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Starches from conventional sources such as cereal crops, pulses, and tubers have
been widely utilized to produce starch-based hydrogels, which are complex
networks able to absorb and retain substantial amounts of water. However, in
recent years due to the increasing interest to produce these biomaterials, also
starches derived from non-conventional sources have gained attention. In this
study, conventional and non-conventional starches isolated from pea flour, lentil
flour, unripe apples, and banana peels were used to produce starch-based
hydrogels by high-pressure processing (HPP). The starch powders were
isolated through traditional methods and showed high starch content
(76.91%–86.56%) and minimal starch damage. According to their amylose
content, ranging from 18.74% to 22.42%, these starches were classified as
normal starches. Starch suspensions (25% w/w in distilled water) were treated
at 600 MPa for 15 min at room temperature to enable starch gelatinization. Gel
formation was assessed by analysing the gelatinization extent, structuring level,
and swelling power of the samples. Furthermore, the physical appearance and
flow profile of the obtained structures were evaluated. The results indicated that
the starch-based hydrogels produced under these processing conditions
exhibited different gel formation levels, physical appearance, and flow
behaviour. These differences were attributed to the distinct properties of the
recovered starches. Morework is needed to assess themechanical properties and
physical stability of these structured materials during shelf life.
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1 Introduction

In the last years, an increasing interest toward three-dimensional (3D) polymeric
biomaterials, the so-called “natural hydrogels”, have been observed due to their potential
numerous applications in different fields such as agriculture, food, pharmaceutical and
cosmetic sectors (Zhao et al., 2013; Bao et al., 2019; Casadey et al., 2020; Idrees et al., 2020;
Samir et al., 2022; Pires et al., 2023). Natural hydrogels can be classified as protein-based,
polysaccharide-based, and decellularized tissue-derived hydrogels (Catoira et al., 2019).
Considering that most biomaterials found in nature are polysaccharides, their distinctive
biocompatibility, and non-toxicity paved the way for their utilization for hydrogel
development (Qureshi et al., 2020). Among polysaccharide-based hydrogels, starch-
based hydrogels can be considered the most desirable alternative to produce polymeric
biomaterials due to their excellent biodegradability and biocompatibility (Edgar and Marks,
2020). Indeed, starch, a macronutrient found in a wide variety of foods, is the primary
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source of energy for humans (50%–70%), and the primary storage
carbohydrate for plants (Edgar and Marks, 2020). Starch can be
classified as conventional or non-conventional according to its
botanical source (Santana et al., 2014). Conventional starch is
typically isolated from cereals (corn, rice, wheat, etc.), legumes
(beans, chickpeas, lentils, etc.), and tubers (cassava, potatoes, etc).
In the last 30 years, a significant number of research activities have
been performed to gelatinize or modify conventional starches, which
dominate the current markets (Ahmed and Mondal, 2022). Apart
from these major crops, underutilized and/or neglected starch
sources have recently attracted the attention of researchers
(Makroo et al., 2021; Adi Sulianto et al., 2023; Carvalho et al.,
2024). In this context, starches isolated from unripe fruits, such as
bananas, apples, and mango among others, have been suggested as
health-promoting food additives, due to their resistance to the
enzymatic action of α-amylase, inhibiting starch digestibility and
consequently favourably reducing its glycaemic index (Dega and
Barbhai, 2023). Considering that millions of tonnes of agri-food by-
products are generated yearly from farming and agricultural
processing, large amounts of polymeric components of different
quality can be recovered from these costless resources, including
starch (Sadh et al., 2023; Phiri et al., 2024). Starch obtained from
these materials can represent a good alternative to those coming
from conventional sources, provided that it is demonstrated that
they possess the desired functional properties, which are critical to
developing high added value products. Many authors have
highlighted the possibility of recovering starch by valorizing
discarded biomasses (Bello-Pérez et al., 2006; Hernández-
Carmona et al., 2017; Kringel et al., 2020; Makroo et al., 2021;
Showkat et al., 2021). Considering their physicochemical and
structural characteristics, these starches potentially represent a
good alternative to synthesize starch-based hydrogels. Chemical
and physical crosslinking methods have been used to produce
starch-based hydrogels (Ismail et al., 2013; Xiao, 2013).
Chemically cross-linked networks have permanent junctions,
while physical networks have transient junctions that arise from
either polymer chain entanglements or physical interactions such as
ionic interactions, hydrogen bonds, or hydrophobic interactions.
However, these processing methods involve harsh chemicals and
high energy use, leading to environmental concerns. As a result,
there is growing interest in developing innovative and sustainable
technologies for a more efficient and environmental friendly
production of hydrogel. Among others high-pressure processing
HPP has been proven effective in obtaining hydrogels, with reduced
energy consumption, processing times, and environmental risks.
High-pressure processing promotes the gelatinization and physical
modification of starches, which differ from those of heat-gelatinized
starches (Koshenaj and Ferrari, 2024). In the last decade, authors
have produced HPP starch-based hydrogels using conventional
starches, with characteristics making them suitable for different
applications (Koshenaj and Ferrari, 2024). However, to the best of
our knowledge, no research efforts were made to study the
gelatinization under pressure of non-conventional starches. This
work aimed to investigate the possibility of producing HPP
hydrogels utilizing starches isolated from different sources
(conventional and non-conventional), shading the light on the
role of chemical-physical characteristics of starches on the
gelatinization process.

2 Materials and methods

2.1 Materials

Red lentil flour (0.57% fat, 16.96% protein) and pea flour from
organic farming (1.8% fat, 23% protein), purchased in a local
market, were packed in plastic bags and stored at ambient
temperature. Unripen apples (Annurca apple) were collected
from trees grown in the garden of the University of Salerno,
Italy. Bananas, imported from Maharashtra (India), were
purchased in a local market. All chemicals and reagents were of
analytical grade or superior.

2.2 Isolation of starch from different sources

2.2.1 Isolation of starch from pulse flour
The wet method was used to recover pea and lentil starch from the

pulse flours. In brief, the flour was suspended in water (1:10 w/v),
adjusting the pH to 9.5 with 1M NaOH/HCl, and the suspension was
mixed using a magnetic stirrer to stabilize the protein. The mixture was
allowed to settle for 3h. A centrifuge (PK121R model, ALC
International, Cologno Monzese, Milan, Italy) was used to separate
the liquid and solid. The supernatant was removed after centrifugation
(3,360 rpm for 15 min), and the pellet was washed 4 times with distilled
water. The isolated starch was dried at 35°C for 24 h.

2.2.2 Isolation of starch from unripe apples
Starch was isolated from apple fruits using a method reported by

Kasemsuwan (1995) with slight modification. Unripe apple fruits were
sliced and comminute in a blender after adding 0.3% (w/v) of sodium
metabisulphite. The obtained apple puree was filtered to remove most
of the liquid, and the filtrate was centrifuged at 6,500 rpm for 40 min to
precipitate the starch. Afterward, the recovered starch was washed
under mechanical stirring for 1 h with 10% toluene in 0.1 M sodium
chloride solution and allowed to stand for 4 h to remove protein and
chlorophyll pigments. The pellet was then washed three times with
distilled water and then dried at 35°C for 48 h.

2.2.3 Isolation of starch from banana peels
Starch was isolated from banana peels using the alkaline method

(Yang et al., 2022) with some modifications. The banana peels were
dipped in a citric acid solution (0.5%, w/v) for 10 min and drained to
prevent browning. The peels were dried at 40°C ± 1°C until constant
moisture content was reached and then ground to obtain a smooth
powder. Afterward, a solution of 0.2% sodiummetabisulphite was added
to the dried banana powder with a w/v ratio of 1:2. The solution was
mixed using amagnetic stirrer and allowed to settle for 4h. The pellet was
then washed three times with distilled water and dried at 35°C for 48 h.

2.3 Characterization of recovered starches

2.3.1 Chemical and physical characteristics of the
isolated starches

Moisture and ash content of starches were determined following
the guidelines of the Association of Official Analytical
Chemists (2005).
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Total lipid content was determined by Soxhlet extraction
followed by weight difference evaluation. Briefly, five grams of
the solid sample were weighed into a thimble and extracted with
80 mL of diethyl ether for 5 h. After extraction, the solvent was
evaporated using a vacuum evaporator, and the flask was dried at
104°C for 30 min until a constant weight was reached.

Crude proteins were determined by the Kjeldahl method, where
the total organic nitrogen is converted to ammonium sulfate
through the digestion of the sample with sulfuric acid (5 mL,
96%) in the presence of catalysts. The digestate was neutralized
with alkali (30% NaOH, 50 mL) and distilled into ascorbic acid
solution (2%). The borate anions formed are titrated with
standardized acid (0.1 M HCl). As a result of this analysis, the
crude protein content of the sample is determined. A factor of 6.25 is
used to convert the percentage of nitrogen into the percentage of
crude protein.

Starch, amylose content, and starch damage were determined
using a rapid enzymatic assay (Megazyme International Ireland Ltd.,
Wicklow, Ireland). Additionally, starch particle size distribution was
determined by dynamic light scattering (DLS), using a Malvern
Mastersizer 2000 instrument (Malvern Instruments Ltd.,
Worcestershire, UK). The characteristic diameters d (0.1), d (0.5),
and d (0.9) were evaluated, corresponding to the 10th, 50th (median
value), and 90th percentile of the cumulative size distribution curve.

2.3.2 FTIR measurements
Fourier Transform Infrared Spectroscopy (FT-IR) was used to

identify specific chemical groups present in the recovered starches
from different sources. Each starch powder was analyzed using an
FT/IR-400 spectrometer (Jasco Corporation, Kyoto, Japan). The FT-
IR spectra of the samples were recorded at wavelengths ranging from
4,000 to 950 cm−1. The resulting starch-averaged spectrum was
smoothed to remove any potential noise using a fifteen-point
adaptive smoothing function. Subsequently, the baseline
modification and a normalized function were applied.

2.3.3 Scanning electron microscopy
The morphology of the starch granules was analyzed by

scanning electron microscopy. The starch was mounted on an
aluminum stub and coated by a 10 nm thick gold-palladium
alloy sputter coater before being analyzed in a high-resolution
ZEISS HD15 Scanning Electron Microscope (Zeiss, Oberkochen,
Germany) at ×500 magnification.

2.4 Hydrogel production

2.4.1 Sample preparation and HPP treatments
Suspensions of each recovered starch were produced adding to

the powder distilled water to reach a concentration of 25% (w/w) to
produce the HPP hydrogels. For each sample, the starch suspension
(3g) was thoroughly mixed and vacuum-packed in flexible pouches
(polymer/aluminium/polymer film OPP30-A19-LDPE70).
Additionally, the packed suspensions were agitated until full
homogenization to prevent particle sinking and then treated
under pressure in a laboratory-scale high-pressure unit (U111,
Unipress, Warsaw, Poland). The equipment, described in detail

by Maresca and Ferrari (2017), can be operated at a pressure of
up to 700 MPa and temperature in the range of −40°C - 100°C.

Hydrogels from different starches were produced setting the
pressure to achieve the complete gelatinization of the samples at
600 MPa, the processing time at 15 min, and the temperature at
25°C. No temperature increase was detected during HPP treatment.
Hydrogel samples were stored at ambient conditions until
further analyses.

2.4.2 Determination of gel formation
Gel formation was assessed by determining the gelatinization

extent, structuring level, and swelling power of the samples. In brief,
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).
Before observation, a small amount of the HPP-treated sample was
spotted on a microscope slide and covered with a cover glass.
Additionally, the gelatinization level of the samples was
determined by evaluating the efficiency index (EI) by Equation 1,
as proposed by Larrea-Wachtendor et al. (2019).

The EI is a crucial parameter specifically indicating the drained
weight of the structured material.

EI � Hydrogel formed g( )
Starch suspension beforeHPP treatment g( ) (1)

Ultimately, the swelling power was determined bymodifying the
method described by Kusumayanti et al. (2015) as reported by
Larrea-Wachtendor et al. (2019). HPP-treated samples were
centrifuged in a centrifuge PK130R (ALC, Winchester, Virginia,
USA) at 1,351× g for 10 min and the pellet was weighed before and
after drying at 105°C for 6 h. The swelling power, evaluated by
Equation 2, 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 thewet pellet g( )
Weight of the dried hydrogel sample g( ) (2)

2.5 Characterization of hydrogels

2.5.1 Flow curves
Flow curves of the HPP hydrogels were obtained in a rheometer

AR 2000 (TA Instruments, New Castle, Delaware, USA), equipped
with a Peltier plate and a circulating water bath (DC10-Haake K10,
Karlsruhe, Germany). Small samples were carefully placed on the
Peltier plate surface of the rheometer. The flow curves were obtained
by varying the shear rate from 0.1 to 100 s-1 at 25°C while monitoring
shear rate, shear stress, and viscosity.

2.5.2 pH measurements
The pH of the hydrogels was measured using 1 g of the sample,

dissolved in 10 mL of distilled water, and stirred evenly. A pH meter
(pH-Metro BASIC 20+) was used to measure the pH of the solution.
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2.5.3 Colour measurements
The colour parameters in the CIELAB scale, namely the

lightness (L*), redness (a*), and yellowness (b*), of the starch-
based HPP hydrogels were detected using a colorimeter CR-400
(Konica Minolta Inc., Tokyo, Japan). Moreover, the whiteness index
(WI) was evaluated using Equation 3, as reported by Kaur
et al. (2013).

WI � 100 −
����������������������
100 − L*( )2 + a*( )2 + b*( )2

√
(3)

2.6 Statistical analysis

All the experiments as well as the analyses on the obtained
starches and hydrogels were performed in triplicate and the results
were reported as means ± standard deviations. Differences among
mean values were analysed by one-way variance (ANOVA), by using
SPSS 20 (SPSS IBM., Chicago, USA) statistical package. Tukey test
was performed to determine statistically significant
differences (p < 0.05).

3 Results and discussion

3.1 Characterization of the isolated starches

In Table 1 the chemical and physical characteristics of the
starches isolated from different sources were reported. The starch
isolated from unripe apples had the highest starch content, followed
by starches isolated from lentil flour, pea flour, and banana peel.
According to the amylose content, all isolated starches can be
classified as normal starches (Koshenaj and Ferrari, 2024). Pea
starch shows a higher protein content, as a higher amount of
proteins was present in pea flour, while banana peel starch
showed a higher total fat content. Low values of starch damage
were detected, confirming that the starch isolation methods used
were gentle and did not cause significant physical or mechanical
damage to the starch granules. This is of utmost importance to
maintain the functional properties of the starch unvaried. In fact,
starch damage can affect water absorption, gelatinization, and
enzymatic hydrolysis properties of starches. The low levels of

damaged starch demonstrate that the starch retains its native
granular structure and functional properties, making it suitable
for various applications.

The particle size distributions of starch granules isolated from
the various sources investigated in this work reveal distinct patterns
(Figure 1). Starches obtained from lentil and pea flours both exhibit
bimodal size distributions, indicating the presence of two different
populations. For lentil starch, D10 was 18.92 µm, D50 was
208.48 µm, and D90 was 447.10 µm, while pea starch had
slightly smaller particle size with a D10 of 17.90 µm, a D50 of
171.03 µm, and a D90 of 435.37 µm. In contrast, starches obtained
from unripe apple and banana peel showed unimodal distributions,
thus a more uniform particle size distribution. Apple starch has a
smaller particle size with a D10 of 7.05 µm, a D50 of 13.85 µm, and a
D90 of 28.78 µm, while banana peel starch featured larger particle
size with a D10 of 31.97 µm, a D50 of 116.94 µm, and a
D90 of 235.27 µm.

SEM images presented in Figure 2 showed that lentil and banana
starch granules had a spherical (equant) shape. The pea starch
granules showed high sphericity and apple starch granules had
mostly smooth roughness shapes. Several small protuberances
were observed on the surface of some of the granules which
could be due to the presence of fibers, protein, fat, or other
impurities remaining attached to the particle after the starch
isolation process. Based on genotypes and growth conditions,
starch granules from different botanical origins exhibit different
sizes and shapes, which could affect their physicochemical and
digestibility properties. Based on the findings of (Yang et al.,
2022), indicating that smaller starch granules exhibit lower
resistance to digestion, it can be concluded that the small
granules found in apple starch might also show reduced
digestion resistance. However, further research is needed to
confirm this hypothesis and understand the specific
characteristics of recovered starches.

The FT-IR spectra were reported in Figure 3, determining the
chemical bonds in isolated starches. Peaks around 1,000–1,150 cm−1

were detected in all samples, which are likely corresponding to the
C-O and C-O-C stretching vibrations, indicating the presence of
amylose and amylopectin in the samples (Yang et al., 2022). CH
bending vibrations (850–900 cm−1) were also found in lentils, pea,
and apple starches, indicating the CH groups in the glucose units
(Adi Sulianto et al., 2024). The presence of peaks at 1,323, 1,335,

TABLE 1 Chemical and physical characteristics of the starches isolated from different sources.

Isolated
starches

Starch
content (%)

Amylose
content (%)

Moisture
(%)

Ash
(%)

Total
fat (%)

Protein
(%)

Starch
damage (%)

Lentil starch 80.72± 0.01c 22.42± 0.14d 16.9± 0.08c 0.43±

0.00b
0.43± 0.00b 1.52± 0.00b 1.01± 0.00c

Pea starch 76.91± 0.18b 18.79± 0.21b 18.4± 0.00d 0.69±

0.19d
0.7± 0.06c 3.3± 0.13c 0.53± 0.01b

Unripe apple starch 86.56± 0.07d 18.74± 0.07a 12.1± 0.12b 0.64±
0.02c

0.4± 0.00a 0.3± 0.18a 1.27± 0.00d

Banana peel starch 76.38± 0.15a 20.94± 0.24c 4.5± 0.01a 0.14±
0.11a

4.3± 0.00d 3.4± 0.00d 0.49± 0.08a

Lowercase letters represent significant differences (p ≤ 0.05) between the different starches. The data are presented as mean ± standard deviation (SD) based on three independent replicates

(n = 3).
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FIGURE 1
Particle size distributions of isolated starches.

FIGURE 2
SEM images of isolated starch granules (×500 magnification).
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1,339, and 1,396 cm−1 in all starch samples were mainly associated
with bending vibrations of CH2 groups and possibly O-H groups
(Lucas-Aguirre et al., 2024). Amide bands (1,530–1,540 cm−1 and
1,640–1,650 cm−1) were present in all samples, suggesting the
presence of protein residues or bound water molecules
(Nandiyanto et al., 2019). C-H stretching vibrations
(2,930–2,970 cm−1) were detected in all starch types and
corresponded to the CH2 and CH3 groups in the starch
molecules (Zhang et al., 2023). O-H stretching vibrations
(3,200–3,850 cm−1) indicated hydrogen bonding and the presence
of hydroxyl groups, which are common in polysaccharides due to
the abundance of hydroxyl groups (Thanyapanich et al., 2021). The
values and peaks observed in the FTIR spectra suggested that the
isolated starches had high purity and amylose and amylopectin were
the predominant compounds. The presence of consistent starch-
related peaks across all samples supported this conclusion.

3.2 Determination of gel formation

Table 2 presents the results of gel formation obtained by
microscopic analysis, efficiency index evaluation, and swelling
power measurement.

Starch granules show hilum-cantered birefringence, in the form
of the typical “Maltese cross.” When starch granules undergo
gelatinization, they lose their crystalline structure, leading to a
loss of birefringence (Muñoz et al., 2015). Microscopic analyses
used to determine the loss of birefringence in starch granules showed

that lentil, pea, and apple starches had a complete loss of
birefringence, accounting for a high gelatinization degree under
the utilized HPP processing condition. Differences were observed in
banana starch HPP hydrogels, where a residual birefringence was
detected, indicating a lower degree of gelatinization and the presence
of remaining crystalline structures. This suggests incomplete gel
formation under the applied processing conditions. The swelling
power, a crucial property related to the water-holding capacity of
starch, was evaluated for all HPP hydrogels obtained to assess the
extent of gel formation at the HPP processing conditions utilized in
this work. Lentils and pea starches had higher swelling power
compared to apple and banana starches. Moreover, a highly
structured hydrogel was formed using lentil, pea, and apple
starches, while a lower structured hydrogel was obtained with
banana starch, and this finding was confirmed by the efficiency
index values measured.

Based on the results obtained it can be concluded that banana
starch showed a lower ability to form hydrogels under the HPP
processing conditions used. The crystalline structure of banana peel
starch is primarily of B-type (Kaur et al., 2022). These structures are
more resistant to undergo gelation under pressure due to the fact
that water was filling the channel in the cell unit of the crystallite
stabilizing the structure instead of penetrating in the starch granules
and causing their swelling as occurred with the other starches. The
same behavior was observed for potato starch, which is also of
B-type, that showed a high resistance to undergo pressure-induced
gelation (Larrea-Wachtendor et al., 2019). In addition, as presented
in Table 1, banana peel starch had a higher fat content, which can

FIGURE 3
FTIR absorbance spectra of isolated starches.

TABLE 2 Microscopy determination, efficiency index, and swelling power of obtained starch-based HPP hydrogels.

Starch source Microscopy determination Efficiency index Swelling power

Lentil Complete loss of birefringence 1.00± 0.00cd 5.88± 0.19c

Pea Complete loss of birefringence 0.90± 0.00b 6.37± 0.04d

Apple Complete loss of birefringence 1.00± 0.00cd 4.70± 0.01b

Banana Incomplete loss of birefringence 0.81± 0.03a 4.60± 0.11a

Lowercase letters represent significant differences (p ≤ 0.05) between the different starches. The data are presented as mean ± standard deviation (SD) based on three independent replicates

(n = 3).

Frontiers in Food Science and Technology frontiersin.org06

Koshenaj and Ferrari 10.3389/frfst.2025.1629161

https://www.frontiersin.org/journals/food-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frfst.2025.1629161


counteract water penetration and reduce the ability of the starch to
form a gel. It is well known that amylose can form a helical structure
under pressure treatments together with fat, creating some
complexes that restrict the swelling of starch granules (Katopo
et al., 2002).

Pea starch showed the highest swelling capacity, ability to
form highly structured hydrogel and a complete loss of
birefringence. The crystalline structure of pea starch is of
C-type (Bogracheva et al., 1998), and is very suitable for gel
formation under pressure. As shown in Table 1 the protein
content of isolated pea starch is high. It is well known that the
protein-starch interaction in heat-induced starch gelatinization
results in an increased gelatinization temperature (Chakraborty
et al., 2022). However, the pressure-induced starch gelatinization
mechanism faces some differences. As shown in Table 1, pea
starch granules showed low particle size thus the number of
starch granules per Gram of starch in the solution is higher and
they can absorb higher amounts of water. Thus, due to the low
amount of residual water remaining in the solution, proteins
might not be fully denatured. This hindered the capacity of
proteins to act as fillers within the gel matrix and,
consequently, did not affect the starch gelatinization extend
(Sim and Moraru, 2020).

Figure 4 reports the pictures of the starch-based HPP
hydrogels obtained. It can be observed that pea, lentil, and
banana starch hydrogels showed a creamy appearance while
apple hydrogels showed a gummy appearance. Despite having
a lower particle size distribution, the smaller apple starch
granules possess a higher total surface area, which enhances
granule interactions and promotes tighter aggregation during
gelation. This leads to the formation of a denser, less flexible
network, resulting in the gummy consistency observed for the
apple starch hydrogel.

3.3 Characterization of starch-based
HPP hydrogels

Flow curves were measured to determine the rheological
properties of the hydrogels obtained in this study, particularly
the correlation between the viscosity and the shear rate applied,
as shown in Figure 5. As expected, the samples were characterized by
a shear-thinning-Newtonian behaviour, with the viscosity values
decreasing as the applied shear rate increased (Xie et al., 2009; Jiang
et al., 2015).

Lentil and pea starch HPP hydrogels exhibited the lowest
viscosity values at low shear rates, resulting in more spreadable
gels. Their high swelling power and degree of gelatinization,

FIGURE 4
Picture of starch-based HPP hydrogel (A) banana starch hydrogel, (B) lentil starch hydrogel, (C) apple starch hydrogel, (D) pea starch hydrogel.

FIGURE 5
Flow curves of the starch-based HPP hydrogels produced.
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combined with near-neutral pH (6.82 and 7.29, respectively),
contributed to a uniform gel matrix with high spreadability.
However, at a shear rate of 100 s-1, these hydrogels showed the
highest viscosity values, highlighting the shear-dependent viscosity
of lentil and pea starch hydrogels. In contrast, apple and banana
HPP hydrogels exhibited the highest viscosity values, indicating the
highest resistance to flow. The lower swelling capacity of apple and
banana starch granules, leading to reduced water absorption,
resulted in a denser and more viscous network. Moreover, the
presence of lipids and proteins in apple and banana starches also
plays a significant role in the rheological behaviour of the hydrogels
formed (Bravo-Núñez et al., 2019; Liu et al., 2024). Lipids interact
with starch molecules to form complexes that reinforce the gel
network. These complexes create a more interconnected and stable
structure, which increases the gel’s thickness and resistance to flow,
resulting in higher viscosity. Also, proteins can interact with starch
through hydrogen bonding and hydrophobic interactions, leading to
a more rigid and less spreadable gel matrix.

The differences in the pH values are mostly related to the starch
isolation method utilized. Banana and apple hydrogels had an acidic
pH of 4.77 and 5.58, respectively, due to the presence of sulphurous
acid, formed from the hydrolysis of sodium metabisulfite in water
(Ilie-Mihai et al., 2022). The alkaline conditions used for the
isolation of lentil and pea starch helped to remove or neutralize
acidic impurities. Consequently, the hydrogels produced with these
latter starches exhibited neutral pH.

The appearance of starch-based hydrogels was also evaluated
through colour measurements and the results were presented in
Table 3. Lentil, pea, and apple starch hydrogels exhibited high L* and
WI index values, indicating a predominance of white and light
components. In contrast, banana starch hydrogel exhibits lower L*
and WI values, likely enzymatic and non-enzymatic reactions
occurring during the starch isolation process.

As far as the values of the parameter a* are concerned, pea
hydrogels showed the highest tendency towards greenness, followed
by lentil and apple starch hydrogels. Conversely, banana starch
hydrogels show a tendency to redness. Pea starch hydrogels showed
the highest b* values, indicating a tendency to yellowness, followed by
lentil and banana starch hydrogels. Apple starch hydrogels instead
exhibited negative b* values, indicating their tendency to blueness.

The starch source and the presence of specific pigments and
compounds inherent to the raw materials (Subagio et al., 1996;
Delgado-Pelayo et al., 2014; Thi Hanh et al., 2016; Teterycz et al.,
2020), such as chlorophylls in pea and lentil starches, anthocyanins and
polyphenols in apple starch, and carotenoids, including lutein, β-
carotene, and α-carotene in banana starch, influenced the colour

tendencies of the starch hydrogels. Additionally, the isolation process
had a strong impact on the final appearance of the hydrogels,
particularly for starches susceptible to browning reactions.

4 Conclusion

The isolated starches analyzed in this study exhibited variations
in morphological structure and physicochemical properties, which
significantly influenced not only their ability to undergo gelation
under pressure but also the properties of the hydrogels formed by
high-pressure processing. Pea starch showed the highest capacity to
form hydrogels, while banana starch had the lowest one, as
demonstrated by the lowest swelling capacity, structural integrity,
and loss of birefringence of the hydrogel formed. Additionally, lentil
and pea starch hydrogels showed the lowest viscosities and highest
spreadability. In contrast, banana and apple starch hydrogels
exhibited higher viscosity values due to the rigidity of the
network formed. The physical appearance of the hydrogels also
varied, with banana, lentil, and pea starch hydrogels showing a
creamy texture, and apple starch hydrogels exhibiting a gummy
consistency. The L*, a*, and b* values obtained from color
measurements for all hydrogels were influenced by the starch
source, the isolation method utilized, and the presence of various
pigments in the starch sources.

Considering these findings, it can be concluded that starches
isolated from both conventional and non-conventional sources can
be effectively used in the preparation of high-pressure processed
(HPP) hydrogels. However, more work is needed to set up proper
extraction and purification methods to recover starches, particularly
for those obtained from discarded biomasses. Innovative
technologies and green solvents could be proposed to optimize
the processes for starch recovery starches, making their
production both environmentally and economically sustainable.
This is particularly important when the use of by-products and
agro-industrial biomasses as a source of starch is likely to be
exploited. To address these challenges a multidisciplinary
approach is needed, combining scientific research, engineering,
and economic analysis expertise.
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TABLE 3 Colour parameters of starch-based HPP hydrogels.

Prepared hydrogels L* a* b* WI

Lentil starch hydrogels 47.3± 0.03c −0.565± 0.07b 5.92± 0.04c 47.67± 0.02c

Pea starch hydrogels 55.4± 0.01d −6.05± 0.02a 20.08± 0.02d 59.48± 0.04d

Apple starch hydrogels 45.41± 0.02b −0.54± 0.03c −1.23± 0.02a 45.43± 0.02b

Banana starch hydrogels 16.77± 0.17a 2.93± 0.06d 4.44± 0.04b 17.02± 0.04a

Lowercase letters represent significant differences (p ≤ 0.05) between the different starch-based hydrogels. The data are presented as mean ± standard deviation (SD) based on three independent

replicates (n = 3).
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