose.; 1639 cm™ !, attributed to
the C = O stretch; and 994 cm-, assigned to the stretch of
the C-O-H group [55, 56].

Citric acid was identified by the band at 1696 cm™ !,
attributed to one of its C = O stretches. The inability to iden-
tify chitosan was due to its low proportion in the mixture
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and the similarity of the frequency values of some of its
bands with those of starch [57].

Finally, when comparing the proportions of the three con-
stituents of the samples and the results of the infrared spec-
tra, it was observed that samples 4 and 5, which had a higher
proportion of citric acid, exhibited the band at 1696 cm™ !,
assigned to the stretch of one of its C=0 groups. Therefore,
this acid can be identified via infrared spectroscopy with
ATR sampler for mixtures containing 0.3 g or more of citric
acid in 5 g of starch and 0.5 g of chitosan.

The combination of starch, chitosan, citric acid, and
water results in the formation of a hybrid hydrogel whose
three-dimensional structure is stabilized by different
types of intermolecular and intramolecular interactions.
The polymeric network formed is mainly supported by
hydrogen bonds between the hydroxyl groups of starch,
water, and chitosan; by electrostatic interactions resulting
from the protonation of the amine groups of chitosan
in an acidic medium; and by ester-type covalent bonds
formed between the carboxyl groups of citric acid and the
hydroxyl groups of the polysaccharides. This combination
of interactions gives the hydrogel greater structural,
thermal, and mechanical stability, as well as allowing
control of water absorption capacity and the degree of
swelling [15, 44].

Conclusion

The developed hydrogels exhibited homogeneous mor-
phology, a smooth surface, and high water absorption and
retention capacity, demonstrating the efficiency of physi-
cal crosslinking through freeze-thaw cycles, reinforced by
the addition of citric acid. FTIR analyses confirmed the
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composition of the formulations, while the texture profile
demonstrated the formation of firm, cohesive gels resistant
to compression. Among the formulations evaluated, S3 and
S4, containing intermediate concentrations of citric acid
(4-6%), stood out for presenting better homogeneity, ade-
quate pH, and absence of lumps, being considered the most
promising for different applications.

Finally, the results obtained demonstrate that sorghum
starch presents high viability as a polymeric matrix for the
development of hydrogels. The combination with chitosan
and physical crosslinking with citric acid conferred prom-
ising characteristics to the material, such as stability and
potential for modulating the release of active ingredients.
In this sense, future studies should explore the incorpora-
tion of bioactive compounds, as well as evaluate the per-
formance of these hydrogels in food applications, including
encapsulation systems and controlled release of functional
ingredients, aiming to expand their use in sustainable and
value-added technologies.

Limitations

Developing a sorghum starch-based hydrogel faces specific
limitations that impact both the technical feasibility and the
scientific contribution of the work. Firstly, the low extrac-
tion yield of sorghum starch constitutes a significant initial
barrier. Compared to conventional sources such as corn or
potato, sorghum often provides smaller amounts of starch
per unit of biomass, due to the inherent characteristics of
its grain composition and the greater presence of non-starch
components. As a future perspective, the sorghum starch
extraction process needs to be optimized in order to increase
the extraction yield.

As this is the first study to develop a sorghum starch-
based hydrogel, another relevant limitation is the scarcity of
comparable studies in the scientific literature. While hydro-
gels based on starches from widely studied sources (such as
corn, cassava, and potato) have extensive bodies of data on
physicochemical properties, crosslinking mechanisms, and
functional performance, sorghum starch is less represented.

These limitations, however, do not impede research, but
they do require more careful approaches to experimental
design, data extraction optimization, and critical interpreta-
tion, often necessitating the establishment of indirect com-
parison criteria or the development of internal reference
models. Overcoming these challenges can, on the other
hand, position studies on sorghum starch hydrogels as an
original and relevant contribution to the scientific commu-
nity, especially in areas focused on sustainable materials
and alternative polymer sources.
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