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Abstract: Starch-based hydrogels are natural polymeric structures with high potential interest for
food, cosmeceutical, and pharmaceutical applications. In this study, the physical stability of starch-
based hydrogels produced via high-pressure processing (HPP) was evaluated using conventional and
accelerated methods. For this purpose, conventional stability measurements, namely swelling power,
water activity, texture, and organoleptic properties, as well as microbiological analysis of rice, corn,
wheat, and tapioca starch hydrogels, were determined at different time intervals during storage at
20 ◦C. Additionally, to assess the stability of these structures, accelerated tests based on temperature
sweep tests and oscillatory rheological measurements, as well as temperature cycling tests, were
performed. The experimental results demonstrated that the physical stability of starch-based HPP
hydrogels was interdependently affected by the microorganisms’ action and starch retrogradation,
leading to both organoleptic and texture modifications with marked reductions in swelling stability
and firmness. It was concluded that tapioca starch hydrogels showed the lowest stability upon
storage due to higher incidence of microbial spoilage. Accelerated tests allowed the good stability
of HPP hydrogels to be predicted, evidencing good network strength and the ability to withstand
temperature changes. Modifications of the rheological properties of corn, rice, and wheat hydrogels
were only observed above 39 ◦C and at stress values 3 to 10 times higher than those necessary
to modify commercial hydrogels. Moreover, structural changes to hydrogels after cycling tests
were similar to those observed after 90 days of conventional storage. Data obtained in this work
can be utilized to design specific storage conditions and product improvements. Moreover, the
accelerated methods used in this study provided useful information, allowing the physical stability
of starch-based hydrogels to be predicted.

Keywords: starch-based; high-pressure processing; stability

1. Introduction

Hydrogels are a commercially widespread group of polymeric materials, consisting
of three-dimensional crosslinked networks of hydrophilic or hydrophobic biopolymers
capable of absorbing and retaining a significant amount of water [1]. In recent years,
hydrogels have been recognized as “smart structures” with tailor-made characteristics
conferring different functional attributes of the utmost importance for the design, synthesis,
and self-assembly of novel biomaterials, including drug delivery systems [2,3]. Currently,
natural hydrogels produced from renewable sources, as alternatives used to replace or
reduce the use of synthetic materials, are receiving significant attention in the scientific
community due to their compatibility with the human body [4]. Among this trending
group of hydrogels, starch-based hydrogels are among the most promising alternatives
for producing polymeric biomaterials [5,6]. Their biocompatibility, hydrophilicity, and
biodegradability have been highlighted as remarkable characteristics of these structures,
encouraging their extensive use in several applications [2,3,5,7–11]. Moreover, given the

Gels 2022, 8, 152. https://doi.org/10.3390/gels8030152 https://www.mdpi.com/journal/gels

https://doi.org/10.3390/gels8030152
https://doi.org/10.3390/gels8030152
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/gels
https://www.mdpi.com
https://orcid.org/0000-0003-3331-309X
https://doi.org/10.3390/gels8030152
https://www.mdpi.com/journal/gels
https://www.mdpi.com/article/10.3390/gels8030152?type=check_update&version=1


Gels 2022, 8, 152 2 of 16

wide range of applications of starch-based hydrogels, their physical–mechanical properties
and durability can be fine-tuned by changing the processing methods and operation
conditions, the type of biopolymer, and the composition of the liquid phase [4].

Recently, high-pressure processing technology (HPP) was proposed to produce natural-
starch-based hydrogels [12–14]. HPP is a non-thermal technology that is widely used in the
food industry for pasteurization, since it allows extended shelf life, minimizing nutritional
and sensorial property losses in processed products [15]. Moreover, it is well known that
HPP promotes sol–gel transitions in proteins and other food components [16]. For this
reason, this technology has also been proposed as a physical method for modifying or
gelatinizing different types of starch suspensions, allowing the limitations of gelation
processes that are currently utilized to be overcome, such as the long operation times, high
energy consumption levels, and use of hazardous materials [13,17–25].

Starch-based hydrogels form thanks to the physical entanglement of polymer chains or
other non-covalent interactions, giving a reversible nature to these structures, which repre-
sents an advantage in biomedical and food applications for these materials. However, due
to their non-permanent bonds, HPP hydrogels are commonly considered weak structures
with reduced rheological properties compared to chemical hydrogels. This hinders their
utilization in applications where good mechanical properties and stability are desired [4].
It is interesting to note that starch-based HPP hydrogels obtained in well-identified pro-
cessing conditions display excellent mechanical and rheological properties that are even
superior to those of thermal gels, making them very promising materials [12,13].

Nevertheless, to the best of our knowledge, no studies on the physical stability of
these novel structures have been carried out, the determination of which is of the utmost
importance in view of improving the design of these biomaterials, optimizing the processing
conditions, and proposing their application in different industrial sectors.

This work aimed at evaluating the stability and physicomechanical characteristics
of starch-based HPP hydrogels with time by applying different stress conditions, using
either specific conventional or accelerated detection methods, and determining the shelf
life of hydrogels over short storage periods. Bearing in mind that the guidelines for
stability testing (International Conference on Harmonization, ICH, [26]) commonly used to
predict the physical stability of cosmeceutical and pharmaceutical products under different
ambient conditions (temperature, relative humidity) utilize long sampling periods even
in accelerated conditions (from 3 to 6 months), are expensive and time-consuming, and
require considerable scientific expertise and knowledge of the materials and methodologies
involved [26], we attempted to develop specific testing methods to determine the stability
of the new materials. These methods, which are less expensive and time-consuming, allow
reproducible and high-quality data correlated with extreme environmental conditions to
be obtained that are useful for innovative product development.

2. Results and Discussion
2.1. Conventional Evaluations
2.1.1. Microbiological Analysis

Growth curves of aerobic mesophilic microorganisms, yeasts, and molds on starch-
based HPP hydrogels stored at 20 ◦C are shown in Figure 1.
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Figure 1. Growth curves of aerobic mesophilic total count (A) and yeasts and molds (B) of starch-
based HPP hydrogels during the storage period. Symbols are means of three measurements ±
standard deviations (S.D).

The initial microbial counts in all starch-based hydrogels tested were within the
undetectable range, namely < 1 log CFU/g (Figure 1). Moreover, no yeasts or molds were
detected, and the number of survivors was always below the detection limit (<1.0 log
CFU/g) during the entire storage period (Figure 1B), confirming the effectiveness of HPP to
inactivate this group of microorganisms. It has been extensively demonstrated that yeasts
and molds are very sensitive to HPP due to the instantaneous impact of pressure over the
nuclear membrane of yeast and mold populations, which causes a lethal injury to microbial
cells, leading to their complete inactivation [27,28]. In contrast, although immediately
after HPP treatments the microbial load was below the detection limit, significant growth
of aerobic mesophilic microorganisms in almost all starch-based hydrogels was detected
during storage (Figure 1A). While the microbial load of rice HPP hydrogels remained
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below detection limits (<1.0 log CFU/g) during the entire storage period, in tapioca,
corn, and wheat hydrogels we detected exponential growth of aerobic mesophilic bacteria
from the first month of storage onwards. After 90 days of storage, the microbial counts
of the three hydrogels were above 6, 5, and 3 log CFU/g, respectively. These results
confirmed the well-known findings that HPP treatments cause sublethal injuries on certain
resistant microorganisms that are able to repair cellular damages due to pressure and
recover their viability during storage, as reported elsewhere [28,29]. In this regard, it can
be hypothesized that the resistant survivors detected in corn, wheat, and tapioca-starch-
based HPP hydrogels could belong to pressure-resistant microbial subpopulations such
as bacterial spores [30], which seemingly differ based on the type of starch source and
should be addressed in further experiments. Bacterial spores are extremely resistant life
forms triggered by stress scenarios such as high-pressure conditions, returning to active
growth during storage at optimal temperature conditions such as 20 ◦C [30,31]. However,
further experiments on the identification and individual aspects of the pathogenicity of the
microbial populations in starch-based hydrogels should be performed.

Furthermore, the results obtained gave interesting insights into the microbiological
fingerprint of starch-based hydrogels produced by HPP, indicating that microbiological
stabilization of these materials should be a matter of concern during processing.

2.1.2. Swelling Stability

Water is the main solvent that influences the processing, quality, texture properties,
and stability of starch-based hydrogels [23,32–34]. The ability of starches to bind water
during gel formation and retain it during storage can be assessed by measuring parameters
such as the swelling power (SP) and water activity (Aw). Figure 2 depicts the evolution
(delta of current and initial values) of SP and Aw values of corn, rice, wheat, and tapioca
HPP hydrogels during storage at 20 ◦C.

At the beginning of the storage period (0 days), starch-based HPP hydrogels presented
similar Aw values (in the range of 0.974–0.969). Tapioca starch hydrogels showed the
highest initial SP values (7.4 g H2O/g dry starch), followed by rice (6.5 g H2O/g dry starch),
corn (5.4 g H2O/g dry starch), and wheat starch hydrogels (5.16 g H2O/g dry starch). These
results can be explained by the higher capacity of tapioca starch granules to swell and
solubilize with respect to cereal starch granules and the absence of amylose–lipid complex
formation, as reported elsewhere [14,22,35].

Nonetheless, an evident syneresis phenomenon was observed, as shown in Figure 2A,
where for all samples the SP values decreased with increasing the storage time. Wheat
and corn starch hydrogels displayed better swelling stability than rice and tapioca starch
hydrogels. For the latter structures, an abrupt reduction of water binding capacity from the
beginning of the storage period was detected and losses at the end of the storage period
(90 days) of 1.3 g H2O/g dry starch for rice and −2.2 g H2O/g dry starch for tapioca starch
hydrogel were measured. These results are in slight agreement with the ones reported by
Torres et al. [35] for potato starch gels obtained by thermal treatments utilizing different
types of water. The authors observed a syneresis phenomenon after 60 days of cold storage
(4 ◦C) in samples prepared with distilled water, at potato starch concentrations of 10%
and 20% w/w. However, it should be emphasized that either the gel formation conditions
(60 ◦C for 30 min) or the storage temperature (4 ◦C) was more severe, and could have
delayed the physical and microbiological deterioration of the hydrogels. In our case, it
could be assumed that the differences observed among samples can be attributed to the
different starch retrogradation extent in hydrogel samples. Retrogradation has been defined
as a structural reorganization of the starch chains due to the crystallization of amylose
and amylopectin molecules during storage, causing gel shrinking and phase separation
(syneresis) [36]. The rate and extent of retrogradation are sensitive to the water contents
of starch gels and baked products, because water acts as a plasticizer of the amorphous
region [37,38]. Therefore, it can be assumed that the starch retrogradation extent was
higher in hydrogels with higher initial SP values, such as tapioca and rice starch hydrogels,
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than in hydrogels with lower initial SP values, such as corn and wheat starch hydrogels.
Microbial spoilage may accelerate retrogradation in tapioca starch hydrogels, promoting
higher syneresis, confirming the results of Figures 1A and 2A.

Figure 2. Influence of storage time on the swelling power (A) and Aw (B) values of starch-based HPP
hydrogels.

Measurements of Aw, which accounts for the status and dynamics of water in associ-
ation or interaction with other molecules in complex matrices [39], were carried out. As
shown in Figure 2B, in all samples a slight and constant decrease in Aw was observed
during storage. Through Aw measurements, it was possible to evaluate the free water
present on the surface of the sample, which changed only marginally with storage time. On
the contrary, water loss, also quantified as free water in SP measurements, during storage
time was much higher than that detected through Aw due to the centrifugal forces applied
in this method. These discrepancies suggest that the water entrapped in the polymeric
network experienced different changes upon storage, moving outwards layer by layer,
reaching the hydrogel surface from where it was easily removed during SP measurements.

2.1.3. Texture Profile Analysis (TPA)

The physical stability of polymeric materials is defined as the extent to which a
product retains, within the specified limits, the same properties and physical characteristics
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possessed at the time of its packaging [26]. Texture measurements represent valuable tools
to quantify the physical properties of polymeric materials such as starch-based hydrogels.
Moreover, based on our previous findings [12], the firmness and adhesiveness are the
parameters characterizing the texture of starch-based HPP hydrogels. Consequently, the
trends of these two parameters were determined for rice, wheat, corn, and tapioca starch
hydrogels during the storage period and the data are reported in Figure 3 as the delta of
current and initial values.

Figure 3. Influence of storage time on firmness and adhesiveness values of starch-based HPP
hydrogels. Different letters above the bars indicate significant differences among the mean values
(LSD, p ≤ 0.05).
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The firmness gives information on the strength of a gel structure, whereas the adhe-
siveness accounts for the adhesive forces present in starch-based hydrogels [14]. As can be
seen in Figure 3, the texture of starch-based HPP hydrogels was strongly affected by storage
time. In particular, the firmness values of all hydrogel samples decreased throughout
the storage period, with tapioca starch hydrogels showing the highest reductions in this
parameter (>70%) after 30 days of storage at 20 ◦C. Rice, corn, and wheat starch hydrogels
showed slight reductions in firmness during the entire storage period (90 days). These
results agree with those previously discussed (Figures 1 and 2), confirming that the physical
stability of these structures is strongly influenced by factors triggered during the storage
period, such as microbiological spoilage and starch retrogradation, which cause strong
structural changes, such as network weakening, phase separation, and syneresis.

Similarly, as the storage time increased, the adhesiveness of rice, corn, and wheat
starch hydrogels decreased due to the viscoelasticity losses of the gel network. Interestingly,
the increased adhesiveness of tapioca starch hydrogels after 30 days of storage can be
attributed to the leaching of water, amylose, and amylopectin, which determine adhesive
forces in starch gels [40].

2.1.4. Organoleptic Property Evaluation

Data for the organoleptic properties of rice, corn, tapioca, and wheat starch hydrogels
measured during storage are reported in Table 1 and Figure 4.

Table 1. Influence of storage time on the organoleptic properties of starch-based HPP hydrogels.

HHP Hydrogel
Storage Time (Days)

0 30 60 90

Rice Homogeneous
Brilliant N.M. N.M. More liquid

Corn Homogeneous
Opaque N.M. Yellowish More liquid and

yellowish

Tapioca Homogeneous
Compact

Evident
Syneresis and

Phase
separation

Broken
structure

Wheat Homogeneous
opaque N.M. N.M. Some lumps

N.M.: No modifications.

In agreement with the results of the previous sections, tapioca starch hydrogels showed
more significant organoleptic changes than rice, corn, and wheat hydrogels. Syneresis
and phase separation after the first month of storage, and consequently, the rupture of
the structure after 60 days, were detected via the organoleptic evaluation as the main
physical changes of tapioca starch hydrogels during storage. Interestingly, only slight
organoleptic modifications of rice starch hydrogels were observed during the storage period
(Table 1, Figure 4). These findings suggest that the organoleptic changes in starch-based
hydrogels are strongly influenced by the actions of microorganisms, which produce network
deteriorations and facilitate starch retrogradation. Moreover, the level of the organoleptic
changes depended on the structural characteristics of each hydrogel (Figure 4). For instance,
in cream-like structures such as rice, corn, and wheat hydrogels, the organoleptic changes
are less visible than in rubber-like structures such as tapioca starch hydrogels, highlighting
the importance of instrumental determination in the evaluation of the physical stability of
such gel structures.
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Figure 4. Influence of storage time on the physical appearance of starch-based HPP hydrogels.

Furthermore, from conventional stability results, it can be hypothesized that the
stiffer the starch-based HPP hydrogel is, the more marked the structural deterioration,
meaning weaker physical stability can be expected when microbial spoilage promotes starch
retrogradation. Starch, on which the hydrogels under investigation in this work are based,
is a polymer chain of glucose molecules linked to each other through glycosidic bonds that
can undergo important modifications during storage. The structural reorganization of its
macromolecules and the attack of spore fungiform microorganisms that normally possess
amylases [41] can synergically produce the weakening of the internal structure of the starch
hydrogels due to the rupture of the physical bonds or interactions, causing organoleptic
changes, firmness reductions, syneresis, and phase separation.

2.2. Accelerated Stability Tests

In accelerated stability tests, a product is subjected to high-stress conditions. For the
sake of completeness, the applied stress required to cause starch-based hydrogels structure
failure was determined in this work. These data can be utilized to predict the capability of
products to keep their initial characteristics, as well as for processing improvements [26].
In our experimental trials, parameters such as temperature and mechanical stress were set
as stress conditions during accelerated stability testing, which are widely used to assess the
stability of gels and pharmaceutical products [42,43].
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2.2.1. Temperature Cycling Test

Temperature cycling tests are accelerated physical methods that are commonly utilized
in pharmaceutical sciences to provide information on a product’s instabilities that is not
provided by isothermal tests [44]. Cyclic temperature tests are designed based on the
characteristics of the products. In this study, starch-based HPP hydrogels were packaged
and stored at 4 ◦C and 40 ◦C, and the temperature was changed every 24 h for 7 days,
simulating extreme storage conditions [43]. The results of temperature cycling tests on the
texture parameters of starch-based HPP hydrogels are reported in Table 2.

Table 2. Influence of temperature cycling tests on the firmness and adhesiveness of starch-based
hydrogels immediately after HPP treatments.

HPP Hydrogel Time
(Day)

Firmness
(N)

Adhesiveness
(−N *s)

Corn
0 0.11 ± 0.01 c 0.82 ± 0.11 a

7 0.06 ± 0.01 d 0.36 ± 0.05 c

Tapioca 0 1.36 ± 0.09 a –
7 0.24 ± 0.07 b 0.06 ± 0.00 e

Rice
0 0.17 ± 0.08 b 0.85 ± 0.01 a

7 0.06 ± 0.01 d 0.50 ± 0.02 b

Wheat
0 0.11 ± 0.01 c 0.44 ± 0.05 bc

7 0.06 ± 0.00 d 0.25 ± 0.02 d

a–e Different letters in the same column indicate significant differences among samples (LSD, p ≤ 0.05).

The data reported in Table 2 show that the textures of all hydrogels were significantly
affected by the temperature cycling test conditions. Rice, corn, and wheat starch hydrogels
showed significant reductions in firmness and adhesiveness values (p ≤ 0.05), whereas a
sharp decrease in firmness was observed in tapioca starch hydrogels (−88%) (p < 0.05), as
well as an increased adhesiveness (p ≤ 0.05) after the cycling tests. These results could
be attributed to the leakage of water and solubilized amylose, or amylopectin molecules
promoted by temperature changes (cycles from 4 ◦C to 40 ◦C), causing changes in the
interactions occurring in the gel network and the adhesive forces. This is in agreement with
the findings reported by Schirmer et al. [45]. The authors stated that viscosity changes can
be detected in starch–water systems in the temperature range between 30 ◦C and 50 ◦C as a
result of the solubilization (leaching) of macromolecules.

Furthermore, the results of the temperature cycling tests showed that physical changes
in cream-like hydrogels are more related to the network weakening than to rupture, dif-
ferently from what was observed in tapioca starch hydrogels. Remarkably, these physical
changes are similar to those observed after the conventional storage period, highlighting
the effectiveness and accuracy of this accelerated method to predict the physical instabilities
of starch-based HPP hydrogels in shorter time periods.

2.2.2. Rheology

Rheological tests have been proposed to predict the stability of products and provide
useful information to improve formulations or overcome the occurrence of certain insta-
bilities in gels structures [43]. For this purpose, temperature and stress sweep tests were
carried out, which are valuable tools for predicting the physical stability of emulsions, gels,
and pharmaceutical products [43,46,47].

Temperature Sweep Tests

To predict the thermal stability of the starch-based HPP hydrogels studied in this
investigation, temperature sweep tests from 25 ◦C to 60 ◦C at a heating rate of 1 ◦C/min
were performed. For the sake of comparison, thermal gels were also tested. Figure 5
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depicts the elastic responses (G′) of corn, rice, tapioca, and wheat hydrogels undergoing
temperature stress.

From Figure 5, it can be observed that the temperature increments influenced the rheo-
logical properties of starch-based HPP hydrogels to different extents. Elastic instabilities
occurred in corn and wheat HPP hydrogels over 47 ◦C, whereas the same instabilities were
detected in rice and tapioca HPP hydrogels at 39 ◦C and 35 ◦C, respectively. Moreover,
the inflection points of G′ curves, corresponding to the temperatures affecting the gel-like
profiles of hydrogels, were always observed at higher temperature values (±6.5 ◦C average)
in hydrogels produced using high-pressure processing than in those obtained with thermal
processes, suggesting a superior thermal stability of the former ones.

Figure 5. The influence of temperature stress on the elastic response (G′ modulus) of starch-based
hydrogels immediately after HPP treatments and thermal treatments.

It is well known that gels obtained with physical methods exhibit a strong depen-
dence of the G′ modulus on temperature, with significant decreases in elastic domains
observed with increasing temperature, mainly due to the loss of interconnectivity of the
network constituents [43]. Interestingly, an opposite trend can be observed in Figure 5, with
the elastic domains (G′) of starch-based hydrogels being wider and the inflection points
moving towards higher temperature values. This can be attributed to the retrogradation
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phenomenon typically observed in starch gels produced with thermal treatments, and to a
less extent in HPP-treated starch [48–52].

Moreover, some studies have demonstrated that differing from thermal gelatinization,
in HPP starch gels a characteristic retrogradation phenomenon is likely to occur due to
the different dynamics of water and the presence of almost intact starch granules (absence
of stirring). This prevents lower amylose leaching, which in turn is less prone to retro-
grade [48–50]. This may also partially explain the higher thermostability of starch-based
HPP hydrogels.

Stress Sweep Tests

The network strength of starch-based HPP hydrogels, and for the sake of comparison
of a commercial hydrogel, namely Carbopol, was evaluated through stress sweep tests. In
Figure 6, the data of the viscoelastic responses (G′ elastic and G” viscous moduli) of corn,
rice, tapioca, wheat hydrogels, and Carbopol subjected to a deformation (oscillation) stress
ramp are reported.

Figure 6. Influence of deformation stress on the viscoelastic responses (G′, G” moduli) of starch-based
hydrogels immediately after HPP treatments.

All samples showed the typical behavior of gels structures, with elastic properties
predominating over the viscous ones (G′ >> G′ ′) [13,14,53]. Interestingly, G′ and G′ ′ values
of starch-based HPP hydrogels were significantly higher than those of the commercial gel,
indicative of a highly structured profile [54]. Moreover, considering the gel strength, the
linear viscoelasticity range (LVR) reveals the range of deformation stress that a polymeric
network withstands; thus, the wider the extension of the LVR, the higher the network
strength. [47]. Remarkably, all starch-based HPP hydrogels investigated showed a wider
LVR compared to Carbopol. Carbopol had already lost its gel-like behavior (G′ = G′ ′)
at 100 Pa, while in tapioca, corn, wheat, and rice starch HPP hydrogels the rheological
instabilities occurred above 5000, 2000, 1000, and 300 Pa, respectively. These findings
indicate the greater network strength of the latter natural structures, resulting in greater
physical stability than that of commercial hydrogels. Considering the governing principles
of HPP, in gels obtained utilizing this technology the physical crosslinking networks
formed by the inter- and intramolecular interactions between starch and water molecules



Gels 2022, 8, 152 12 of 16

are significantly favored, and the resulting gels are characterized by strong and dense
networks.

3. Conclusions

Starch-based HPP hydrogels are structures with high application potential in pharma,
cosmetic, and food sectors. These novel structures are required to be physically stable
at room temperature, and microbiological spoilage should be avoided. Thus, the deter-
mination of their stability is crucial to assess their performance with storage time. In
this study, conventional and accelerated methods for the evaluation of starch-based HPP
hydrogels were used. Conventional techniques demonstrated that the physical stability of
starch-based HPP hydrogels depended on the occurrence of microbial spoilage and starch
retrogradation, which synergically triggered the physical deterioration of the gel structures,
such as network weakening and phase separation upon storage at room temperature.

Accelerated methods were proven adequate to evaluate the stability of hydrogels,
requiring a shorter testing period. They allowed us to predict good physical and thermal
stability and good network strength for starch-based HPP hydrogels, superior to the results
for commercial hydrogels. Rheological alterations of rice, wheat, and corn HPP hydrogels
were demonstrated to take place only at temperatures higher than 39 ◦C.

In conclusion, data obtained in this study enabled an understanding of the limits of
these novel biomaterials and predictions of their physical stability, as well as improvements
in their design and forecasting of their novel applications.

4. Materials and Methods
4.1. Starch-Based Hydrogel Preparation via High-Pressure Processing (HPP)
4.1.1. Materials

Rice (S7260) (17.7% amylose content, 7.2% water content), wheat (S5127) (26.96%
amylose content, 7.8% water content), and corn (S4126) (21.17% amylose content, 8.3%
water content) starch powders were purchased from Sigma Aldrich (Steinheim, Germany).
Tapioca starch (20.2% amylose content, 9.6% water content) was obtained from Rudolf
Sizing Amidos do Brazil (Ibirarema—Sao Paulo, Brazil). Starch moisture content was
determined according to AOAC guidelines (925.10). Amylose content was determined by
an enzymatic rapid assay kit (Megazyme International Ireland Ltd., Wicklow, Ireland).

4.1.2. Samples Preparation

Based on previous experimental findings [12,13], different starch–water suspensions
were formed at a concentration of 20% (w/w). To ensure sample homogeneity and avoid
particles sedimentation, the starch suspensions were prepared immediately before HPP
treatments.

4.1.3. High-Pressure Processing Treatments

HPP treatments were performed in a U22 laboratory-scale high pressure unit (Institute
of High Pressure Physics, Polish Academy of Sciences, Unipress Equipment Division,
Poland) as described elsewhere [55].

In each test, 10 g of the starch suspension was de-aerated, thoroughly mixed, and
packed in flexible pouches, which were then sealed, loaded in the pressure vessel, and
HPP-treated at 600 MPa for 15 min at 25 ◦C. This processing condition was sufficient for
complete gelatinization and proper gel formation [14].

HPP hydrogels were stored at room temperature (20 ◦C) before analyses.

4.2. Stability Measurements
4.2.1. Conventional Evaluations

Rice, wheat, corn, and tapioca HPP hydrogels were stored at 20± 0.2 ◦C in an incubator
(Thermocycle, Pbi international, Milano, Italy). Microbial counts, organoleptic and texture
properties, as well as swelling power and water activity levels were evaluated every
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four weeks. For all experimental determinations, three different samples of each starch-
based hydrogel were used. Unless otherwise stated, all measurements were performed in
triplicate.

Microbial Count

Hydrogels samples were analyzed to enumerate the numbers of mesophilic aero-
bic microorganisms, yeasts, and molds. Each bag containing 10 g of starch-based HPP
hydrogels was aseptically opened, and together with 90 mL of buffered peptone water
(VWR International, Leuven, Belgium), was introduced in an aseptic stomacher bag. A
Stomacher 400 unit (Seward Laboratory, London, UK) at 260 rpm was used for the complete
homogenization of the samples. Further decimal dilutions were prepared with the same
diluent and plated on appropriate growth media.

To enumerate aerobic mesophilic microorganisms, 1.0 mL of each dilution was pour-
plated in Plate Count Agar (PCA, Merck, Darmstadt, Germany) and incubated at 30 ◦C for
72 h. To count yeasts and molds, 1.0 mL of each dilution was spread-plated on Dichloran
Rose Bengal Chloramphenicol medium agar (DRBC, Oxoid, Basingstoke, Hampshire,
England) and then incubated for 3–5 days at 25 ◦C.

The microbial colonies were identified and quantified by standard methods. Micro-
biological data were transformed into logarithms of the number of colony-forming units
(log CFU/g). The detection limit was 10 CFU/g (1.0 log CFU/g).

Evaluation of Organoleptic Properties

The organoleptic properties—namely the appearance, homogeneity, integrity, color,
and odor—of the samples during storage were monitored using visual observations. Addi-
tionally, the physical appearances of samples were recorded using a digital camera (Sony
Corp, Japan) in angular mode. Original pictures without editing and filtering were stored.

Swelling Properties

Swelling Power (SP)

The swelling power levels of hydrogels were determined according to the method
reported by Kusumayanti et al. [56] and modified by Larrea-Wachtendorff et al. [14].

Each hydrogel sample was centrifuged (PK130R, ALC, Winchester, VA) 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. The swelling power was evaluated as follows:

Swelling power (g/g) =
Weight of the wet pellet (g)

Dry weight of hydrogel sample (dry basis) (g)
(1)

Determination of Water Activity (Aw)

The water activity (Aw) levels of samples were measured using a Novasina water
activity instrument (TH-500, Pfäffikon, Lachen, Switzerland). Before Aw measurements,
the instrument was calibrated at 25 ◦C using standard patterns. For the measurements, 1 g
of hydrogel was poured into the center of the sampling chamber and consecutive readings
were carried out until constant Aw values were attained.

Texture Profile Analysis (TPA)

TPA of all HPP hydrogels was performed in a TA.XT2 texture analyzer (Stable Micro
Systems, Surrey, UK) equipped with a 5 kg load cell, connected to a microcomputer.
The textures of hydrogel samples were determined according to the procedure reported
by Larrea-Wachtendorff et al. [13]. Briefly, 6 g of hydrogel samples were poured into a
cylindrical cell (24 mm height and 25 mm of internal diameter), and tests were carried
out at room temperature using a P10 probe (10 mm diameter) at a rate of 1 mm/s until
50% sample deformation was attained. The compression runs were repeated twice, at a
decompression rate of 1 mm/s and a delay of 5 s between two bites, to generate force–time
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curves. Hardness, adhesiveness, springiness, chewiness, cohesiveness, and gumminess
values of hydrogels were calculated from the recorded penetration data.

4.2.2. Accelerated Evaluations
Cycling Test

The cycling test was performed according to the method reported by Almeida and
Bahia [43] with slight modifications. Hydrogels samples, obtained immediately after HPP
treatments (day 0), were stored in a climatic chamber (TCN-50 plus, ARGO Lab, China)
and the temperature was changed between 4 and 40 ◦C every 24 h for 7 days. Before
undergoing TPA, all samples were stored at 20 ◦C for 24 h.

Rheological Analysis

The rheological analysis of samples was carried out in a controlled stress rheometer
(AR2000-TA instruments, New Castle, DE, USA) in a plate–cone geometry configuration
(40 mm diameter, 2◦) with a gap of 52 µm. The viscoelastic responses of hydrogel samples
were recorded (immediately obtained after HPP treatments), namely the elastic (G′) and
viscous (G′ ′) moduli under different stress (0.01 to 1000 Pa at 25 ◦C) and temperature
(25 ◦C to 80 ◦C at 1◦C/min) conditions. Additionally, for the sake of comparison, the same
measurements were also carried out on commercial hydrogel samples (Diclac®, Eurofarma,
Chile) and thermal gels. The latter were produced according to the method and processing
conditions described by Larrea-Wachtendorff et al. [13].

4.3. Statistical Analysis

The results were analyzed using statistical descriptive analysis (mean ± SD), one-way
ANOVA, and post-hoc comparison using the Fisher least significant difference (LSD) test
to determine significant differences among experiments (p-value was <0.05). All analyses
were performed using Statgraphic Centurion XVI Statistical Software (Statistical Graphics
Corp., Herdon, VA, USA).
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