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Abstract
Starch-based hydrogels are natural polymeric structures of high scientific interest in the food, pharma, and cosmetic sectors. In
this work, the effects of the starch source (rice, corn, wheat, and tapioca starch) and processing time (600 MPa for 5 and 15 min)
on gel formation and on the physical characteristics of the structures formed were evaluated. At the pressure level utilized, all the
starches were completely gelatinized regardless of the processing time tested. The hydrogels obtained displayed a shear-thinning
and gel-like behavior (G' > G"). HPP, under the processing conditions tested, was more effective in producing hydrogels based on
tapioca and rice than on corn and wheat starch. Rice, wheat, and corn starch HPP hydrogels showed a cream-like structure,
whereas those based on tapioca starch evidenced a more compact structure. With a HPP processing time of 15 min, tapioca and
rice starch HPP hydrogels displayed higher viscosity, G', and firmness, suggesting an overall structural reinforcement. However,
with 15 min of processing time, the lightness and whiteness of rice, wheat, and corn starch HPP hydrogels were negatively
influenced, presumably as a consequence of the increased amount of water absorbed in starch granules. These results suggest that
both the starch source and processing time play an important role in the formation of gels from starch suspensions and affect the
physical characteristics of HPP hydrogels. Finally, the natural products obtained might be suitable for use in several applications
where either creamy or gummy structures are desirable.
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Introduction

Starch represents a versatile and inexpensive material of po-
tential use in polymer technology and numerous other food
and non-food applications. Among staple foods rich in starch,
rice, wheat, corn, and tapioca (or cassava) are the most abun-
dantly produced and traded worldwide [21]. However, often,
these crops show defects hindering their utilization in food
processing lines and are discarded. Starches contained in de-
fective crops can be recovered and used to produce starch-
based products and reduce environmental burdens. The

implementation of eco-efficient processes of starches could
positively affect crop production sustainability. Among newer
applications of these natural biopolymers, the production of
starch-based biodegradable packages has been proposed to
replace or lower the use of petroleum-based plastics [42]. In
addition, the production of starch-based hydrogels is promis-
ing and gaining attention. Hydrogels are 3D polymeric hydro-
philic networks able to absorb and retain significant amounts
of water. The most relevant characteristics of starch-based
hydrogels are their safety, biocompatibility, and biodegrad-
ability [25, 29, 45, 48, 49, 54, 58, 62].

Hydrogel structures form by applying physical or chemical
stresses to starch suspensions, which induce water penetration
into the starch granules forming a strong and stable network [9].
Biduski et al. [9] investigated the characteristics of starch-based
hydrogels produced by alkaline or thermal gelatinization, uti-
lizing native or cross-linked rice starch with different amylose
content (8%, 20%, and 32%). These authors concluded that the
gelatinization method and the starch amylose content influ-
enced the hydrogel’s physical properties. Alkaline (NaOH
50%, 55 °C, 0.5 h) gelation, consisting of several processing
steps lasting more than 24 h, was the most suitable method to
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obtain well-structured stable gels with cross-linked rice starch
(20% amylose content). Other authors reported that the well-
established physical or chemical cross-linking and graft poly-
merization methods produced hydrogels [2, 18, 29]. However,
their main limitations were long processing times, high energy
consumption, and safety issues during the synthesis process.

Different technologies for hydrogel formation have been
proposed to overcome the limits of conventional methods, in-
cluding high-pressure processing (HPP), which has been ap-
plied mainly for food preservation, causing no or minimal dam-
ages to the sensorial and nutritional properties of products.
Moreover, HPP has been proposed for the recovery of bioactive
compounds from food by-products, the enhancement of bioac-
cessibility and bioavailability of food micronutrients, the reduc-
tion of food allergenicity, the preservation of lipids, and the
reduction of salt in foods [5]. HPP was also proven very prom-
ising for themodification or gelatinization of starch suspensions
for starch-based hydrogel production [10–13, 16, 19, 31, 33,
37, 38, 40, 41, 52, 55]. By modifying the non-covalent inter-
molecular interactions, HPP can cause the disordering of food
biopolymers, including proteins and starches, until inducing
protein unfolding or a complete starch gelatinization [4, 34].

HPP-assisted gelatinization is strongly influenced by the
starch source, starch/water ratio, pressure level, temperature,
and processing time [6, 53]. The structural properties of
pressure-induced gels are different from those of thermal gels,
mainly due to the pressure stabilization of hydrogen bonds during
the gelatinization process, absence of extensive shearing (e.g.,
stirring), and a reduction in the extent of retrogradation [16, 28,
40]. Starch-based HPP hydrogels displayed excellent mechanical
and rheological properties such as less rigidity, highly structured,
and promising stability and functionalization [37, 38].

In the last 20 years, many efforts have been made to unrav-
el the role of physicochemical characteristics of starches and
HPP conditions on the gelatinization process. However, the
physical properties of hydrogels require further investigation
to support their industrial-scale use [13, 56]. Therefore, in this
paper, the effects of the starch source and two processing
times on gel physical characteristics and formation were in-
vestigated. Furthermore, the purpose of this investigation was
the successful production of structured and stable starch-based
HPP hydrogels and to present how the structure and function-
ality of these novel structures are influenced by the utilization
of different starch sources and two pressure-inducing gelatini-
zation conditions, namely, 600 MPa for 5 and 15 min.

Materials and Methods

Materials

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

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

Samples’ Preparation

Based on previous experimental results (data not shown), a
concentration of 20% (w/w) was utilized to avoid sedimenta-
tion and obtain proper gel structuring under HPP. Starch (wet
basis) was suspended in distilled water and dissolved under
gentle mixing. To ensure sample homogeneity and avoid par-
ticles settling, starch suspensions were prepared immediately
before HPP treatments.

HPP Treatments

In each experiment, 10 g of the starch suspension was
deaerated, thoroughly mixed, packed in flexible pouches,
sealed, and then pressure treated in a lab-scale high-pressure
unit with a vessel capacity of 50 mL (U-22, Institute of High-
Pressure Physics, Polish Academy of Sciences, Unipress
Equipment Division, Poland). Based on previous observations
(patent pending) and literature findings [55], the treatment
conditions were 600 MPa, applied at a compression rate of
8.4 MPa/s for 5 and 15 min with an initial temperature of
25 °C and at decompression time of less than 15 s. The esti-
mated temperature increase due to pressure build-up was 2–
3 °C/100 MPa [20]. Processed samples were stored (< 4 h) at
room temperature until further analysis. All experiments were
done in triplicate.

Samples’ Characterization

Degree of Gelatinization

The degree of gelatinization of samples was detected by mea-
suring the loss of the optical birefringence of starch granules
under polarized light (20×). An inverted light microscope
Nikon Eclipse (TE 2000S, Nikon Instruments Europe B.V.,
Netherlands) equipped with a polarization filter, coupled to a
DS Camera Control Unit (DS-5 M-L1, Nikon Instruments
Europe B.V, The Netherlands), was used for image acquisi-
tion and analysis. Before each measurement, a small amount
of the gelatinized sample was placed between a microscope
slide and a cover glass.

Swelling Power

The swelling power was determined according to the
method reported by Kusumayanti et al. [35] with slight
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modifications. Samples of HPP hydrogels were centri-
fuged (PK130R, ALC, Winchester, Virginia) at 1351 g
for 10 min, the supernatant was removed, and the pellet
was weighed before and after drying for 6 h at 105 °C.
Swelling power, i.e., the ratio of the wet pellet over the
dry weight of starch in the hydrogel sample, was eval-
uated as follows:

SP g=gð Þ ¼ Weight of the wet pellet gð Þ
Dry weight of hydrogel sample dry basisð Þ gð Þ

ð1Þ

Efficiency Index (EI)

An efficiency index, defined as an empirical parameter
to assess the extent of gel formation under the HPP
conditions utilized, was evaluated as follows:

EI ¼ Hydrogel formed gð Þ
Starch suspension before HPP treatment gð Þ ð2Þ

where hydrogel formed refers to the drained weight of
the structured material.

Macroscopic Analysis

The macroscopic analysis of HPP hydrogels was performed
by a digital camera (Sony Corp, Tokyo, Japan) in angular
mode. Original pictures without editing and filtering are
reported.

Color Measurements

Lightness (L*), redness (a*), and yellowness (b*) of HPP
hydrogels were determined by the colorimeter CR-400
(Konica Minolta Inc., Tokyo, Japan). The color difference
(ΔΕab*) was calculated according to Eq. 3, as reported by
Bodart et al. [14].

ΔΕab* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ΔL*ð Þ2 þ Δa*ð Þ2 þ Δb*ð Þ2
q

ð3Þ

where ΔL*, Δa*, and Δb* were the difference between two
samples in L*, a*, and b*, respectively.

To account for the effects of HPP processing time on
hydrogels, the color index ΔE was evaluated according to a
modified form of Eq. 3, as follows:

ΔΕ starch HPP hydrogels

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L600=15−L600=5

� �2 þ a600=15−a600=5
� �2 þ b600=15−b600=5

� �2
q

while the color differences among HPP hydrogels obtained
with different starches at the two processing times (5 min

and 15 min) were evaluated according to the modified forms
of Eq. 3 as follows:

ΔΕ HPP hydrogels 600=5

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Lstarch1−Lstarch2ð Þ2 þ astarch1−astarch2ð Þ2 þ bstarch1−bstarch2ð Þ2
q

ΔΕ HPP hydrogels 600=15

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Lstarch1−Lstarch2ð Þ2 þ astarch1−astarch2ð Þ2 þ bstarch1−bstarch2ð Þ2
q

The whiteness index (WI) was calculated according to Eq.
4 reported by Kaur et al. [32].

WI ¼ 100−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

100−L*ð Þ2 þ a*ð Þ2 þ b*ð Þ2
q

ð4Þ

At least ten measurements were done on each sample.

Rheology

The rheology of HPP hydrogels was determined utilizing a
controlled stress and strain rheometer AR 2000 (TA
Instruments, New Castle, Delaware, USA), equipped with a
Peltier plate and a circulating water bath (DC10-Haake K10,
Karlsruhe, Germany). A plate-cone geometry (40-mm diame-
ter, 2°) with a fixed gap of 52 μm was used. The HPP hydro-
gel samples (1 g, n = 3) were loaded in the center of the Peltier
plate and left undisturbed for 120 s at 25 °C, allowing stress
relaxation and temperature equilibration.

Flow Curves

Flow curves of hydrogels samples (n = 3) were obtained by
varying the shear rate from 0.1 to 100 s−1 at 25 °C.

Data of apparent viscosity (η) were collected and
interpreted by using the manufacturer’s software (Trios
v5.0.0.44608, TA Instruments-Waters LLC, New Castle,
Delaware, USA).

Frequency Sweep Tests

Small deformation rheological properties of the samples (n =
3) were obtained from frequency sweep tests recorded in the
range from 0.1 to 100 rad/s at 25 °C within the linear visco-
elastic region 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 recorded and
ca l cu l a t ed u s i ng t h e manu f a c t u r e r ’ s s o f twa r e
abovementioned.

Texture Profile Analysis (TPA)

The texture profile analysis (TPA) of all HPP hydrogels was
performed using a TA.XT2 texture analyzer (Stable Micro
Systems, Surrey, UK) equipped with a load 5-kg cell
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connected to a microcomputer. Hydrogel samples (6 g, n = 3)
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 tempera-
ture and a rate of 1 mm/s up to attaining 50% of sample
deformation. The compression runs were repeated twice, with
a decompression rate of 1 mm/s and a delay of 5 s between
two bites, to generate force-time curves. Hardness, adhesive-
ness, springiness, chewiness, cohesiveness, and gumminess of
hydrogels were calculated from the compression data
recorded.

Statistical Analysis

Results were analyzed by statistical descriptive analysis (mean
± SD), one-way ANOVA, and post hoc comparison using the
Fisher least significant difference (LSD) test to determine sig-
nificant differences amongst experiments (p value was <
0.05). All analyses were performed using Statgraphics
Centurion XVI Statistical Software (Statistical Graphics
Corp., Hendon, Virginia).

Results and Discussion

Gel Formation

Figure 1 shows the polarized micrographs of starch suspen-
sions, untreated and pressurized at 600 MPa at two processing
times (5 min and 15 min). This visual observation can be
easily used to define a gelatinization index of starch samples.
As expected, untreated starch granules (control) showed com-
plete birefringence (Fig. 1, left side). Pressure treatments at
600 MPa for 5 and 15 min caused the total loss of birefrin-
gence, indicating a complete gelatinization of the starch sus-
pensions. These findings were in good agreement with those
reported by other authors on rice, corn, wheat, and tapioca
starch suspensions, pressurized at 600 MPa from 5 min to
30 min [6, 16, 17, 27, 31, 39, 52, 55].

Starch gelatinization after HPP treatment was also assessed
based on the swelling power and the efficiency index
(Table 1). From the data reported in Table 1, it can be ob-
served that the values of EI and SP of corn, rice, and wheat
starch hydrogels were not influenced by the two processing
times evaluated (p > 0.05). However, tapioca starch hydrogels
evidenced a higher SP at a processing time of 15 min
(p < 0.05), suggesting that tapioca starch granules are able to
hold more water even when the complete gelatinization is
achieved. This swelling behavior can be attributed to a higher
capacity of these granules to swell and solubilize than cereal
starches granules [8] and to the absence of amylose-lipid com-
plex formation [31]. Katopo et al. [31] reported that under
HPP treatment, amylose from cereal starches instead of

amylose from tapioca starch interacted with lipids, developing
a helical complex that holds amylopectin molecules restricting
the dispersion and swelling of the starch granules.

In all cases, the two indexes strongly depended on the
starch source (p < 0.05). SP and EI values of tapioca and rice
starch hydrogels were higher than those of corn and wheat
starch. This result is in agreement with those reported by
Stute et al. [55] describing the less water absorption capacity
of some type of starch granules, such as corn and wheat, while
others, such as tapioca starch granules, were characterized by
an extensive swelling during HPP treatments. The different
macromolecular architecture, branching, and molecular
weight [8], as well as starch solubility and granule size, must
be considered as important factors during hydrogel formation
under static processes such as HPP [37]. Moreover, the amy-
lose content of rice starch used in this study (17.7%) was
lower than that of wheat (26.96%) and corn starch (21.2%),
having this different composition and the amylose-lipid com-
plex formation detrimental effects on granules swelling under
HPP [52] and, consequently, hindering HPP hydrogels pro-
duction. This study suggests that gel formation parameters,
namely, EI and SP, were more affected by the starch source
than by HPP processing time [10, 11, 16, 52].

Macroscopic Analysis

As shown in Fig. 2, at the two processing times investigated,
HPP hydrogels were highly homogeneous and had good
structural integrity. Corn, rice, and wheat hydrogels had a
cream-like appearance, while those based on tapioca had a
rubber-like structure. Katopo et al. [31] reported similar re-
sults when treating starch suspensions (25% w/w) for 5 min
at 600 MPa, obtaining spreadable and adhesive corn and rice
hydrogels and hard and less adhesive tapioca hydrogels. The
native crystalline structure of starch affected hydrogels forma-
tion by pressure [31, 55]. As detected by X-ray diffraction
[31], tapioca starch showed a C-type spatial configuration (a
mixture of A-type and B-type pattern), whereas rice, corn, and
wheat starch presented an A-type spatial configuration. Starch
gelatinization by HPP treatments is caused by water forced
into starch granules due to compressive forces [41]. Taking
into account that A-type starches show densely packed struc-
tures (seven double helices with a staggered monoclinic lat-
tice) with a significant less space available for water compared
to B-type and C-type starches [60, 61], it can be assumed that
these structural differences may, in part, influence the different
physical appearance of the starch-based HPP hydrogels ob-
tained and in agreement with SP results (Table 1).
Furthermore, the creamy-like appearance observed on corn,
rice, and wheat starch hydrogels can be related to the higher
number of granules per gram of starch compared to tapioca
starch, as reported by BeMiller and Whistler [8]. Visual ob-
servation confirmed that corn, rice, and wheat hydrogels were
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lighter than tapioca hydrogels, especially at 600 MPa for
5 min.

It can be hypothesized that tapioca starch had a stronger
starch profile due to the higher length of the chains, a higher
molecular weight of amylose, and a good association between
amylose and amylopectin under HPP treatments [7, 31],

resulting in HPP hydrogels that are more compact, highly
structured, and able to entrap more water [1, 59].

The results of the macroscopic evaluation suggest that the
physical appearance of hydrogels produced under pressure
was strongly influenced by the starch source, which should
be taken into account to forecast future applications of these
structures as a smart carrier of compounds for the develop-
ment of novel foods which will benefit of their creamy or
gummy consistency. However, further research is required
to determine the mechanisms and the key factors influencing
the structuring of these innovative materials.

Color Measurements

Table 2 showed the color parameters of HPP hydrogels based
on the different starches and processed at 600 MPa for 5 and
15 min. The starch source and processing time (p < 0.05) in-
fluenced the color parameters of starch-based HPP hydrogels.
All HPP hydrogels obtained in this study had positive values
of L*, in the range between 45 and 66, indicating that white
and bright components were predominant in all cases. Corn
starch hydrogels were the brightest, followed by wheat, rice,
and tapioca hydrogels (p < 0.05). At a processing time of
15 min, a darkening of corn, rice, and wheat starch hydrogels
has been detected related to a significant decreasing of L*

Fig. 1 Birefringence of untreated
and HPP-treated suspensions of
corn, rice, wheat, and tapioca
starch

Table 1 Efficiency index and swelling power of corn, rice, wheat, and
tapioca starch HPP hydrogels obtained at 600 MPa and two processing
times (5 min and 15 min)

Treatments Gel formation parameters

Pressure
(MPa)

Time
(min)

Starch Efficiency index Swelling power
(g/gdry starch)

600 5 Corn 0.82 ± 0.01c 5.62 ± 0.10bcd

15 0.81 ± 0.01c 5.38 ± 0.33cde

5 Rice 1.00 ± 0.00a 6.03 ± 0.41bc

15 1.00 ± 0.00a 6.45 ± 0.15b

5 Tapioca 0.91 ± 0.00b 5.86 ± 0.19bcd

15 0.93 ± 0.00b 7.39 ± 0.75a

5 Wheat 0.75 ± 0.04d 4.59 ± 0.45e

15 0.73 ± 0.01d 5.16 ± 0.44de

a-e Different letters in the same column indicate significant differences
(LSD, p < 0.05) for each treatment

626 Food Eng Rev  (2021) 13:622–633



values (~ 20%), whereas the lightness of tapioca hydrogels
increased by 9% (p < 0.05). The amount of water entrapped
inside these structures increased at a processing time of
15 min, and a reduced amount of water was present on the
surface reflecting the light, resulting in less bright creamy
hydrogels and more translucent tapioca starch hydrogels. WI
values, which showed the same trend, confirmed these
findings.

With respect to the parameter a*, corn, wheat, and rice
hydrogels evidenced negative values, indicating a slight ten-
dency to the greenness of these samples (the greenest was
corn, followed by wheat and rice (p < 0.05)). On the contrary,
tapioca hydrogels had positive values of the parameter a*
indicating an increased redness (p < 0.05). At processing times
of 15 min, a* values significantly increased in all samples
(p < 0.05), namely, up to + 85% in rice, + 55% in wheat, +
28% in tapioca, and + 6% in corn hydrogels.

A higher tendency to yellowness components was evi-
denced by corn and tapioca starch hydrogels with higher b*
values for tapioca starch hydrogels. Negative b* values were

detected for rice and wheat hydrogels, accounting for the ten-
dency to blueness, being wheat hydrogels the bluest. These
results can be attributed to the different levels of yellow pig-
ments present in the starches, being wheat starch, for instance,
a characteristic starch devoid of yellow pigments such as xan-
thophyll (lutein) and flavonoids, whereas in corn and tapioca
starch, those pigments are more abundant [8]. A significant
increase (p < 0.05) of b* values in all samples produced at
600 MPa for 15 min have been identified, with an increment
of the yellowness components on corn and tapioca starch
hydrogels and a reduction of the blueness components on rice
and wheat starch hydrogels.

To better understand if the color differences of hydrogels,
which are affected both by the two processing times and starch
source, could be detected by the human eye, the values of the
parameter ΔΕab* were calculated. The human eye perceives
the color differences ifΔΕab* values are > 3 [46]. For the sake
of completeness, ΔΕab* values were obtained either by com-
paring the colors of the hydrogels made with the same starch
and different processing time (data reported in Table 2) and by

Fig. 2 Pictures of starch-based
HPP hydrogels: corn (A, E), rice
(B, F), wheat (C, G), and tapioca
starch (D, H). Processing condi-
tions: 600 MPa for 5 min (A–D)
and 15 min (E–H)

Table 2 Color parameters of corn, rice, wheat, and tapioca starch HPP hydrogels obtained at 600 MPa and two processing times (5 min and 15 min)

Treatment Color parameters

Pressure
(MPa)

Time
(min)

Starch L* a* b* WI ΔΕab*

600 5 Corn 66.70 ± 0.02a −2.11 ± 0.01g 0.86 ± 0.00d 66.66 ± 0.02a 11.94 ± 0.05b

15 54.89 ± 0.04d −1.98 ± 0.02f 2.62 ± 0.02b 54.90 ± 0.05d

5 Rice 56.94 ± 0.04c −0.47 ± 0.02e −3.56 ± 0.01g 56.91 ± 0.04c 11.29 ± 0.22c

15 45.60 ± 0.23e −0.07 ± 0.06c −2.02 ± 0.06e 45.76 ± 0.23g

5 Tapioca 45.36 ± 0.05f 1.69 ± 0.02b 2.35 ± 0.02c 45.31 ± 0.05h 4.82 ± 0.11d

15 49.27 ± 0.41d 2.17 ± 0.05a 4.51 ± 0.05a 49.66 ± 0.08e

5 Wheat 60.75 ± 0.01b −0.42 ± 0.02e −4.17 ± 0.02h 60.72 ± 0.01b 12.64 ± 0.06a

15 48.29 ± 0.10e −0.19 ± 0.03d −2.71 ± 0.03f 48.20 ± 0.05f

a-eDifferent letters in the same column indicate significant differences (LSD, p < 0.05)
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comparing the hydrogels made with different starches and the
same processing time (data reported in Table 3). Processing
time strongly affected the color perception of starch-based
HPP hydrogels (p < 0.05) (Table 2). ΔΕab* values were much
higher than 3, confirming that with a processing time of 15min,
the human eye could detect color differences. Wheat, corn, and
rice starch hydrogels showed significant net color changes
(ΔΕab* > 11). Data from Table 3 allowed concluding that the
color parameters of rice and wheat starch hydrogels were sim-
ilar (lower ΔΕab* values) for both processing time. Moreover,
ΔΕab* values of tapioca hydrogels processed for 5 min were
higher than those of tapioca hydrogels obtained at 15 min pro-
cessing time, the latter having similar color characteristics of
wheat, corn, and rice starch hydrogels. These results, confirmed

by visual observations, could be explained by the different
physical structures of HPP hydrogels (as reported in the upcom-
ing sections) that determined their color profiles.

Rheology

To further unveil to which extent HPP processing time and
starch source impacted mechanical characteristics of these
structures, flow behavior (Fig. 3) and viscoelastic properties
(Fig. 4) of hydrogels were determined. Figure 3 shows the
viscosity of starch-based HPP hydrogels, formed at
600 MPa, and 5 or 15 min, as a function of the shear rate.
Independently of the starch source and for both processing
times, all curves exhibit non-Newtonian behavior (shear-thin-
ning). Other authors already reported this rheological behavior
of starch-based hydrogels [30, 63]. Hydrogels are character-
ized by shear-dependent flow behavior and can flow under the
action of high shear forces. These forces cause irreversible
changes, or fractures, in the gel network, determining the re-
organization of the structure and reduced intermolecular resis-
tance to flow [50, 51].

Tapioca hydrogels offered the highest resistance to flow,
followed by corn, wheat, and rice starch hydrogels (p < 0.05).
The different shapes of the viscosity curves confirmed the
different flow behavior of HPP hydrogels. In the entire range
of shear rate applied, tapioca starch hydrogels showed the
highest viscosity values, confirming that strong gummy struc-
tures are more resistant to flow [24]. The viscosity of corn,
rice, and wheat starch hydrogels was much lower, confirming
that these spreadable materials do not resist to flow and had a
weak structure. The flow profiles of HPP hydrogels obtained
at 600 MPa and 15 min were higher than those of gels

Table 3 Color difference (ΔΕ) among HPP hydrogels as a function of
the starch source

ΔΕ values

600 MPa/5 min

Processing time (min) Starches Rice Tapioca Wheat

600 MPa
5 min

Corn 10.8d 21.7a 8.0e

Rice – 13.2c 3.9f

Tapioca – – 16.9b

600 MPa/15 min

Rice Tapioca Wheat

600 MPa
15 min

Corn 10.4a 7.0e 8.7b

Rice – 8.0c 2.5f

Tapioca – – 7.7d

a-eDifferent letters indicate significant differences between the starches
(LSD, p < 0.05) for each processing time
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produced at 600MPa and 5min, confirming that a longer HPP
processing time gave rise to stronger structures with higher
viscosity since the starch-starch and starch-water interactions
are more likely to occur.

As shown in Fig. 4, the mechanical profiles of all HPP
hydrogels produced in this work were typical of strong and
stable gel structures, with the elastic response one order of
magnitude higher than the viscous response (G' > G"). Both
moduli were almost independent on frequency, confirming
that, under pressure, starch particles formed stable, continu-
ous, and well-structured cross-linked gel networks [22, 36].

The starch source and processing time affected the mechan-
ical properties of all samples. In the frequency range investi-
gated, the mechanical profile of tapioca starch hydrogels was

stronger than that of rice, wheat, and corn starch hydrogels,
accounting for a stronger gel network. Moreover, at 600 MPa
for 15min, G' values of all HPP hydrogels increased due to the
increasing stability of the internal structure. In gels obtained
with physical methods, polymer chains are physically cross-
linked by hydrogen bonds, and crystalline segments and hy-
drophobic interactions cooperate to produce molecular con-
nections of different strength, stability, and spatial distribution
[36]. Based on our results, and considering the physical
governing principles of HPP, it can be hypothesized that in
high-pressure-induced starch gels [34, 53], the physical non-
covalent interactions are increased and become stronger at
longer processing times, resulting in higher G' and G" values.
This is consistent with results recently published by Larrea-
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Wachtendorff et al. [38], describing similar behavior of corn
and rice starch HPP hydrogels treated at 600 MPa for 20 min
and with the findings of Buckow et al. [16], showing the time-
dependence of HPP gel formation.

Texture Profile Analysis (TPA)

Tapioca hydrogels had higher firmness (p < 0.05) and negli-
gible adhesiveness (p < 0.05) than corn, rice, and wheat starch

hydrogels (Fig. 5). The differences in firmness were even
more remarkable on samples processed for 15 min,
confirming that structural reinforcement of hydrogels oc-
curred. This is in agreement with rheology measurements.
Despite the reduced firmness of “cream-like” corn, wheat,
and rice starch hydrogels, with a processing time of 15 min,
a slight but not negligible increase of firmness was observed in
rice gels (p < 0.05), while no significant differences were de-
tected in corn and wheat starch hydrogels.

Cohesiveness is related to the strength of internal bonds in
gels [26]. The values of this parameter in rice, tapioca, and
wheat starch hydrogels were not affected by the processing
time (p > 0.05), except for corn starch hydrogels, whose co-
hesiveness increased, reaching the same values detected in
rice hydrogels for a treatment time of 15 min. All HPP
hydrogels produced in this work showed excellent cohesive-
ness (0.6–0.8), and the values detected are in good agreement
with those of other authors, who measured similar values of
this parameter on the development of gels for innovative food
applications such as gummy candies [3] and surimi sausage
[43], and for novel non-food applications such as long-acting
drug delivery [57], topical creams [23], and quercetin-loaded
gels [26].

Adhesiveness, defined as the force required to detach a
probe from a sample, can be assumed as the force necessary
to remove a bolus adhering to the palate during mastication
[15], a cosmetic product from the skin, or a pharmaceutical
product from the mucosa [44]. By applying a processing time
of 15 min, the adhesiveness of corn and rice hydrogels in-
creased from 0.63 and 0.49 [N*s] to 0.81 and 0.85 [N*s]
(p < 0.05), respectively. Wheat starch hydrogels presented a
good adhesiveness (0.37 [N*s]), regardless of the two pro-
cessing times utilized (p > 0.05). Adhesiveness values of the
spreadable HPP hydrogels were in good agreement with those
found for skin photoprotection starch-based emulsions and
drug delivery systems for topical use [44, 47]. Moreover, data
on firmness were used to evaluate gumminess and chewiness.
The gumminess is the energy required to disintegrate a semi-
solid food and make it ready for swallowing. The chewiness is
the work needed to reduce the consistency of food, making it
suitable for swallowing [15]. The values of chewiness con-
firmed that, among the starches utilized in this work, two types
of gels were obtained under pressure: easily swallowing corn,
rice, and wheat starch hydrogels and firm tapioca hydrogels. A
higher chewing force was needed to make the latter gels ready
for swallowing.

In conclusion, the results of texture and rheology
were coherent and demonstrated that HPP processing
time and starch source influenced the physical and me-
chanical properties of starch-based HPP hydrogels and
should be considered during the design of innovative
products such as baby foods, gluten-free pastes, and
gummy candies, among others.
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Conclusions

This investigation demonstrated that HPP treatments at
600 MPa for 5 and 15 min can be used to fabricate stable
starch-based hydrogels. Corn, rice, tapioca, and wheat starch
were completely gelatinized under the processing conditions
investigated, being rice and tapioca the most suitable starches
to produce hydrogels by the HPP treatments used. HPP
hydrogels based on corn, rice, and wheat starch featured “soft”
gel structures, characterized by low hardness (N) and viscosity
(η), and high adhesiveness (-N/s), whiteness (WI), and light-
ness (L*). Due to their good spreadability, these hydrogels
were very similar to creams. Tapioca starch, instead, formed
HPP hydrogels with a gummy or rubbery compact structure
resistant to flow, characterized by high hardness (N) and vis-
cosity (η), and a translucid color. Themechanical properties of
all hydrogels produced at 600 MPa were improved by utiliz-
ing processing times of 15min. However, this processing time
had detrimental effects on the color of hydrogels, particularly
lightness (L*) and whiteness (WI). Notwithstanding the re-
sults of this research could allow forecasting new potential
applications of starch-based HPP hydrogels, further investiga-
tions are needed to assess the physical and microbiological
stability of these structures as well as their performance during
shelf life.
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