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Introduction: This study aimed to determine the optimal processing conditions
to produce stable starch-based hydrogels by high-pressure processing (HPP) via
response surface methodology.

Methods: The experiments were carried out with different starch suspensions,
namely rice, corn, wheat, and tapioca starch, at a concentration in the range of
10%–40% w/w, processed at a pressure level of 600 MPa and holding times
between 5 min and 15 min. Gel formation was assessed by determining the
gelatinization extent and structuring level of the samples.

Results and discussion: The results demonstrated that starch/water ratio and
holding time had a significant impact on gel formation in HPP treatments.
Various degrees of gelatinization were observed in the treated samples due to
the water absorption capacity of the starch and the molecular interactions between
water and starch occurring during gelatinization. Moreover, a highly structured
hydrogel formed at starch concentrations higher than 25% (w/w), whereas when
starch concentrationwas less than 20% (w/w) lower-structured hydrogels formed, as
confirmed by the values of the efficiency index measured. Completely gelatinized,
highly structured, and stable HPP hydrogels were obtained from starch solutions
treated at the optimized processing conditions.
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1 Introduction

Starch represents themain polysaccharide reserve material in photosynthetic plants and can
be used as a cost-effective and adaptable material in polymer technology and other food and
non-food applications (Halley et al., 2007; Laycock and Halley, 2014; Salimi et al., 2023). Starch
can be discovered in various plants, but rice, wheat, corn, and tapioca starch are the most
abundantly produced and traded worldwide. With wide applications in the food, textile,
pharmaceutical, cosmetical, and, recently, polymer industries due to its abundance,
cheapness, non-toxic properties, and biodegradability, starch plays a prominent role even in
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technological developments (Liu et al., 2022; Qamruzzaman et al.,
2022). Moreover, the increasing attention to natural polymer-based
products (Idrees et al., 2020; Samir et al., 2022; Pires et al., 2023) has
increased the utilization of starch in various product formulations,
including the production of starch-based hydrogels (Ismail et al., 2013;
2013; Edgar and Marks, 2020; Qamruzzaman et al., 2022). Hydrogels
are an extensive group of polymeric materials, developed from three-
dimensional crosslinked networks of hydrophilic or hydrophobic
biopolymers and are widely known for their capacity to absorb and
retain a significant amount of water (Singh et al., 2010; Biduski et al.,
2018). Hydrogels from renewable sources such as starch, have
contributed to the development of natural materials for their use in
agriculture, biomedical, cosmeceutical, pharmaceutical, and food
applications (Peppas et al., 2000; Hoffman, 2012; Caló and
Khutoryanskiy, 2015; Parente et al., 2015; Mohammadinejad
et al., 2019).

Starch-based hydrogels can be produced using physical or chemical
cross-linking and graft polymerization treatments (Ismail et al., 2013;
Xiao, 2013; Edgar andMarks, 2020; Cui et al., 2022). These conventional
methods have faced several limitations, the most significant being long
processing times and high energy consumption. In this context, novel
technologies, including high-pressure processing (HPP), have been
proposed to produce starch-based hydrogels. High-pressure
processing (HPP) is a non-thermal emerging technology that exposes
a product to high pressures for a controlled time and temperature (Jiang
et al., 2015). HPP causes the disordering of biopolymers such as starch
(Barba et al., 2015; Jiang et al., 2015; Yang et al., 2017), by modifying the
non-covalent intermolecular interactions until a complete gelatinization.
Pressure-induced starch gelatinization is a complex process that is
influenced by various variables including starch source, starch/water
ratio, pressure level, processing time, and temperature (Bauer andKnorr,
2005; Pei-Ling et al., 2010; Larrea-Wachtendorff et al., 2020). Several
efforts have been undertaken over the past decades to understand the
impact of the physicochemical properties of starches and HPP
conditions on the gelatinization process (Katopo et al., 2002; Knorr
et al., 2006; Błaszczak, 2007; Kawai et al., 2007; Vittadini et al., 2008;
Yamamoto and Buckow, 2016; Leite et al., 2017; Larrea-Wachtendor
et al., 2019; Pulgarín et al., 2023). Despite a surge in interest and study
over the past few decades for these novel structures, to date, no research
has been done to optimize starch-based HPP hydrogel formulation and
processing conditions to produce stable and structured polymeric
materials suitable for further exploitation. In this regard, this study
aimed to determine the optimal processing conditions of starch-based
HPP hydrogels, investigating the starch concentration and processing
time as crucial parameters in pressure-induced starch gelatinization,
using response surface methodology. Additionally, the characterization
of starch-based HPP hydrogels produced under optimized processing
conditions was carried out by determining the gelatinization efficiency
index, swelling power, zeta potential, and rheological and textural
properties of the hydrogel samples obtained.

2 Materials and methods

2.1 Materials

Rice (S7260) (17.7% amylose content, 96.5% purity on dry
weight basis), wheat (S5127) (26.96% amylose content, 99%purity

on dry weight basis), and corn (S4126) (21.17% amylose content,
97% purity on dry weight basis) starch powders were purchased
from Sigma Aldrich (Steinheim, Germany). Tapioca (20.2% amylose
content, 92.2% purity on dry weight basis) starch powder was
obtained from Rudolf Sizing Amidos do Brazil (Ibirarema, Sao
Paulo, Brazil).

2.2 Samples’ preparation and hydrogel
production

Starch-water suspensions at concentrations in the range of 10%–
40% were prepared by suspending the starch powders in distilled
water and dissolving them under gentle mixing immediately before
HPP treatments to ensure sample homogeneity and avoid
particle settling.

For each sample, 3 g of the starch suspension was thoroughly
mixed, and vacuum packed in flexible pouches (polymer/
aluminium/polymer film OPP30-A19-LDPE70) and then treated
under pressure in a laboratory-scale high-pressure unit (U111,
Unipress, Warsaw, Poland). The equipment is provided with five
high-pressure Cu-Be alloy vessels (inner volume 9 mL) working in
parallel, submerged in a thermostatic bath containing silicon oil
(M60.115.05, #85321, Novo-direct, Bagsvaerd, Denmark), and can
operate at pressures up to 700 MPa and temperatures between −40°C
and 100°C.

The prepared samples were treated under 600 MPa, for 5, 10,
and 15 min, at room temperature (25°C). All experiments were
performed in triplicate. Treated samples were stored at ambient
temperature until further analysis.

2.3 Determination of gel formation

The degree of gelatinization was evaluated by measuring the
loss of birefringence of the starch granules using an optical
inverted microscope (Nikon Eclipse, TE 2000S, Nikon
Instruments Europe B.V., Amsterdam, Netherlands) with a
polarisation filter and a 20× objective coupled to a DS Camera
Control Unit (DS-5M-L1, Nikon Instruments Europe B. V.,
Amsterdam, Netherlands) for image acquisition and analysis.
Before observation, a small amount of the sample was spotted
on a microscope slide and covered with cover glass. The degree of
gelatinization of samples was detected by measuring the loss of the
optical birefringence of starch granules under polarized light
(20×), calculated according to Eq. 1 (Larrea-Wachtendorff
et al., 2019).

DG � 1-
NB
N

( ) × 100 (1)

where NB is the number of granules with birefringence and N is the
total number of counted starch granules.

Additionally, the structuring level of treated samples was
assessed by evaluating the efficiency index (EI) according to
Eq. 2, as proposed by (Larrea-Wachtendorff et al., 2020).

EI � Hydrogel formed g( )
Starch suspension beforeHPP treatment g( ) (2)
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where Hydrogel formed refers to the drained weight of the
structured material.

2.4 Experimental design

Response surface methodology was used to gain insights into the
significance of the input factors on the response variables, as well as
to determine optimal parameters to produce starch-based hydrogels
by high-pressure processing (HPP). For this purpose, a two-factor
face-centered central composite design (FC-CCD) was chosen to
study the effect of holding time and starch concentration on gel
formation under pressure. The obtained data were modeled with the
quadratic model reported in Eq. 3:

Yk � β0 +∑
2

i�1
βiXi +∑

2

i�1
βiiX

2
i +∑

1

i�1
∑
2

j�i+1
βijXiXj (3)

being Yk the predicted response variable, β0 the intercept or
regression coefficient, βi, βii and βij the linear and quadratic
coefficients, and Xi and Xj the coded values of the process variables.

2.5 Samples’ characterizations

2.5.1 Swelling power
The swelling power of HPP starch-based hydrogels was

determined by modifying the method reported by Kusumayanti
et al. (2015) slightly modified according to Larrea-Wachtendorff
et al. (2020). Samples HPP-treated under optimized conditions were
centrifuged (PK130R, ALC, Winchester, Virginia) at 1,351× g for
10 min and the pellet was weighed before and after drying for 6 h at
105°C. The swelling power ratio, evaluated by Eq. 4, is defined as the
weight of the wet pellet over the dry weight of the starch in the
hydrogel samples:

SP g/g( ) � Weight of the pellet g( )
Weight of the dried hydrogel sample g( ) (4)

2.5.2 Zeta potential
A Zetasizer Nano ZS90 (Malvern Instruments, Ltd., Malvern,

United Kingdom), based on phase analysis light scattering
(PALS), was used to measure the ζ-potential of hydrogels,
through the determination of the electrophoretic mobility with
He-Ne laser emitting at 633 nm and 4.0 mW power sources at
25°C. Before analyzing the zeta potential, the HPP-treated
samples were diluted in distilled water with a dilution factor
of 1:30 (w sample/w water).

2.5.3 Rheology
The mechanical properties of starch-based HPP hydrogels were

determined using a controlled stress and strain rheometer AR 2000
(TA Instruments, New Castle, Delaware, United States), equipped
with a Peltier plate and a circulating water bath (DC10-Haake K10,
Karlsruhe, Germany). A plate-cone geometry (40-mm diameter, 2°)
with a fixed gap of 52 μm was used. The samples were loaded in the
center of the Peltier plate and left undisturbed for 120 s at 25°C,
allowing stress relaxation and temperature equilibration.

2.5.3.1 Flow curves
Flow curves of hydrogel samples were obtained by altering the

shear rate from 0.1 to 100 s−1 at 25°C. Data of apparent viscosity (η)
were gathered and analysed by the software provided by the
manufacturer (Trios v5.0.0.44608, TA Instruments-Waters LLC,
New Castle, Delaware, United States).

2.5.3.2 Frequency sweep tests
From frequency sweep tests, recorded between 0.1 and 100 rad/s

at 25°C, small deformations of samples were determined within the
linear viscoelastic area of the processed samples (3% of strain) The
viscoelastic parameters such as the storage or elastic modulus, G′,
and the loss or viscous modulus, G″, were obtained and analysed
using the abovementioned manufacturer’s software.

2.5.3.3 Stress sweep tests
Stress sweep tests were carried out to assess the viscoelastic

responses of hydrogel samples, namely, the elastic (G′) and
viscous (G″) moduli under different stresses (10–1,000 Pa at 25°C).

2.5.4 Texture profile analysis (TPA)
The texture profile analysis (TPA), a useful tool for

characterizing the texture of gummy structures, was carried out
on tapioca starch hydrogels using a TA. XT2 texture analyzer (Stable
Micro Systems, Surrey, United Kingdom) equipped with a load 5-kg
cell connected to a microcomputer. Briefly, 3 g of the samples were
loaded into a cylindrical cell (24-mm height and 25-mm ID), and
compression-decompression cycles were carried out using a
cylindrical probe (10-mm diameter) at room temperature and a
rate of 1 mm/s up to attaining 50% of sample deformation. The
compression runs were repeated using a decompression rate of
1 mm/s and a delay of 5 s between two bites, to generate force-time
curves. The compression data obtained were used to calculate the
hardness, adhesiveness, cohesiveness, and gumminess of hydrogels
of the sample.

2.6 Statistical analysis

All the experiments on the hydrogels produced were carried out
in triplicate, and the results of the analyses are presented as means ±
standard deviations. One-way analysis of variance (ANOVA) was
used to assess differences between mean values using the statistical
software SPSS 20 (SPSS IBM, Chicago, IL, United States).
Tukey test was performed to identify statistically significant
differences (p < 0.05).

3 Results and discussion

3.1 Starch gelatinization

Figure 1 presents the micrographs of starch suspensions that
were treated at different processing conditions. Various degrees of
gelatinization were observed in the treated samples demonstrating
that the starch/water ratio and processing time strongly influence gel
formation under HPP treatments. Moreover, the determination of
EI (efficiency index) values (Table 1) showed that at starch
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FIGURE 1
Birefringence of HPP-treated suspensions: (A)-rice starch hydrogels, (B)-corn starch hydrogels, (C)-wheat starch hydrogels, (D)-tapioca
starch hydrogels.

TABLE 1 Efficiency index values of HPP-treated suspensions.

Efficiency Index

Concentration Holding time Rice Corn Wheat Tapioca

10 5 0.21 ± 0.01a 0.19 ± 0.02b 0.36 ± 0.03c 0.88 ± 0.01d

10 10 0.22 ± 0.01a 0.14 ± 0.01b 0.38 ± 0.02c 0.88 ± 0.01d

10 15 0.22 ± 0.01a 0.11 ± 0.01b 0.58 ± 0.02c 0.90 ± 0.01d

25 5 1.00 ± 0.00a 0.92 ± 0.00b 0.93 ± 0.00c 0.91 ± 0.00d

25 10 1.00 ± 0.00a 0.88 ± 0.01b 0.91 ± 0.02c 0.93 ± 0.01d

25 15 1.00 ± 0.00a 0.88 ± 0.01b 0.89 ± 0.02c 0.93 ± 0.01d

40 5 1.00 ± 0.00a 1.00 ± 0.00b 1.00 ± 0.00c 1.00 ± 0.00d

40 10 1.00 ± 0.00a 1.00 ± 0.00b 1.00 ± 0.00c 1.00 ± 0.00d

40 15 1.00 ± 0.00a 1.00 ± 0.00b 1.00 ± 0.00c 1.00 ± 0.00d

Different letters represent significant differences at p < 0.05 probability level.
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concentrations higher than 25% (w/w), a highly structured hydrogel
was formed, while at concentrations lower than 20% (w/w), a lower-
structured hydrogel was obtained. According to these results, it can
be suggested that high starch concentrations negatively impact the
occurrence of gelatinization under pressure. This effect was already
discussed in a paper by (Stute et al., 1996) that at low moisture
content gel formation under pressure is hindered and that the
damage of starch granules increases proportionally to the
pressure level applied and processing time. The predominant
interactions of the molecules in the starch-water system are the
hydroxyl groups of starch interactions within themselves and with
water molecules, thus, with increasing the water content of starch
solutions, the number of starch-to-water hydrogen bonds increases,
and the number of intramolecular hydrogen bonds decreases. Being
the interaction energy in starch-water systems coupled to the
number of hydrogen bonds, this redistribution corresponds to a
decrease of the interaction energy between the starch chains.
Reduced interaction energy and increased distance between
starch chains are both manifestations of the plasticizing effect of
water on starch, allowing more water to interact with starch granules
(Trommsdorff and Tomka, 1995). During HPP processing, water
molecules penetrate the starch granules, interact with the
amorphous components, and cause the starch granules to swell
and lose their hilum-centred birefringence. Therefore, as observed
by (Kawai et al., 2007) different hydration degrees and swelling of
starch granules occur depending on starch suspension water content

and HPP treatment conditions. Nonetheless, it should be pointed
out that this behaviour was not observed in all hydrogels obtained in
this investigation due to differences in starch structure and
properties. (Debet and Gidley, 2006).

3.2 Fitting model

Response surface methodology was used to determine the
optimal processing conditions of starch gelation under pressure.
Based on the experimental design (FC-CCD), Figure 2 presents a
response surface plot that provides insights on how input variables,
namely, starch concentration and holding time at high pressure
collectively influence the level of starch gelatinization. A quadratic
model was selected to fit the data obtained from the experimental
design (FC-CCD).

The results showed that, depending on the starch source as also
discussed in section 3.1, the effects of the two variables have different
significance on starch gelatinization. The linear effect of starch
concentration (β1) is more significant in tapioca and wheat
starch hydrogels and less significant in rice starch hydrogels. The
quadratic effect of starch concentration (β11)is highly significant in
all starch hydrogels obtained, whereas the linear (β2) and quadratic
effect (β22) of holding time is not significant for all obtained
hydrogels. However, concerning the interactions between
individual factors, the alternation of both factors (β12) exerted a

FIGURE 2
Response surfaces of starch-based hydrogels obtained in various starch concentrations (10%–40% w/w) and holding times (5–15min): (A)-rice
starch hydrogels, (B)-corn starch hydrogels, (C)-wheat starch hydrogels, (D)-tapioca starch hydrogels.
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significant effect, specifically on wheat and rice starch-
based hydrogels.

Table 2 reports the results of the ANOVA for the significant
terms of the selected quadratic model and the statistics used to test
its adequacy. The p-value of the model suggested that it was
significant (p < 0.0001) for the selected response, thus

corroborating the effectiveness of the model in describing the
experimental data. In addition, the determination coefficient R2,
adjuted R2, predicted R2, Adequate Precision and Lack of Fit are
reported. Adequate precision assesses the signal-to-noise ratio by
comparing the predicted value range at the design points to the
average prediction error. A ratio greater than 4 is desirable. All

TABLE 2 Analysis of variance (ANOVA) of the quadratic models for the degree of gelatinization for HPP hydrogels produced from rice, corn, wheat, and
tapioca starches.

Coefficient Rice Corn Wheat Tapioca

β0 +0.752874 −54.18008 −12.55556 +32.33716

β1 (C) +7.63103 * +9.66628 Ns +7.58889 *** +8.35249 ***

β2 (t) +1.40172 Ns +5.22529 Ns +2.36667 * −1.93103 Ns

β12(C x t) −0.123333 ** +0.013333 Ns −0.086667 *** +6.85949E-16 Ns

B11 (C x C) −0.131954 *** −0.199770 *** −0.126667 *** −0.211494 ***

β22 (t x t) +0.072414 Ns −0.257931 Ns +1.73692E-16 Ns +0.096552 Ns

The p-value of the model <0.0001 0.0002 <0.0001 <0.0001

R2 0.9841 0.9540 0.9986 0.9963

Adjusted R2 0.9728 0.9211 0.9975 0.9937

Predicted R2 0.8485 0.6223 0.9853 0.9668

Adeq Precision 24.2551 11.7542 80.1338 45.6349

Lack of Fit 16.84 3.51 1.44 16.86

ns not significant for p > 0.05.

*Significant for p ≤ 0.05; **significant for p ≤ 0.01; ***significant for p ≤ 0.001.

TABLE 3 Optimal processing conditions of starch-based hydrogels, and their microscopic evaluation.

Starch source Pressure (MPa) Holding time (min) Concentration (%) Loss of birefringence

Rice 600 13.2 23.5

Corn 600 13 23.9

Wheat 600 11.3 19.6

Tapioca 600 15 20
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results showed an adequate signal (<4) for all hydrogels.
Additionally, the model demonstrated a good fit to the data as
evidenced by the non-significant results of the Lack of Fit values,
which compare the residual variance to the pure error variance.

The results allow identifying the optimal processing conditions
of starch-based hydrogels that led to the highest degree of starch
gelatinization. The predicted optimal condition was tested
experimentally to validate the results. Under optimized
conditions, highly structured and stable starch-based HPP
hydrogels are obtained as reported in Table 3.

3.3 Characterization of starch-based
hydrogels produced under optimized
processing conditions

3.3.1 Swelling power and structuring level
The swelling power is a crucial property that indicates the water-

holding capacity of starch, leading to an increase in their volume or
size (Kaur et al., 2011). It is generally related to the chain-length
distribution of amylopectin, their branching pattern, and molecular
weight as discussed by (Jane et al., 1999). This parameter, crucial for
assessing the extent of gel formation in HPP-treated samples, was
evaluated for all hydrogel samples under optimized processing
conditions.

In this investigation, it was observed that tapioca and wheat
starch hydrogels showed higher swelling capacity compared to rice
and corn, as reported in Table 4. Different factors are reported to
influence the swelling of starch granules, such as botanical source,
amylopectin/amylose ratio, granule size, protein content, lipid
content, and ash content (Sparvoli and Cominelli, 2015).
Moreover, it is well known that amylose can form a helical
structure under pressure treatments together with other

substances, such as iodine, lipids, alcohols, and fat-soluble
bioactives. The amylose–liquid complex entangles amylopectin
molecules, restricting the swelling of starch granules and enzyme
hydrolysis (Katopo et al., 2002).

Furthermore, all samples showed a highly structured level,
suggesting that not only starch source and processing time
(Larrea-Wachtendorff et al., 2020) but also starch/water ratio
affects the structuring level of starch-based HPP hydrogels.

3.3.2 Static stability
Zeta potential was evaluated to get information on droplets’

electrostatic repulsion (Heydari, Razavi, and Farahnaky, 2021), and
it represents an important parameter to predict the long-term
stability of a colloidal dispersion including polymer hydrogels.

The results of themeasurements of zeta potential of starch-based
HPP hydrogels are presented in Table 5. Depending on the range of
zeta potential values, hydrogels based on rice, corn, and wheat
starches can be considered relatively stable, whereas tapioca
starch hydrogels can be considered moderately stable. Many
factors impact the static stability of a colloidal system such as
pH of the solution, conductivity, particle size, and concentration
of components within the formulation (Yukselen-Aksoy and Kaya,
2011). Our results suggest that static stability in starch-based HPP
hydrogels is mostly affected by starch source, which includes factors
such as amylose/amylopectin ratios, granule sizes, and branching
patterns. Additionally, the starch concentrations exert a significant

TABLE 5 Zeta potential values of starch-based hydrogels obtained under
optimized processing conditions.

Starch source Zp (mV)

Rice -11.00 ± 0.75c

Corn -11.0333 ± 1.11c

Wheat -17.7333 ± 1.39b

Tapioca -23.1000 ± 1.39a

Different letters in the same column represent significant differences at p < 0.05 probability

level.

FIGURE 3
Flow behaviour of starch-based hydrogels produced under
optimized processing conditions.

TABLE 4 Water-holding capacity and efficiency index of starch-based hydrogels under optimized processing conditions.

Starch source Swelling power (g/g) Efficiency index

Rice 4.8916 ± 0.11ab 1 ± 0.00a

Corn 4.7477 ± 0.09a 1 ± 0.00a

Wheat 5.6290 ± 0.34b 0.85 ± 0.00a

Tapioca 5.5705 ± 0.46b 0.93 ± 0.00a

Different letters in the same column represent significant differences at p < 0.05 probability level.
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impact on the static stability of HPP hydrogels, primarily through
the direct influence on molecular interactions occurring during the
gelatinization process. Measuring the static stability of hydrogels is
crucial because it refers to the ability of a hydrogel to maintain its
structural integrity over time. However, it is worth noting that the
stability of hydrogel structures depends on the sum of Van der
Waals attractive forces and electrostatic repulsive forces (Kamble
et al., 2022). Zeta potential provides information on the repulsive
electrostatic forces, while does not consider the Van derWaals force.
Thus, further characterizations to evaluate the stability of the
structure are presented in the section below.

3.3.3 Rheology and texture profile analysis (TPA)
Starch-based HPP hydrogels exhibit excellent structural

integrity and uniformity. Corn, rice, and wheat hydrogels, which
showed a cream-like appearance, were further characterized to
evaluate their mechanical properties, flow behaviour, and
viscoelastic properties. The results showed that hydrogels exhibit

a shear-thinning non-Newtonian behavior (Xie et al., 2009; Jiang
et al., 2015). Compared to Newtonian fluids, which exhibit a
constant viscosity regardless of the shear rate, gels display
changes in their flow properties when subjected to increasing
shear stresses (Dzuy Nguyen, Jensen, and Kristensen, 1998).

As depicted in Figure 3, in the entire range of shear rates applied,
corn starch hydrogels have the highest viscosity values, confirming
that they show the highest resistance to flow. The viscosity of rice
and wheat starch hydrogels was much lower, typical of spreadable
materials that cannot withstand flow, and have a weaker structure
compared to corn starch hydrogels. Moreover, the mechanical
profiles of HPP hydrogels based on rice, corn, and wheat
starches obtained in this investigation (Figure 4; Figure 5)
revealed that the gel structures were strong, with the elastic
response being one order of magnitude higher than the viscous
response (G’ > G″). Both moduli are independent on frequency
demonstrating that hydrogels have stable, continuous, and well-
structured cross-linked networks (Fradinho et al., 2019). The

FIGURE 4
Influence of frequency on the elastic response (G′ moduli) of
starch-based hydrogels after HPP treatments.

FIGURE 5
Influence of frequency on the viscous response (G″ moduli) of
starch-based hydrogels after HPP treatments.

FIGURE 6
Influence of deformation stress on the elastic response (G′
moduli) of starch-based hydrogels after HPP treatments.

FIGURE 7
Influence of deformation stress on the viscous response (G″
moduli) of starch-based hydrogels after HPP treatments.
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mechanical profile of corn starch hydrogels was stronger than that of
rice and wheat hydrogels due to the higher starch concentration used
for their formulation.

The network strength of starch-based HPP hydrogels was
further evaluated through stress sweep tests and the results of the
measurements are illustrated in Figures 6, 7. All treated samples
showed the typical behavior of gel structures, with elastic
properties predominating over the viscous ones (G’ >> G″).
The results highlighted that corn starch hydrogels had the
highest network strength considering the linear viscoelasticity
range (LVR), which indicates the range of deformation stress that
a viscoelastic material withstands. Thus, the wider the extension
of the LVR, the higher the network strength. Rheological
instabilities were measured in rice starch hydrogels at
1,000 MPa and in wheat starch hydrogels at 500 MPa,
confirming the weakness of these structures.

Furthermore, the TPA test was performed on tapioca starch
HPP hydrogels that had a rubber-like structure. As reported in
Table 6, tapioca starch hydrogels showed high hardness values,
with the highest force needed to initially compress the sample.
Additionally, the cohesiveness of samples, which is related to the
magnitude of macrostructure damage after the first compression,
was evaluated (Pure et al., 2021). Tapioca hydrogels showed
excellent cohesiveness, confirming the strength of internal
bonds (Gokhale et al., 2019). Based on the gumminess value
calculated, which accounts for the force needed to reduce
semisolid food to a soft and ready-to-swallow bolus, it can be
again confirmed that tapioca starch hydrogels have a firm
structure. Moreover, the treated samples showed high
springiness values, which corresponds with the ability of
materials to recover their original shape after compression.

The data obtained in this research allowed to better understand the
structural andmechanical properties of starch-based hydrogels produced
at optimized starch concentration and processing time conditions.

4 Conclusion

The results of this work demonstrate that the optimization of
processing conditions to produce starch-based hydrogels under high
pressure is a key step to obtain structured and stable structures with
suitable formulation to be utilized in various sectors. Experimental
design using a quadraticmodel was an efficient tool for the optimization
of the processing condition of starch-based HPP hydrogels. The two
parameters tested, namely, starch concentration in the water solution
and holding time at high pressure, were revealed to affect the
gelatinization degree to different extents depending on the starch
source. Among others, the quadratic effect of starch concentration is
highly significant in all starch hydrogels obtained in this work. Under
optimized conditions, HPP hydrogels showed different physical
appearances and rheological properties. HPP hydrogels produced

from cereal starches, such as rice, wheat, and corn, showed a cream-
like structure. Among them, corn starch hydrogels had the highest
resistance to flow, stronger mechanical properties, and the highest
network strength. Tapioca starch hydrogels, instead, had gummy-like
structures and showed high hardness values and strong internal bonds.
Moreover, tapioca and wheat starch hydrogels showed higher water-
holding capacity compared to rice and corn starch hydrogels. It should
be noted that the differences in structure and properties are affected by
various factors, the more crucial being the HPP processing conditions
and the starch botanical source.
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