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Abstract: Native starch from potatoes and hybrid carrageenans from the red alga Mastocarpus stellatus
have been used as gluten-free gelling matrices to obtain functional hydrogels. The enrichment of
gelling matrices with antioxidant compounds from natural sources is an increasing market trend.
In this context, this work is aimed at the formulation and thermo-rheological characterization
of functional hydrogels using potato starch from agro-industrial waste and kappa-iota hybrid
carrageenans extracted from the above seaweed, enriched with antioxidant compounds from different
agro-industrial products, such as waste coming from the pruning of green tea and two varieties
of hops used in the brewing industry. Environmentally friendly technologies such as microwave
hydrodiffusion and gravity, microwave-assisted extraction, ultrasounds and autohydrolysis were
used for the recovery of antioxidant compounds. The results point out that functional hydrogels
based on potato starch and hybrid carrageenans with a wide range of viscoelastic features can be
achieved, with the particularity of being suitable for people with celiac disease. The incorporation
of selected antioxidant extracts from vegetable by-products involved the drop (about tenfold) of
the viscous and elastic properties of the formulated gels. The sequential combination of the above
treatments could even further expand the thermo-rheological properties of formulated hydrogels,
with potential application in functional foodstuffs and novel gluten-free goods.

Keywords: rheology; potato starch; hybrid carrageenan; antioxidant compounds; green technology;
gluten-free

1. Introduction

Innovative functional hydrogels based on gluten-free matrices could be formulated
from both the agricultural and marine environments. The main non-gluten agricultural
sources for obtaining natural starches are cereals, roots, tubers and legumes. Starches,
considered as one of the most suitable biopolymers, are usually employed in the food
industry to make a wide array of pastry products, such as cookies, breads, puddings,
cakes and pasta, among others [1]. Potato starch, considered a low-cost source that is
easy to obtain and has multiple properties, is used as a gelling agent, stabilizer, emulsifier,
thickener and adhesive nowadays, thus contributing to the improvement of the textural
properties in food formulations [2]. Starch, in the presence of water and with the adequate
supply of energy, undergoes a gelatinization process in which its crystalline structure is
broken, passing from insoluble granules to obtaining a solution of its molecules, originating
viscous pastes. During this process, the amylose molecules diffuse into the water and form
a gel while the amylopectin loses its crystalline order [3]. It is this order—disorder transition
that starch polymers undergo when subjected to heating which impacts the processing,
quality and stability of starch-based products [1]. Other gelling agents and stabilizers that
could be suitable for gluten intolerance come from algae polysaccharides such as alginates,
carrageenates or agars. In this study, the red marine macroalga Mastocarpus stellatus, also
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known as false Irish moss or false carrageen moss, was employed as a rich source of hybrid
carrageenans. These natural polymers are widely used in many industries from different
fields due to their chemical and physical characteristics, giving them versatility in their
applications [4,5].

Carrageenans can be used to give volume, texture and viscosity or as a powerful
gelling agent [6] due to its singular properties of biodegradability and durability, which are
widely used in the food industry to provide consistency to milk products or ice creams [7].
In particular, hybrid carrageenans extracted from the proposed alga are a group of long-
chain polymers consisting of blocks of k- and 1-carrageenan disaccharides placed along a
chain, sharing with minor amounts of non-gelling disaccharide blocks [8] that are charac-
terized by the formation of viscous gels when dispersed in water, due to the fact that they
have a large number of hydroxyl groups. This increases their affinity for water molecules,
providing a high flexibility similar to the natural tissue and the ability to modify the sys-
tem’s rheology [9]. The combinations of both k- and i-carrageenans are fundamental for
creating gels [7]. Kappa-type carrageenans provide hard, strong and brittle gels, whereas
iota-type carrageenans are soft and weak; however, their characteristics and applicability
depend on various physical-chemical factors, such as temperature, pressure, ionic strength
(amount of ions of sodium and calcium) and pH changes [10].

Many recent studies can be found in the literature which were interested in the
preparation of gluten-free hydrogels for food and even non-food applications [11]. In this
study, novel raw materials such as tea pruning waste were considered a rich source of
polyphenols [12,13] with antioxidant properties, as well as two varieties of hops considered
for their microbial growth inhibitory power and relaxant and antioxidant properties. All
this, encompassed with the use of green extraction techniques such as microwave-assisted
extraction (MAE), microwave hydrodiffusion and gravity (MHG), ultrasound-assisted (US)
extraction in a water bath or hot water under pressure or autohydrolysis (AH), promoted
the recovery of high valuable compounds, using resources more efficiently and saving
energy and time when compared with the traditional methods [14].

In this context, the main aim of this study is the preparation and thermomechanical
characterization of alternative functional hydrogels based on potato starches and hybrid
carrageenans supplemented with antioxidant compounds, which were obtained from tea
pruning remains and hops pellets and were characterized by their nutraceuticals and
healthy beneficial properties.

2. Materials and Methods
2.1. Raw Materials

Figure 1 presents a brief outline of the experimental process. Irregularly shaped and
small-sized potatoes from the Agria variety, which were harvested in Galicia (Spain), were
kindly supplied by the Instituto Ourensan de Desenvolvemento Econémico (INORDE).
These discarded potatoes were used as raw material for starch extraction (moisture content
15.9% wet basis (w.b.)) following the procedure previously detailed in [15], where the
fundamental physicochemical properties of the used starch were also reported. Dehydrated
Mastocarpus stellatus red algae (moisture content 12.5% w.b.), used for hybrid carrageenan
extraction according to the procedure previously described in [10], was provided by the
Porto Muifios company (A Corufia, Spain). The main physicochemical and rheological
characteristics of the kappa—iota hybrid carrageen used as a gelling agent was previously
reported in a parallel work [16].

For the antioxidant sources, soluble extracts from Camellia sinensis agricultural wastes
(i.e., Camellia sinensis branches (CSB) and Camellia sinensis leaves (CSL)), gently provided
by the Orballo company (A Corufia, Spain), and industrial hops (i.e., PH and NH), kindly
supplied by Hijos de Rivera (A Corufia, Spain), were used. The extracts were recovered
using operational conditions based on individual or sequential combinations of microwave
hydrodiffusion and gravity (MHG), ultrasound-assisted (US) and pressurized hot water
or autohydrolysis (AH) or microwave-assisted extraction (MAE), which were studied in



Appl. Sci. 2021, 11, 1962

30f11

parallel works [12,13]. Please see the selected treatments for the recovery of fractions with
the maximum antioxidant content in Table 1. In an ongoing work, the extraction conditions
for hops were determined using US and microwave (i.e., MAE) or autohydrolysis (AH)
treatments [17].
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Figure 1. General scheme of gluten-free hydrogel production. T = temperature; t = time;
CSB = Camellia sinensis branches; CSL = Camellia sinensis leaves; PH and NH = industrial hops;
MAE = microwave-assisted extraction; AH = autohydrolysis); MHG = microwave hydrodiffusion
and gravity; US = ultrasounds.

Table 1. The selected processing conditions for used antioxidant extracts from Camellia sinensis
agricultural wastes (Camellia sinensis branches (CSB) and Camellia sinensis leaves (CSL)) and industrial
hops (PH and NH).

Temperature Tim Irradiation TPC
Code Sample Technology Solvent ¢ (Olg) ature (mine; Power (mg GAE/g
W) Extract)
El CSB MAE Water 140 2 7.1 55.1*%
E2 AH Water 200 17 - 484+
E3 CSL MHG + AH Water - 140 10; 6.5 200; - 131.8*
E4 I\I/\[/[}i?:[}]si Water - 80 118{' ;g 300; - 121.1*
_ . et P *
E5 AH Water ; 80; 140 55 300; -; 124.3
E6 PH US + MAE Ethanol 55; 190 30;5 - 18 77.0
E7 NH US + MAE Ethanol 55; 190 120; 5 - 17.6 99.0

* Data reported in a previous work [12,13]. Note that the conditions for each treatment are separated by a
semicolon. TPC = total phenolic content.

2.2. Gluten-Free Gelled Matrix Formulation

Gluten-free gelled matrices were prepared with the selected anionic (potato starch) and
ionic (hybrid carrageenan) biopolymers for comparative purposes. The soluble antioxidant
extracts selected from Camellia sinensis (CSE) or hops (HE) were used as solvents. In both
biopolymer-based systems, aqueous solutions were formulated at a fixed biopolymer
content (i.e., 15% for potato starch and 2% for hybrid carrageenan) by dissolving the
required biopolymer amount in the aqueous soluble extracts. Note that the matrices made
with the ionic biopolymer were formulated in the presence of a salt medium (0.1 mol/L
calcium chloride). It should be noted that the calcium chloride content already present in
the extracted hybrid carrageenan was taken into account to compute the ionic strengths of
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the corresponding solutions [10]. All biopolymer solutions were kept under strong stirring
at 85 °C for 60 min to ensure full biopolymer dissolution.

For thermorheological testing, hot solutions were immediately loaded into the mea-
suring system, whereas for textural testing, all formulations were cold stored (4 °C) for
24 h in order to guarantee full gel maturation. The above processing conditions were set,
taking into account the outcomes previously optimized for both gelled agents [10,15].

2.3. Thermorheological Testing of Gluten-Free Systems

Monitoring of the thermorheological behavior during the gel forming of the proposed
gluten-free matrices was made throughout the storage (G’) and loss (G”) moduli. A
controlled stress rheometer (MCR302, Anton Paar Physica, Austria) was used to conduct
the small amplitude oscillatory shear (SAO) measurements. The selected measuring system
was a sand-blasted parallel plate (25 mm in diameter). Hot biopolymer solutions were
directly placed on the pre-heated (85 °C) plate—plate geometry (1 mm gap), and the edges
of the samples were covered with light paraffin oil. The solutions were rested to favor
temperature equilibration (5 min at 85 °C) before rheological testing. Then, stress sweep
tests were run (1 Hz at 85 °C) to define the linear viscoelastic region below 30 Pa for all
the tested systems. Afterward, the rheological testing consisted of a four-step procedure
detailed in a previous work [10]: (1) cooling temperature sweeps from 85 to 25 °C (1 °C
/min, 1 Hz, 10 Pa) to identify the gel setting temperatures (Tg) (tan d = G”/G" = 1); (2) time
sweeps (25 °C, 15 min, 1 Hz, 10 Pa) to monitor the gel maturation kinetics; (3) frequency
sweeps from 0.1 to 10 Hz (25 °C, 10 Pa) without disturbing the gel structure; and (4) heating
the ramp to 85 °C (1 °C/min, 1 Hz, 10 Pa) to monitor the gel melting behavior and the
corresponding temperature Ty, (tan 6 = 1).). Rheological measurements were made at least
in triplicate.

2.4. Textural Testing of Gelled Gluten-Free Matrices

Analyses of the macrostructural properties of the above gelled matrices (30 mm in
diameter) were conducted on a texture analyzer (TA-XT2, Stable Microsystems, UK).
Texture profile analysis (TPA) was carried out in compression mode (5 kg load cell) using a
stainless steel probe (P50). The measurement conditions (2 mm compression, 1.0 mm/s
crosshead speed) allowed for compacting the gelled matrices twice in a reciprocating
motion. The firmness, cohesiveness, adhesiveness and springiness of the proposed gelled
matrices were calculated from the TPA profiles. All measurements were made at least
six times.

2.5. Water Syneresis of Gelled Gluten-Free Matrices

The water release was also assessed according to the experimental procedure previ-
ously detailed in [18]. Briefly, the gelled matrices were cold stored in centrifuge tubes (4 °C)
for one month. Then, the samples were centrifuged (2000 g for 25 min), and the water
syneresis was calculated as the percentage of water release with respect to the weight of
the gelled matrices.

2.6. Color Testing of Gelled Gluten-Free Matrices

Color characteristics of the above formulated gelled matrices were performed using
a colorimeter (Minolta CR—400, Japan) based on the CIELab system (L*, a* and b*). The
assessed chromaticity parameters were L* (whiteness, 0 < L* < 100, brightness degree), a*
(greenness (a* < 0) or redness (a* > 0) degree) and b* (blueness (b* < 0 degree) or yellowness
(b* > 0)). The color differences (AE*) of the proposed matrices enriched with antioxidant
compounds regarding the corresponding controls (hybrid carrageenan (C1) and potato
starch (S1)) were determined. The colors of all the gelled matrices were measured at room
temperature under the same light conditions at least six times.
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2.7. Statistical Analysis

The data were statistically evaluated using one-factor analysis of variance through
the PASW Statistics v.22 software (IBM SPSS Statistics, New York, NY, USA). Whenever
differences in the means were found, a post-hoc Scheffé test was conducted to distinguish
the average values with a 95% confidence interval (p < 0.05).

3. Results and Discussion
3.1. Thermorheological Behavior of Gluten-Free Matrices

Monitoring of the thermorheological, textural and color features, as well as the water
syneresis of the above systems, was performed in order to assess the quality of the pro-
posed gluten-free matrices. Figure 2 shows the cooling profiles for the control aqueous
samples prepared with hybrid carrageenan (C1) and potato starch (S1), representative
of all the tested systems. Note that the matrices formulated with both gelling agents
enriched with antioxidant extracts (E1-E7) exhibited the same trends as the corresponding
control samples, but with lower magnitudes of both moduli (about eightfold). At a fixed
temperature, it was observed that the incorporation of soluble extracts with the highest
total phenolic content (Table 1) involved the softest viscoelastic properties, which could be
related to increased competition for water between the gelling agents and the antioxidant
compounds [19].
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Figure 2. Cooling profiles for (a) the control matrices prepared with the hybrid carrageenan (C1) or potato starch (S1), as

well as (b) the corresponding gelling temperatures (Tg) for all formulated matrices. Note that in this and subsequent plots,

error bars were not presented when they were smaller than the symbol size.

The viscous (G”) and elastic (G") moduli increased with decreasing temperatures.
The rise of both moduli was more pronounced for the starch gelled matrices (around six
decades for G’ and two decades for G”) when compared with the hybrid carrageenan
ones (around three decades for G” and one decade for G”). In all cases, the cooling profiles
were consistent with those previously reported for other hybrid carrageenan [8] and starch
solutions [15]. Regardless of the gelling agent used, G” was higher than G” at the highest
temperatures (liquid-like behavior). Subsequently, a crossover (tan 6 = G”/G” = 1) related
with the gelling temperature (Tg) was identified. The magnitude of Tg varied between
43 °C for the C1 system and 67 °C for the S1 system. The values of this parameter were
shifted by the presence of antioxidant soluble extracts (Figure 1b). The determined Tg
values were in the range of those reported for this kind of biopolymer [20]. Overall, it was
observed that the systems with the lowest total phenolic contents required the highest
gelling temperatures. For both gelling agents, the Tg varied significantly, following the
order E2 ~ E3 > E1 ~ E5 > E4 ~ E6 ~ E7 > Cl and E1 ~ E2 ~ E3 > E4 ~ E5 ~ E6 ~ E7.
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After the crossover, a steep increase of the elastic and viscous moduli (with G > G”) was
identified, as has been reported for other commonly used gelling agents [21].

It should be indicated that high stability was identified at 85 °C for all proposed
matrices independent of the used extract, achieving straightaway G" and G” moduli which
were almost invariant over time (data from time sweeps not shown). These time sweeps
highlighted that the dynamic equilibration of the gel network was immediately achieved.
This is an interesting feature from the processing point of view, since the required time
to reach stable G" and G” moduli after the cooling step varied greatly, depending on the
matrix employed [22].

Figure 3 shows the viscoelastic properties of the above gelled matrices, taken after
the cooling maturation stage. In all cases, a typical gel profile could be observed (G" > G”
and both moduli almost invariant over the tested frequency range) [23]. The softening
of the gelled matrices in the presence of the tested extracts (E1-E7) was verified with the
mechanical spectra. For the carrageenan gelled matrices, the strongest gels were found for
E4 > E6 > E5 > E7 > E1 > E2 > E3. A similar tendency (E4 > E7 > E5 > E6 > E1 >E2 >E3)
was identified for those formulated with starch as the gelling agent (Figure 2d), although
notably lower values were obtained for the corresponding viscoelastic moduli (about
tenfold). This supports the above hypothesis about the correlation between the mechanical
properties and the phenolic contents of the samples. Note that the gels enriched with
extracts from Camellia sinensis branches (E1) and industrial hops (E7) exhibited involved
gels with close viscoelastic properties. In all cases, gluten-free gels with intermediate
strengths were developed. The obtained viscoelastic values were in the range of those
previously described for other gelled matrices for food purposes [22,24,25]. It should also
be highlighted that after one month of cold storage, the thermorheological characteristics
of the proposed gels were practically invariant, with drops in the values of both moduli
being lower than 2%.

Figure 4 displays the representative viscoelastic behavior of the control gelled matrices
formulated with hybrid carrageenan (C1) and potato starch (S1) during the heating stage.
Similar profiles to those obtained during the cooling stage were identified here, though
there were smaller differences between both moduli at the highest temperatures (about
tenfold). At a fixed temperature, it should be also indicated that the presence of the
tested extracts followed the same trends explained above for the mechanical spectra.
Concerning the melting temperatures, the values were higher (about 10 °C) than those
found for the gelling ones. The addition of extracts promoted greater differences in the
hybrid carrageenan gels than in those formulated with potato starch (Figure 3b), although
higher melting temperatures were needed when using this last gelling agent. These or
even greater differences between the melting and gelling temperatures are commonly
reported for a number of gelled agents in the presence or absence of nutritional enrichment
components [2,20].

3.2. Textural Behavior of Gluten-Free Matrices

Figure 5 shows the (a) firmness, (b) adhesiveness, (c) cohesiveness and (d) springiness
of the proposed gluten-free gelled matrices enriched with selected extracts (E1-E7). In
general, all parameters exhibited higher values for those gelled matrices formulated with
hybrid carrageenan, which is consistent with the results found during thermorheological
testing. The firmness of the tested matrices was notably influenced by the presence of the
soluble antioxidant extracts for both the hybrid carrageenan (E4 > E7 > E5 > E6 ~ E2 > E1
> E3) and starch (E4 > E7 > E5 ~ E6 ~ E2 ~ E1 > E3) matrices (Figure 5a). Anyway, the
magnitudes of this parameter were over the range that was reported for other gluten-free
matrices using different gelling agents for food purposes [22,26]. The adhesiveness values
varied between 0.43 and 0.35 for the hybrid carrageenan matrices and between 0.22 and
0.18 for the potato starch ones (Figure 5b). The highest adhesiveness values were identified
for E7, E5 and E1 with no significant differences when compared with the control sample
(C1). For the starchy gels, similar values were observed for all extracts apart from E3, where
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the lowest adhesiveness was found. The magnitudes of the adhesiveness were consistent
with previous results for other food matrices [27,28]. The cohesiveness exhibited similar
trends to those observed for firmness, although lower differences between the matrices
prepared with both gelled agents were observed in this case (Figure 5c). It should be noted
that the matrices incorporated with E7 featured the highest cohesiveness values, even
higher than the control for the starch gelled systems (S1). The springiness followed the
tendencies aforementioned for the viscoelastic behavior monitored during the mechanical
spectra of the developed gelled matrices. Again, the gels in the presence of E7 and E4 led
to the highest values of this parameter for enriched systems, whereas those incorporated
with E3 featured the lowest springiness values. The magnitudes were in accordance with
those previously reported for other biopolymer-based gelled systems proposed for the
food field [22], even though a wide range of gelled matrices with suitable characteristics
from a food point of view were developed.
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Figure 3. Viscoelastic features of the proposed matrices, prepared with (a—c) hybrid carrageenan or (d) potato starch in the

presence of extract from Camellia sinensis agricultural wastes and industrial hops (see Table 1 for coding). Note here that C1

and S1 are the controls prepared with hybrid carrageenan and potato starch, respectively.
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Figure 5. Texture parameters in terms of (a) firmness, (b) adhesiveness, (c) cohesiveness and (d) springiness for the proposed
matrices prepared with hybrid carrageenan or potato starch in the presence of selected extracts (E1-E7; see Table 1). The

controls prepared with hybrid carrageenan (C1) and potato starch (S1) were also included.
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3.3. Color Properties of Proposed Gluten-Free Matrices

Figure 6 displays an overview of the color features in terms of (a) lightness and
(b) a* and b* coordinates. A drop in the lightness values was noticed for the enriched
hybrid carrageenan gels when compared with the control (C1), whereas no significant
variations were identified for the starch gelled ones. In all cases, the hybrid carrageenan
gels exhibited higher values of this parameter (about 30%) than those formulated with
starch (Figure 2a). Concerning the a* and b* coordinates, both also exhibited higher values
for the hybrid carrageenan matrices. It should be noted that the a* coordinate was slightly
influenced by the presence of the extracts for both gelled matrices. In the case of b*, this
coordinate significantly increased in the presence of the extracts when compared with the
control system for starch-based matrices (S1). In general, the values of the color parameters
were in the range of those reported for gelled systems prepared with these two gelling
agents [29-31].

80 4
70 T P [,
60 -1--1-_T
I ¥ I . 0 -
I Il
so () §
—_ = -2
T 40 I.x )
d STRARTE .
o -4
30 I
-6
20
10 8
0 -10
C1E1E2 E3E4ESE6E7S1EL1E2 E3E4 ESE6ET C1E1E2E3EAESEGE7S1E1E2E3E4ESEGET
Hybrid carrageenan Potato starch Hybrid carrageenan Potato starch
(a) (b)

Figure 6. Color parameters for proposed matrices prepared with (a) hybrid carrageenan or potato
starch in the presence of the selected extracts (E1-E7; see Table 1) compared with the controls (C1
and S1). The gray and black bars in the plot (b) correspond to the a* and b* parameters, respectively.

Moreover, it should be remarked that the above proposed gluten-free gelled matrices
incorporated with antioxidant extracts (E1-E7) did not present water release during one
month of cold storage (4 °C), which is a relevant aspect from the processing point of view
for the development of alternative gluten-free matrices [32-35].

4. Conclusions

The selected gelled matrices, incorporated with the proposed extracts from Camel-
lia sinensis agricultural wastes (E1-E5) and industrial hops (E6-E7), could be attractive
alternatives to cope with the growing gluten-free market demand for healthy foodstuffs.
The addition of the above soluble extracts on the gelled systems favor the development
of a number of matrices with a wide range of viscoelastic and textural properties suitable
for the gluten-free field. The weakest and strongest enriched gels were featured by E3
and E7, respectively. The gelling temperature was also highly dependent on the selected
extract, which was critically relevant for defining the processing conditions and the final
food application. An additional relevant advantage is the high thermorheological stability
after cooling, as well as the absence of water release after one month of cold storage. To
conclude, the incorporation of selected extracts to the gelled matrices involves a signifi-
cant improvement of potential end applications with healthy features, with consequent
betterment from a social, wellbeing, industrial or environmental viewpoint.
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