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more heterogeneous structures compared to the other samples, through the polymers present in the
flours [36,37]. The increased values for G” with G” in 25% rice flour compared to other levels might
be a contribution of the multiple structures, where less protein and fiber from the RKB flour and
overall more starch from the rice flour formed a new continuous network with a higher organization
(lower enthalpy), as compared to the control RKB flour and other rice levels. Our previous study
of RKB batter with different heat-moisture treatments showed that the high temperature altered the
viscoelastic properties of the RKB batter; however, their structures were homogenous [15]. Thus,
Figure 2 confirmed the heterogeneous nature of the RKB batter containing rice flour.

Figure 1. Moduli (G’ and G”) as a function of frequency of red kidney bean gluten-free batter with
different rice flour levels.
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Figure 2. Log-log plot of G’ as a function of G” of red kidney bean gluten-free batter with different rice
flour levels.

3.2.2. Temperature Ramp Test of Batter

The viscoelastic properties of the RKB batter with and without rice during heating from 25 °C
to 90 °C with constant values of frequency and strain indicated that the complex shear modulus (G*)
increased as the tan o decreased (Figure 3). The almost linear response of the complex shear modulus
changed to an upward curve after the gelation onset, indicating an increase in gel rigidity during
heating, which reached up to a 94% increase (at 90 °C) with 25% rice flour, compared to the starting
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temperature of 25 °C. RKB batter with different rice flour levels showed overall similar rising gel
rigidity (G*) trends after 50 °C (Figure 3) suggesting similar viscoelastic patterns, during gelatinization.
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Figure 3. Complex modulus G* (left axis) and tan (8) (right axis) as a function of the temperature of the
red kidney bean gluten-free batter with different rice flour levels. Filled symbols, complex modulus G*;
and open symbols tan .

The tracing curves of tan 6 showed two (rice flour additions) and three (RKB flour) clear inflection
points, suggesting different changes of structures (phase transitions) as a function of increasing
temperature (Figure 3). Rice flour at 25% had a significantly (p = 0.05) lower tan ¢ at the initial
stages of heating before the gelation onset, compared to the rest of the samples, suggesting a higher
solid-like character (G’) in this sample. That higher solid-like behavior was conserved up to around
50 °C, where the decrease of tan § accelerated, suggesting a rapid increase in solid-like behavior.
This was attributed to the starch and protein hydration, resulting in gel rigidity onset. Tan b curves
crossed-over the G* curves at around 60 °C (rice flour additions) and 65 °C (RKB flour control),
suggesting more rapid changes occurring in the structures. Most likely these changes were related
to the denaturation of proteins and the rapid starch granule swelling at those temperatures [29,30].
The predominant formation of hydrogen bonds with water and additional hydrophobic interactions
from protein aggregation and starch swelling account for the increase G* and decrease tan & (Figure 3),
in the continuous phase of the batter.

Activation energy (E;) was used as an indication of the energy used for the critical gel rigidity
during gelatinization, while the inflection temperature (Ty) was used for the point at which the batter
viscoelasticity increased at the initial stage of gel point. Ty is normally associated with batter density
and level of gelatinization [14]. Initiation of gelatinization in all RKB batter samples was in the range
of 56 to 63 °C (Table 1). These observations agreed with literature reports where onset temperature
variation during starch gelatinization from four kidney bean cultivars was in the range of 61.4-66.9 °C,
while the onset temperature for rice starch gelatinization was 61 °C, measured by differential scanning
calorimetry (DSC) [38,39]. Reported gelatinization range (70 to 85 °C) for basmati rice starch measured
by an increase in G’ was higher than the values of our study [39]. Increase in rice flour content
decreased the RKB batter inflection gelation temperature (Tj) from 63 to 56 °C, with no significant
(p = 0.05) change in the activation energy (E;). Significant difference (p = 0.05) in activation energy
was observed only between the control RKB flour and 25% rice addition, where a 44% increase was
needed to reach the critical gel rigidity (Table 1). Activation energy is related to phase transitions
during gelatinization of starch, glass transition of starch granules in the amorphous region, and melting
transition in the crystalline region [39]. Thus, the addition of rice flour induced gelation at lower
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temperatures and the process required a higher activation energy, only when rice flour was added
at 25% (p < 0.05). This could be partially explained by the smaller starch granule size of rice flour
(3-8 um), compared to the kidney bean starch (16-60 um), increase in overall starch content in the
system, and RKB flour protein reduction [32,33]. Literature reports for rice and kidney bean flour
gelatinization enthalpy, individually, are in a similar range 7.5-15.6 J/g for rice flour and 10.8-15.4 J/g
for kidney bean flour, respectively [40,41]. Activation energy (Ea) from this non-isothermal heating of
small amplitude oscillatory shear test could be useful to indicate the changes during gelatinization.

3.3. Effect of Rice Flour Addition on Red Kidney Bean Cupcake Firmness

Cupcake texture estimated by firmness is one of the most important parameters for consumer
acceptance. As the level of rice flour increased, the RKB cupcakes firmness decreased, reaching a 45.5%
reduction with 25% rice flour, compared to the control (Table 1). These observations agreed with a
reduced (50% lower) firmness of a rice-based, gluten-free muffin, compared to muffins containing
white cowpea protein isolate at 12% level [10]. A decrease in cupcake firmness might be attributed to
the factors discussed earlier including the smaller starch granule size of rice, compared to RKB and
different molecular organization of rice, lowering the overall protein content in cupcakes, combined
with a redistribution of water availability in the gluten-free cupcake. Water absorption and protein
content were 2.1 and 2.8 times higher in RKB flour, compared to rice flour (2.6 and 1.23 g/g and 20.5%
and 7.4%, for RKB and rice flour, respectively) [15,40]. The incorporation of rice flour changed the
structural order of the batter by diluting the proteins and lowering the firmness of gluten-free RKB rice
cupcake. Amylose content in rice (average 25%) is lower than kidney bean flour (34% to 41%) and
would result in less retrogradation after baking [33,40]. Thus, diluting the amylose content of kidney
bean flour by rice flour addition reduced gluten-free cupcake hardness. Previous studies showed that
an increase in batter viscosity allowed gas entrapped within the batter structure. This resulted in higher
cake volume, crumb with increased airy structure, thinner walls, and thus lower firmness [42,43].

3.4. Effect of Rice Flour Addition on Red Kidney Bean Cupcake Sensory Properties

Rice flour impacted the organoleptic properties of red kidney bean cupcake, with higher sensory
scores observed with the samples containing rice flour. The red-kidney-bean-rice cupcakes were
scored from ‘like slightly” to ‘like moderately’ (Table 2). There was no change in the sensory scores
at the 5% rice flour level. Scores for flavor and taste attributes of the red-kidney-bean-rice cupcakes
were higher when rice flour was added at 10%. All attributes had a highest score with 25% rice flour.
It was interesting to note that the sensory panelists did not observe changes in texture until 25% rice
flour level, when they scored the cupcakes higher, while the overall quality score was improved at
15% rice flour. The nutritional value of the RKB cupcakes of 100 g serving size included 404 Kcal, 18 g
total fat, of which 4 g were saturated fat, 104 mg cholesterol, 187 mg sodium, 48 g total carbohydrates,
9 g dietary fiber, 27 g sugar, and 14 g of protein. No significant differences in nutritional value were
observed with addition of rice flour at up to 25%.

Table 2. Sensory properties for red-kidney-bean-rice cupcakes *P.

Rice Flour Level (%) P Flavor Taste Texture Overall Quality
0 6.1+0.1P 62+02b 62+05P 61+01b
5 62+02P 63+0.1P 6.1+£02P 6.0+02P
10 7.1+032 72+022 62+01b 61+0.1P
15 73+04° 71+0.02 6.1+02P 71£012
25 71+032 71+022 71+012 72+022

@ Mean values (1 = 20 + SD) followed by a different letter within a column are significantly different, Duncan test
(p < 0.05). Evaluated by a 9-point hedonic scale ranging from ‘dislike extremely’ (1) to ‘like extremely” (9). b Rice
flour level addition to red kidney bean flour.
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3.5. Variation of Red Kidney Bean Batter and Cupcake Properties with Rice Flour Addition

Total explained variance from all variables was 92.4% (Figure 4). Principal component 1 (PC1)
had the majority of explained variance (80.3%), while the contribution of principal component 2 (PC2)
was only 12.1% (Figure 4). The main contributors of PC1 (first coordinate axis) were batter complex
shear modulus, activation energy of gelatinization, and tan 4. The main contributor to PC2 was the
sample with 10% rice addition—situated almost at the top, at 90 degrees, at the center of the graph.
However, only one parameter (G” viscous behavior) moved slightly to the horizontal PC2, meaning it
had some variations explained by it. The fact that 10% rice addition was almost in a direction opposite
to the viscous behavior also suggest that it was inversely correlated to 10% rice addition. However, as
the contribution to the variance was low—only 12.1%—compared to 80.3% contribution to the variance
of PC1, it was better to highlight the contributions of PC1. Notice how all parameters were along
PC1. The vectors aligned in opposite direction revealed negative correlation, while the vectors in the
same direction were positively correlated. The results from the loading plot (Figure 4) revealed that
cupcake firmness was positively correlated with batter consistency, tan 6 (TanDelta in the graph) and
inflection temperature (T)) of gelation, and the treatments associated with those parameters were 0%
and 5% rice levels. Complex modulus G*, solid (G”) and viscous (G”) moduli were positively correlated
with the activation energy (Ea) of gelatinization and the highest rice flour level (25%), which was the
farthest away from the center of the graph. Rice flour addition to RKB flour was negatively correlated
to cupcake firmness. These results confirmed that the most variation was observed at the highest rice
level (25%). This study also revealed that the gelation of the batter and its consistency were good
indicators of quality control for gluten-free RKB-rice flour cupcakes.

Total explained variance 92.4%

(@)
- +10%
L Flowability 1G*1
N
~N
v
a
TanDelta Epeep
ake har, Ea
25%m
© To
ol' ®0% G"Sweep)|
1.0 PC1 80.3% 1.0

Figure 4. Redundancy analysis of red kidney bean gluten-free batter with and without rice flour with 8
indicators of the viscoelastic properties of gluten (definitions in Table 1), showing the effect of five rice
flour levels (0%, 5%, 10%, 15%, and 25%). Symbols: 0%—circle, 5%—diamond, 10%—star, 15%—up
triangle, and 25%—square.
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4. Conclusions

The level of rice flour addition improved the viscoelastic properties of gluten-free RKB batter and
cupcake softness. With 25% of rice flour addition in gluten-free RKB flour, the system increased the
batter’s solid-like and viscous behavior, batter consistency, inflection of gelatinization and temperature,
and produced a softer cupcake texture. The RKB batter with rice followed a power law and had a
heterogeneous structure based on the log-log plot of G’ vs G”. In addition, the activation energy of
gelatinization increased with 25% rice incorporation. This study described an improvement of the
RKB batter and cupcake macro-structural characteristics with addition of rice.
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Abstract: Generally, extruded gluten-free foods are mostly phytochemically deficient. In this study
inositol phosphates, x-galactosides, lectins, protease inhibitors, and phenols, their antioxidant
activity and sensorial analysis of some rice/bean/whole carob fruit flour blends were determined
in unprocessed (controls) and extruded formulations. The fortification of rice-based extrudates
with both legumes has a positive influence on both their bioactive compound content and their
acceptability by consumers. The extruded formulations contained around twice as much (p < 0.05)
total a-galactosides than their unprocessed counterparts. Extrusion significantly reduced the phytic
acid content (10%) and significantly increased the less phosphorylated forms (16%-70%). After
extrusion, the lectins and protease inhibitors were eliminated. The different phenolic compounds
mostly increased (11%-36%), notably in the formulations with carob fruit. The antioxidant activity
and the different groups of phenols showed a positive correlation in the extrudates. All the
experimental extrudates had higher amounts of bioactive compounds than the commercial extruded
rice. Considering the amount of phytochemicals determined in the novel gluten-free extrudates and
the scores of sensorial analysis, formulations containing 20%—40% bean and 5% carob fruit could be
adequate in promoting health-related functions, helping to increase pulse consumption, and allowing
the food industry to satisfy consumers’ requirement for functional foods.

Keywords: legumes enrichment; galactosides; phytate; protease inhibitors; phenols

1. Introduction

Nowadays, consumers demand ‘free-from” foods to improve their health and wellbeing. Among
the free-from foods, gluten-free (GF) products have become very popular, mainly because consumers
perceive these GF foods as healthier than the corresponding gluten-containing counterparts. However,
it has been reported that a GF diet might not be recommended for the general population due to the
nutritional deficiencies associated with GF diets [1].

There are different, naturally whole GF grains that have shown to contain good nutritional quality
and good bioactive compound content, which are intrinsically related to healthy benefits. Dehusked
rice (Oryza sativa L.) is reckoned as the most appropriate ingredient for the formulation of a wide variety
of GF foods, such as breakfast cereals, cereal-based snacks, or dietetic foods. However, although whole
rice can supply many bioactive compounds, after dehusking and polishing, the obtained white rice
loses many phytochemicals, such as phytate, polyphenols, and protease inhibitors [2]. Beans, like other
pulses, are well-known sources of phytochemicals (e.g., x-galactosides, phytates, protease inhibitors,
phenols, or lectins), which are traditionally considered as antinutritional factors since they can reduce
the digestion/absorption of some nutritive compounds or cause intestinal discomfort. Nevertheless,
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nowadays, some of these compounds are recognised as bioactive compounds that provide beneficial
health effects (prebiotic, anti-tumour, or anti-inflammatory effects), playing a pivotal role in reducing
the risk or the prevention of heart diseases, some cancers, obesity, type 2 diabetes, and Parkinson’s
disease [3-6]. However, their antinutrient or pro-nutrient effect has been related to the amount present
in foods, as well as to interactions with other compounds present in the diet [4,5]. The fruits of the
carob tree (Ceratonia siliqua L.), an underutilised leguminous tree from the Mediterranean region, have
been traditionally exploited as a feed ingredient. The carob seeds are mostly utilised for the production
of locus bean gum or carob bean gum (E-410), which is of great importance for the food industry as
a stabiliser or thickener. The seedless pods (named kibble) have mainly been utilised for feed and
as a cocoa substitute in cakes, breads, confectionery, or drinks because of its high content of dietary
fibre and soluble sugars [7]. Furthermore, carob fruits contain a range of phytochemicals, mainly
polyphenols and dietary fibre, as well as low amounts of x-galactosides and inositol phosphates [7,8].

Recent evidence suggests that a GF diet reduced beneficial gut bacteria as a result of the reduced
intake of oligosaccharides from wheat (such as oligofructose and inulin) with a prebiotic action [1],
therefore, the use of legumes, such as bean and carob fruit, would be of great interest as functional
ingredients to formulate pro-health or functional foods, providing bioactive compounds to white-rice
based products, and increasing the protein and dietary fibre content in these foods [2]. Moreover,
the new food products fortified with legumes would lead to increasing pulse consumption and promote
a healthy Mediterranean diet.

Extrusion is a versatile technique used by the industry that enables the formulation of different
types of ready-to-eat products such as snacks and breakfast cereals with a high rate of consumption,
mainly by young people. They are mainly based in rice or corn flours and/or starches and tend to
have low nutritional quality and high calorie content [9,10]. A recommended solution to enhance their
nutritional quality is the enrichment of rice flour with legume flours [2]. Different pulses (beans, peas,
lentils, chickpeas, soy, etc.) have been treated by extrusion/cooking, though they are generally blended
with rice or corn starch to develop good expanded products [11-14]. It has been reported that extrusion
is an efficient process to modify the content of some phytochemicals, although with ambivalent results,
since the extrusion conditions as well as the raw materials used can increase or reduce the amount
of these compounds [3,11,13,15,16], therefore, it is necessary to determine these changes to obtain
maximum health benefits in novel extrudates.

Although Ravindran, et al. [17] described the use of carob bean gum to enhance the characteristics
of extruded rice-pea formulas, to the best of our knowledge, there is little information [3,10] about
the utilisation of carob fruit flours in the preparation of extruded foods. Furthermore, according to
the literature consulted, there is no information on the bioactive compound composition of novel GF
extrudates based on the linked use of rice, whole carob fruit, and bean flours.

Therefore, the main aim of this research was to study the extrusion effect on some phytochemicals
content (x-galactosides, inositol phosphates, lectins, protease inhibitors, and phenolic compounds),
as well as the antioxidant activity of various rice-based blends enriched with bean and whole carob
fruit flours. The data obtained from the extrudates was compared with their unprocessed equivalents
(controls) and with a commercial extruded rice. The results will update the knowledge related to the
presence of bioactive compounds in innovative GF products made from legume formulations.

2. Materials and Methods

2.1. Raw Materials and Formulated Flours

The ingredients used for the formulation of the extrudates were white rice (O. sativa var.
Montsianell), bean (Phaseolus vulgaris var. Almonga), and whole carob fruit (Ceratonia siliqua var Negreta
and Roja). The ingredients were obtained from Camara Arrocera de Amposta (Tarragona, Spain), a local
farmer (Benjamin Rodriguez Alvarez, Leén, Spain), and Armengol Hermanos (Tarragona, Spain),
respectively. The seeds and fruits were powdered using a Retsch SK1 mill (Haan, Germany) fitted
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with a 1 mm sieve. Different percentages of rice (50%-80%), bean (20% or 40%), and whole carob
fruit (5% or 10%) flours were mixed to produce six formulations coded as 20.0, 20.5, 20.10, 40.0, 40.5,
and 40.10. The codes used correspond to the following: The first number corresponds to the bean
percentage and the second one to the carob fruit percentage included in the blends. The results from
the extrudates were compared to an extruded rice sample (100%) obtained in the market.

2.2. Extrusion Process

A Clextral EVOLUM 25 twin-screw extruder (Clextral, Firminy, France) from CARTIF (Valladolid,
Spain) was utilised. The extruder was equipped with a 25 mm screw diameter and a 600 mm barrel
length. The mixtures were added to the extruder at a rate of 25 kg/h. The last barrel temperature was 125
°C. The screw speed was 900 rpm for 20% bean formulations and 950 rpm for 40% bean formulations.
The rate of water addition was 2.5, 3.0, and 3.2 kg/h for samples without carob fruit flour, with 5%
carob fruit flour, and with 10% carob fruit flour, respectively. The extrudates were reduced to flour
using a Tecator mill (Cyclotec 1093, Hogands, Sweden) equipped with a 1 mm screen and stored at
room temperature in polyethylene bags until the analysis was performed.

2.3. Analysis of Bioactive Compounds

The analysis of raw materials, unprocessed mixtures (as controls), and extruded samples, as well
as the commercial extruded sample was performed.

2.3.1. Soluble Sugars and «-Galactosides

Sugars were extracted and then analysed with a HPLC system coupled to a refractive index
detector (Beckman System Gold Instrument, Los Angeles, CA, USA) following the method described
by Pedrosa, et al. [18]. A total of 20 uL of each sample was injected in a spherisorb-5-NH2 column
(250 x 4.6 mm i.d., Waters, Milford, MA, USA) equilibrated with acetonitrile/water (60:40, v/v)
at a flow rate of 1 mL/min. Each individual sugar was identified and quantified by using the
corresponding calibration curves from external standards (Sigma, St. Louis, MO, USA). Ciceritol
was obtained from Dr. A. I. Piotrowicz-Cieslak (Olsztyn-Kortowo, Poland). A linear response was
observed in the range (04 mg/mL), with a correlation coefficient of 0.99. The curves obtained were:
Sucrose (y = 0.193x — 0.001), galactinol (y = 0.227x — 0.014), raffinose (y = 0.193x + 0.003), ciceritol
(v = 0.295x + 0.030), and stachyose (y = 0.217x — 0.008). Original HPLC chromatograms of sugars and
galactosides of all the analysed samples are presented in supplementary Figure S3.

2.3.2. Inositol Phosphates

Individual inositol phosphates (IP3-IP6) were extracted and determined by HPLC and refractive
index detection according to Burbano, et al. [19]. A total of 10 uL of Aliquots were injected on a PRP-1
column (150 X 4.1 mm i.d., 5 um, Hamilton, Reno, Nevada, USA), and was maintained at 45 °C.
The mobile phase was a mixture of methanol/water (52/48, v/v) with 0.8% of tetrabutyl ammonium
hydroxide (40% in water, Sigma, St. Louis, MO, USA), 0.05% of 91% formic acid (Sigma, St. Louis,
MO, USA), 100 uL of a phytic acid hydrolysate (6 mg/mL), and the pH was adjusted to 4.3 with 5 M of
sulphuric acid. The flow rate was 1 mL/min. The quantification was developed by using a calibration
curve obtained from sodium phytate (0-5 mg/g, y = 0.144x + 0.016, R? = 0.99) (Sigma, St. Louis,
MO, USA). Original HPLC chromatograms of IP3-IP6 of all the analysed samples are presented in
supplementary Figure S4.

2.3.3. Protease Inhibitors

The trypsin inhibitors (TI) and chymotrypsin inhibitors (CI) were obtained following the method
described by Pedrosa, et al. [20]. The trypsin inhibitor units (TIU) per mg of flour were determined
as described by Welham and Domoney [21]. One TIU was defined as that which gave a reduction in
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absorbance units measured at 410 nm of 0.01 relative to the trypsin control reaction in a 10 mL assay
volume. Chymotrypsin inhibitor units (CIU) per mg of flour were determined according to Sathe and
Salunkhe [22]. One CIU was defined as an increase of 0.01 absorbance units at 256 nm of the reaction
mixture relative to the chymotrypsin control reaction.

2.3.4. Lectins

The lectin content in the raw materials was determined using a haemagglutination assay
with trypsin-treated rat blood cells (Wistar rats, Animal-housing unit of Complutense University,
Madrid, Spain). To quantify the P. vulgaris lectin (PHA) in raw bean- and bean-containing formulations,
a competitive indirect ELISA assay was carried out according to Pedrosa, Cuadrado, Burbano, Muzquiz,
Cabellos, Olmedilla-Alonso, and Asensio-Vegas [20]. One haemagglutination unit (HU) was defined
as the amount of material (mg) causing 50% agglutinated erythrocytes. The values were expressed as
HU/kg flour for the haemagglutination assay, and as a % PHA for the ELISA assay. In each ELISA assay,
two bean cultivars (Procesor and Pinto) were included as positive and negative controls, respectively.
The calibration curve of a standard PHA (0-500 ng/mL) used for quantification of bean lectins was
y=-04311Ln(x) + 2.711 (R? = 0.98).

2.3.5. Phenolic Compounds

Phenolic compounds were extracted twice using a mixture of methanol-HCl (1000/1)/water
(80:20, v/v) at room temperature for 16 h [23]. A total of 1 mL of the combined extracts was mixed
with 1.5 mL of a solution of 2% HCl in ethanol/water (80/20, v/v). These solutions were utilised for the
quantification of anthocyanins, flavonoles, tartaric esters, and total phenols by a spectrophotometric
method (Beckman DU-640, Los Angeles, CA, USA) that monitored the absorbance at 520, 360,
320, and 280 nm, respectively [24]. The extracts were also utilised for the determination of the
antioxidant activity by using the ORAC method [25]. Calibration curves obtained from commercial
cyanidin-3-glucoside (C3Glc) (0-20 pg/mL; y = 0.060x + 0.060; R? = 0.99) (Extrasynthése, Germay,
France), quercetin (Q) (0-80 ug/mL; y = 0.059x + 0.083; R? = 0.99), caffeic acid (CA) (0-30 pg/mL
y =0.095x + 0.009; R? =0.99), and catechin (C) (0-200 ug/mL y = 0.012x + 0.005; R? =0.99) (Aldrich,
Munich, Germany) were utilised to quantify anthocyanins, flavonols, tartaric esters, and total phenols,
respectively, according to Oomah, et al. [24].

2.4. Sensory Evaluation

The 6 extrudates (Ex-20.0, Ex-20.5, Ex-20.10, Ex-40.0, Ex-40.5, and Ex-40.10) were evaluated by
10 semi-trained panellists. Samples were codified with random numbers, placed in small plastic boxes,
and given to the panellists. They were instructed to cleanse their mouth with water between each
sample evaluated and they were provided with written instructions. Extrudates were evaluated for
colour, odour (intensity, roasted, cooked pulse, nuts, unpleasant odours), flavour (intensity, salty, pulses,
unpleasant flavours), texture (crunchiness, hardness, adhesivity, fracture, chewiness), and overall
quality, according to a nine-point scale where 9 = extremely like or high intensity and 1 = extremely
dislike or low intensity).

2.5. Statistical Analysis

A representative and homogeneous amount (25 kg) of each formulation was split into in two parts
and then extruded. The chemical analyses of raw materials, unprocessed, and extruded samples and
the commercial sample were carried out in quadruplicate. Data are reported as mean + standard error.
A prior analysis of the normality and homogeneity of variance of all variables was performed using
Shapiro-Wilks and Levenes’s test, respectively. One-way ANOVA and a Duncan’s multiple range test
were used to analyse data at the 95% confidence level (p < 0.05). Pearson’s correlation coefficients between
the different bioactive compounds and the ORAC values were determined. Moreover, a principal
component analysis (PCA) of the standardised data of the measured variables was performed to ensure
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their reliability and to obtain meaningful interpretations of the results (Supplementary Materials). All
the statistical analyses were developed using Statgraphics Centurion XVILII software (Graphics
Software System, Rockville, MD, USA).

3. Results and Discussion

3.1. Effect of Bean and Whole Carob Flour Fortification on the Content of Some Bioactive Compounds of
Rice-Based Unprocessed Formulations

As observed in Tables 1-4, raw bean flour showed the highest content of «-galactosides
(raffinose and stachyose), inositol phosphates (IP3-IP6), and protease inhibitors. Raw carob fruit flour
contained the lowest amount of total inositol phosphates but also the highest sucrose, total phenols,
and antioxidant activity. Regarding the haemagglutination activity measured using trypsin-treated rat
blood cells (data not shown), raw bean flour showed the highest lectin content (10 HU/kg), followed by
carob fruit (0.32 HU/kg), and rice (0.16 HU/kg). Moreover, raw rice contained low amounts of sucrose
and TI. The bioactive compound content established in the raw materials was close to that reported in
the literature [3,4,25,26].

Table 1. Effect of extrusion treatment on the soluble sugars, ciceritol, and a-galactosides (mg/g dry weight)
content of raw materials, the non-extruded (NE-) and the extruded (Ex-) flour formulations, and the
commercial sample.

Sample Sucrose Galactinol Raffinose Ciceritol Stachyose m-GaE’:taolsides
Bean 30.00 + 0.95 F& 2.29 +0.05 %0 5.92 +0.09 ¢ 0.34 +0.01° 26.85 +0.258 32.77+0.258
Carob fruit 150.46 + 10.04 1 nd. * 5.84 £0.02¢ n.d. n.d. 5.84 +£0.022
Rice 298 +0.152 nd. nd. n.d. nd. nd.
NE-20.0 ** 8.65 + 0.15 3P A 2.53 +0.10 @A 2.84 +0.1324 0.78 + 0.04 PA 8.55 + 0.40 &4 11.39 + 0.55 >4
NE-20.5 16.85 + 0.29 4A 297 + (.06 PodeA 3.08 +0.03 24 0.90 + 0.02 beA 7.59 +0.17 &4 10.67 + 0.15 oA
NE-20.10 2991 +0.968MA 330+ 0.07 odeA 3.14+0.04 24 0.94 + 0.03 bedA 8.61 +0.40 @4 11.76 + 0.45 >4
NE-40.0 12.44 +0.15 4 3.58 +0.03 oA 3.87 +0.04 >A 1.14 % 0.05 ©deA 11.82 +0.23 A 15.69 + 0.25 “A
NE-40.5 2283 +0.739ebA 311 +0.13bodeA 3.97 +0.08 >A 1.19 £ 0.05 deA 13.37 + 0.40 A 17.34 + 0.49 9A
NE-40.10 30.06 + 0.41 hA 1.87 +0.09 #A 3.89 + 0.09 >4 1.25 +0.04 &4 12.37 + 0.28 ©4A 16.26 + 0.48 ©4A
Ex-20.0 10.27 +0.08 *PA 2,84 +0.11 bedA 9.46 + 0.35 P 5.44 +0.07 B 10.30 + 0.43 >B 19.76 + 0.78 B
Ex-20.5 22,10 + 0.19 deB 10.27 + 0.34 1B 7.60 +0.27 9B 5.64 +0.15 B 11.51 + 0.50 “P 19.10 + 0.81 &8
Ex-20.10 34.62 + 0.10 #F8A 9.71 + 0.44 B 812 +0.26 98 5.42 +0.07 B 13.36 + 0.07 B 21.48 +0.33 7P
Ex-40.0 17.84 + 0.16 ©4A 3.81 +0.10 A 1221 +0.24 7B 8.92 +0.07 B 20.91 +0.13 P 33.13 + 0.50 8B
Ex-40.5 31.64 + 0.05 F8A 531+ 0.25 B 12.16 + 0.15 7B 8.93 +0.13 1B 2214 +020 7B 34.30 + 0.28 B
Ex-40.10 41.60 + 0.07 &85 7.31 +0.3388 12.05 + 0.34 7B 8.41+0.0188 20.98 + 0.20 B 33.03 +0.14 8B
Commercial =7 4, 15318 nd. nd. nd. nd. nd.
extruded rice
p value <0.0001 <0.001 <0.0001 <0.001 <0.0001 <0.001

*n.d. not detected. Values are mean =+ standard error (1 = 4); mean values in the same column followed by a different
superscript are significantly (p < 0.05) different; small superscript letters mean differences between all the samples
analysed, whereas capital superscript letters mean differences due to extrusion treatment for the same formulation.
** Sample codes: 20.0 (20% bean; 0% whole carob fruit); 20.5 (20% bean; 5% whole carob fruit); 20.10 (20% bean;
10% whole carob fruit); 40.0 (40% bean; 0% whole carob fruit); 40.5 (40% bean; 5% whole carob fruit); and 40.10
(40% bean; 10% whole carob fruit).

To study the extrusion effect on the phytochemical content of the novel formulations,
the unprocessed (NE-) formulations were used as controls. The rice/legume blends are a complex
matrix that can affect the extraction of bioactive compounds [12,18,20], therefore, it is necessary to
know the amount of different phytochemicals in the unprocessed samples.

The addition of whole carob fruit and bean flour had a positive impact on the phytochemical
composition of non-extruded (NE-) mixtures. The higher legume percentage produced more
a-galactosides (Table 1) and inositol phosphates (Table 2) content in the NE-blends, with stachyose and
phytic acid (IP6) being the main compounds detected. The amount of sugars in the NE-blends showed,
in general, the following pattern: Sucrose > stachyose > raffinose > galactinol > ciceritol. The total
amount of galactosides, on average, was 11.27 mg/g in the blends with 20% bean and 16.43 mg/g
in the blends with 40% bean. A considerable increase in sucrose (Table 1) and phenolic compounds
(Table 4) content was detected in the NE-samples containing carob fruit flour (NE-20.5, NE-20.10,
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NE-40.5, and NE-40.10) due to the high content of both compounds determined in raw whole carob
fruit. In relation to the protease (trypsin and chymotrypsin) inhibitor content (Table 3), the lowest
activities corresponded to the formulations with 20% bean and the highest values coincided with the
40% blends. The addition of carob fruit flour did not produce significant changes (p > 0.05) in the
protease inhibitor activities analysed. The content of lectin (PHA) in the different NE-formulations,
evaluated by competitive ELISA did not show significant (p > 0.05) differences, ranging from 0.035% to
0.108% PHA. As carob fruit contained higher amounts of phenols than bean and rice, the levels of
the different phenolic compounds in NE-blends increased as a function of increasing the proportion
of carob. The same tendency was found for the ORAC. A positive correlation was observed among
total phenols and ORAC (R? = 0.58, p < 0.05) and flavonols and ORAC (R? = 0.59, p < 0.05). Moreover,
the incorporation of carob fruit and bean in the formulation of different rice-based blends had a positive
impact on the bioactive compound content. This was also observed by other authors who added
different legumes (navy bean, kidney bean, small red bean, pea, faba bean, or chickpea) to unprocessed
formulations based on starch or flour from corn or rice [2,11,14,25,27].

Table 2. Effect of extrusion treatment on the inositol phosphate content (mg/g dry weight) of raw
materials, the non-extruded (NE-) and the extruded (Ex-) flour formulations, and the commercial sample.

Sample 1P3 IP4 1P5 IP6 Total Inositol

Phosphates
Bean 0.26 +0.01 ¢ 0.42 +0.01°¢ 1.39 £ 0.03 & 10.12 + 0.03J 12.20 +0.04 1
Carob nd. * 0.15+0.01° 0.36 +0.04° 0.15+0.012 0.66 + 0.03
Rice 0.10 + 0.01 be 0.03 +0.03 2 0.22 +0.012 1.53 + 0.05P 1.88 +0.03 P
NE-20.0 **  022+0019%A  024+001%*  053+002%% 332+0.11%4 431+012084
NE-20.5 0.22 +0.01 e 025+001%"  053+001%  328+012¢4  427+010%4

NE-20.10 0.22 +0.01 e 027 0014  057+0.01%%  388+001MA 493100204
NE-40.0 022+0.019eA  027+0.019% 07100194 408 +0.0644  528+00774
NE-40.5 022 +0.019eA 02700194  075+00194  418+0.090A 5.42 0104
NE-40.10 022 +0.019eA 024 +0.01A 0.90 + 0.03 &4 454 +0.04 1A 5.90 + 0.07 74

Ex-20.0 0.05 + 0.012PB 029 +0.01 %A 0.69 + 0.02 4B 2.61 +0.03 B 3.65 + 0.09 4B
Ex-20.5 n.d. 0.29 + 0.01 <A 0.71 £0.02 9B 298 +0.11 9B 3.98 +0.14 B
Ex-20.10 n.d. 027 001~  074+0019F  356+0.12%88  456+0.1688
Ex-40.0 0.05+0.012P8 037 +£0.0298  120+0058  389+0038M 551100844
Ex-40.5 0.05+0.012P8  041+001°8  121+006%8 374+0068M 541100644
Ex-40.10 0.16 +0.01 “4A 035+ 0.01 4B 127 £0.0258  433+014DA  611£0.1514
Commercial 1), oy be 0.30 £ 0.01 ¢ 0.75+0.014 1.01 = 0.05P 2.25+0.03 ¢

extruded rice
p value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

*n.d. not detected. Values are mean =+ standard error (1 = 4); mean values in the same column followed by a different
superscript are significantly (p < 0.05) different; small superscript letters mean differences between all the samples
analysed, whereas capital superscript letters mean differences due to extrusion treatment for the same formulation.
** Sample codes: 20.0 (20% bean; 0% whole carob fruit); 20.5 (20% bean; 5% whole carob fruit); 20.10 (20% bean; 10%
whole carob fruit); 40.0 (40% bean; 0% whole carob fruit); 40.5 (40% bean; 5% whole carob fruit); and 40.10 (40%
bean; 10% whole carob fruit).
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Table 3. Effect of extrusion treatment on trypsin inhibitors (TIU/mg dry weight), chymotrypsin
inhibitors (CIU/mg dry weight), and lectin content (%PHA *) in raw materials, the non-extruded (NE-)

and the extruded (Ex-) flour formulations, and the commercial sample.

Sample Trypsin Inhibitors Chymotrypsin Inhibitors Lectins
Bean 2321 + 0.66 © 7.74 +0.284 0.297 +0.012 €
Carob fruit 0.30 £0.022 n.d. ** n.d.
Rice 0.15+0.012 nd. nd.
NE-20.0 *** 410 + 0.09 bA 1.97 + 0.09 A 0.035 + 0.002
NE-20.5 4.16 + 0.06 >4 1.44 +0.08 A 0.045 + 0.002 @b
NE-20.10 5.53 +0.20 ©A 1.66 + 0.08 2bA 0.052 + 0.002 @b
NE-40.0 7.83 +0.11 9B 5.65 + 0.17 “B 0.108 + 0.005 &b
NE-40.5 7.73 +0.30 4B 5.93 +0.28 B 0.103 = 0.005 P
NE-40.10 7.34 £0.29 4B 5.76 + 0.25 B 0.101 + 0.005 P
Ex-20.0 n.d. n.d. n.d.
Ex-20.5 n.d. n.d. n.d.
Ex-20.10 n.d. n.d. n.d.
Ex-40.0 n.d. n.d. n.d.
Ex-40.5 n.d. n.d. n.d.
Ex-40.10 n.d. n.d. n.d.
Commercial extruded rice 0.09 +£0.012 n.d. n.d.
p value <0.0001 <0.0001 <0.0001

* PHA = Phaseolus vulgaris lectin. ** n.d. not detected. Values are mean + standard error (n = 4); mean values in the
same column followed by a different superscript are significantly (p < 0.05) different; small superscript letters mean
differences between all the samples analysed, whereas capital superscript letters mean differences due to extrusion
treatment for the same formulation. *** Sample codes: 20.0 (20% bean; 0% whole carob fruit); 20.5 (20% bean;
5% whole carob fruit); 20.10 (20% bean; 10% whole carob fruit); 40.0 (40% bean; 0% whole carob fruit); 40.5 (40% bean;
5% whole carob fruit); and 40.10 (40% bean; 10% whole carob fruit).

Table 4. Effect of extrusion on the anthocyanins (ug C3GIcE */g dry weight), flavonols (ug QE/g dry
weight), tartaric esters (mg CAE/g dry weight), and total phenols (mg (+) CE/g dry weight) content and
antioxidant activity (umoles Trolox/g dry weight) of raw materials, the non-extruded (NE-) and the
extruded (Ex-) flour formulations, and the commercial sample.

Sample Anthocyanins Flavonols Tartaric Esters Total Phenols Acﬁ::;;):lgﬁrzC)
Bean 36.96 +0.24 1 0.08 + 0.001 © 0.21+0.011 2.88+0.028 24.33 +0.07
Carob fruit 18.00 + 0.15 ¢ 0.75 + 0.001 b< 0.72 +0.01 b< 20.73 +0.10 69.89 +1.62]
Rice 18.70 +0.83 f 0.03 +0.001 P 0.02 + 0.001 2 0.90 + 0.03 &P 3.80+0.302
NE-20.0 ** 10.32 + 0.072 0.02 +0.001 2 0.06 = 0.001 bA 0.71 + 0.03 ¥4 8.35+0.04P
NE-20.5 11.00 +0.03*>A 0,04 +0.001 2P 0.09 + 0.001 “4A 1.38 £0.03 %A 9,66 + 0.45 “4.¢
NE-20.10 1242 + 0.23 &4 0.07 + 0.001 b 0.11 + 0.001 &fA 226 +0.01 ¢£A 10.22 + 0.50 9
NE-40.0 15.23 +0.24 ¢ 0.03 +0.001 #PA 0,09 +0.001 “4A 1.10 + 0.03 PA 9.41 + 0.45 bed
NE-40.5 1545 +0.36 “4A  0.06 +0.0012P< 0.1 +0.001 &FA 1.80 +0.03 44 11.57 + 0.50 f8h
NE-40.10 17.08 + 0.36 ©A 0.08 + 0.001 © 0.14 + 0.001 8MA 235+ 0.02 864 12,36 + 0.58 A
Ex-20.0 12.41 + 052 0.02 + 0.001 2 0.07 + 0.001 bB 0.92 +0.03 b8 8.92 + 0.38 P<
Ex-20.5 16.78 +0.31 98B 0.05+0.0012Pc  0.10+ 0.001 4&B 2.16 +0.01 ¢B 9.32 + 0.42 bed
Ex-20.10 17.13 + 0.13 B 0.08 + 0.001 b< 0.14 + 0.001 8P 3.25 + 0.06 B 10.29 + 0.30 9
Ex-40.0 1813+ 0.32¢ 0.08 +0.001 <B 0.08 + 0.001 b<B 1.33 + 0.04 <B 10.49 + 0.49 dof
Ex-40.5 21.19 +0.09 B 0.06 +0.0012P¢  0.13 +0.001 &P 237 +0.1158 11.89 + 0.48 8h
Ex-40.10 23.30 + 0.65 88 0.08 + 0.001 © 0.16 + 0.001 hB 3.17 +0.01 hB 10.86 + 0.50 &f8B
Commercial )55, o5¢f  006+0001%b¢  0.14+0.0018 196 £0.10°¢ 8.81 +0.18 <
extruded rice
p value <0.0001 <0.001 <0.0001 <0.0001 <0.0001

* CBGIcE (cyanidin-3-glucoside equivalents); QE (quercitin equivalents); CAE (caffeic acid equivalents);
and CE ((+) catechin equivalents). Values are mean + standard error (n = 4); mean values in the same column
followed by a different superscript are significantly (p < 0.05) different; small superscript letters mean differences
between all the samples analysed, whereas capital superscript letters mean differences due to extrusion treatment
for the same formulation. ** Sample codes: 20.0 (20% bean; 0% whole carob fruit); 20.5 (20% bean; 5% whole carob
fruit); 20.10 (20% bean; 10% whole carob fruit); 40.0 (40% bean; 0% whole carob fruit); 40.5 (40% bean; 5% whole
carob fruit); and 40.10 (40% bean; 10% whole carob fruit).
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3.2. Extrusion Cooking Impact on the Bioactive Compounds of Rice-Based Formulations

3.2.1. Soluble Sugars and x-Galactosides

The amount of soluble sugars and x-galactosides in the different experimental extrudates and the
commercial extruded rice is presented in Table 1. Similar to the unprocessed (NE-) blends, the main
sugars found in all the extrudates were sucrose, raffinose, and stachyose. In general, the sugar content
pattern in the extrudates was the same as in the NE-counterparts. Extrusion produced an increase
(p < 0.05) in all the analysed sugars. Regarding the total x-galactosides content, the extrudates with 20%
(Ex-20) and 40% (Ex-40) bean presented, on average, 1.78 and 2.03-folds more «-galactosides than their
equivalent NE-counterpart (NE-20 and NE-40), respectively. This increase could mostly be attributed to
the release of carbohydrates linked to other macromolecules as well as to a mechanical alteration of the
structure of the food matrix during extrusion, including cell wall damage, which increased the porosity,
thus enhancing the diffusion of the extracting solvent within the food matrix, and subsequently
improving the sugar extraction [12,18]. These results were similar to those described for extruded pea
and lentil flours [3,12]. However, a reduction in the sugar content of extruded legumes has also been
reported [28-30] although these authors reported that the extrusion effect on the galactosides content
depends on the moisture and temperature of the extrusion process, as well as the seed and/or the
formulation used in the development of the extruded products.

The commercial sample did not contain x-galactosides. Compared to the commercial sample,
extrudates without carob fruit flour contained between four and seven times less sucrose,
while the extrudates containing 5%-10% carob flour showed, on average, between 1.72 (Ex-40.10) and
3.23 (Ex-20.5) times more sucrose because of the high sucrose amount provided by this raw material.

From a physiological perspective, sugars of the raffinose family are recognised as accounting for
flatulence associated with legume consumption. However, different studies have reported that these
galactosides can be considered as prebiotics [4,5,31]. Their presence in the diet has been associated
with prebiotic activity, increasing the bifidobacterias population in the human colon, stimulating the
immune system, and reducing diarrhoea or constipation. Moreover, the colonic flora can ferment these
sugars, producing a mixture of short fatty acid that reduces glycaemic symptoms and cholesterol once
assimilated into the intestine [5,6]. Therefore, the increase in the total amount of x-galactosides after
extrusion can be considered as an added-value attribute of the extrudates and allows bean and carob
fruit be taken into account as an added-value component in the extruded formulations.

3.2.2. Inositol Phosphates

It is known that inositol hexakisphosphate, phytate, or phytic acid (IP6) form complexes with
some minerals (iron, zinc, or calcium), which negatively affects their absorption. However, the lower
phosphorylated forms (IP-IP4) are considered to have a significant function in human health, boosting
the assimilation of minerals, preventing the formation of kidney stones, and performing key roles in
some disorders, such as type 2 diabetes, some types of cancer, and irritable bowel syndrome [4-6,32].

As observed in the NE-blends, IP6 was the principal inositol phosphate detected in all the
extrudates (Table 2). Extrusion cooking reduced (p < 0.05), on average, 10% of the IP6 content, leading
to less phosphorylated forms [3,12,32]. After extrusion, IP4 and IP5 showed a significant increase
(16%-52% and 30%—-70%, respectively) compared to their corresponding NE-equivalents. A reduction
(p < 0.05) in the total IP content was also found (7%-15%) for the Ex-20 samples compared to their
respective unprocessed formulations, mostly due to the IP6 reduction. These results were in accordance
with those described for extruded faba bean, pea, kidney bean, and chickpea [11,25,29,30]. Although
IP6 was reduced (5%-10%) in the Ex-40 samples, the total IP content of these samples showed a slight
increase (3%—4%), which did not differ significantly from their NE-40 blends, similar to the results of
Lombardi-Boccia, et al. [33] for extruded bean, faba bean, chickpea, and lentil. The extent of the changes
on the inositol phosphate content is dependent on the raw materials and/or the composition of the
formulations, as well as the extrusion conditions used in the formulation of the extrudates [14,30,32].
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Regarding these results, extrusion might be considered a good processing technology to reduce IP6
content by retaining the advantageous lower phosphorylated forms in the innovative extrudates.

The commercial extruded rice contained 1.6 to 2.7 times less total IP and 3-5 times less IP6 than
the Ex-formulations. This could be due to inositol phosphates (in the experimental extrudates) that
were mainly provided by the bean flour.

3.2.3. Protease Inhibitors and Lectins

As shown in Table 3, the extrusion process eliminated TI and CI activities, as well as lectin content
in all the extruded blends, which corroborated the heat-sensitive nature of both phytochemicals.
Similarly, several authors found a reduction of TI and lectins by 100% in extruded corn/bean, pea,
chickpea, kidney bean, and faba bean [11,12,25,27,34]. The commercial extruded rice showed a small
TI activity (0.09 TIU/mg), while CI activity and lectins were not detected. It has been reported that
protease inhibitors and lectins are key parameters in establishing food quality [4,26,32], since they
hamper protein digestion and the assimilation of nutrients, respectively. Therefore, the absence of both
compounds in all the extrudates may improve their nutritional quality [25,26,32]. Moreover, as PHA
is considered a toxic compound (causing vomiting, bloating, or diarrhoea in humans) [32], from the
perspective of lectin toxicity, these results demonstrate that all the extrudates are safe.

3.2.4. Phenolic Compounds and Antioxidant Activity

Phenolic compounds are considered to be natural antioxidants that can extend the shelf-life of food
products [30,35]. The phenolic compound (anthocyanins, flavonols, tartaric esters, and total phenols)
content and the antioxidant activity (ORAC) of the extrudates is shown in Table 4. The extrusion
process affected the studied phenolic groups to a different extent. In general, the Ex-formulation
showed a significant increase in the tartaric esters (on average 11%), anthocyanins (24%), and total
phenols (36%) content compared to their NE-counterpart, while the flavonols content in the extrudates
did not vary significantly from their NE-formulations. The observed increase could be related to the
lack of effluents during extrusion, unlike traditional processing (soaking and/or cooking or autoclaving)
that prevent the leaching of water-soluble phenols [20,30]. As expected, the highest increases in total
phenols (30%-56%) corresponded to the extrudates that included carob bean flour in their composition
(Ex-20.5, Ex-20.10, Ex-40.5, and Ex-40.10). The carob fruit pods are high in phenolic compounds bound
to the dietary fibres and the extrusion could lead to the release of some non-available phenols bound to
the cell wall, thus growing their extractability [3,15].

Regarding the ORAC, the greatest values were found in the extrudates containing 40% bean and
5%-10% carob fruit. The majority of the extruded formulations showed a slight increase (on average
5.4%) in ORAC, albeit, in general, the differences between the ORAC values of each corresponding
pair of NE/Ex-formulations were not significant (p > 0.05). A positive correlation was determined
among anthocyanins, tartaric esters, and ORAC (R? = 0.63 and 0.58, p < 0.05, respectively). However,
the antioxidant activity is conditioned by the type of compound and its amount in the sample [24].
The increase found in ORAC values after extrusion might also be attributable to the existence of
other food components (e.g., proteins or aromatic compounds) or to the creation of Maillard reaction
products throughout the extrusion that contribute to the antioxidant activity analysed [3,11,27].

As reported by different authors [11,14,15,34], extrusion can produce rises or decreases in both the
phenol content and the ORAC of many pulses, and they concluded that extrusion at moderately low
moisture (<14%) and temperatures below 120 °C retained higher amounts of phenols and showed
greater antioxidant activity.

Compared to the commercial sample, the Ex-20.10, Ex-40.5, and Ex-40.10 formulations presented
ahigher (p <0.05) amount of total phenols (approximately 1.5 times) and anthocyanins (around 1.6 times),
as well as a higher ORAC value (from 1.2 times to 1.4 times).

Various studies reported health benefits associated with different phenols and their antioxidant
capacity, such as a lower risk for inflammatory processes or colon cancer [16,23,35]. Therefore,
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considering the results for the phenolic compounds content and antioxidant capacity, the fortification
of rice-based extrudates with both whole carob fruit and bean would be helpful in developing
healthy foods.

A PCA was performed to classify and characterise the Ex- and NE- formulations according to their
phytochemical content. The PCA on the standardised phytochemical data of the NE- and Ex- samples
showed that three principal components explained 86.85% of the total variance (supplementary file,
Figures S1 and S2, Tables S1 and S2). Total galactosides and the different phenolic compounds had more
weight in the characterisation of the samples by PC1, whereas the thermo-labile compounds (lectins
and protease inhibitors) had more weight in the characterisation of the samples by PC2. The variance
of PC3 was mainly explained by the ORAC.

3.3. Sensory Evaluation of the Extrudates

In the sensory analysis, the panellists determined how each extrudate compared with the other by
considering a number of different attributes related to colour, odour, flavour, and texture. The results
of the sensory analysis are shown in Figure 1. The higher scores represent better acceptance of the
attribute evaluated.

Overall  Colour Odour
quality 9.0 Intensity
<

Chewiness \
. ba Roasted

Cooked

‘vn.\# Unpleasant
odour

/ “ Flavour
infensity

/
Concluness /- \
Unpleasant Salty

Pulses
flavour

Ex-200 Ex-205 Ex=20.10 Ex-40.0 Ex-405 Ex-40.10

Figure 1. Sensory analysis of the six different extrudates formulated with different proportions of rice,
bean, and carob fruit flours. Sample code: Ex-20.0 (20% bean; 0% whole carob fruit); Ex-20.5 (20% bean;
5% whole carob fruit); Ex-20.10 (20% bean; 10% whole carob fruit); Ex-40.0 (40% bean; 0% whole
carob fruit); Ex-40.5 (40% bean; 5% whole carob fruit); and Ex-40.10 (40% bean; 10% whole carob fruit).

Textural attributes, mainly crunchiness and hardness, are largely determined to attest to the
quality and the consumer acceptability of extruded products, such as snacks or breakfast cereals.
The extrudates including carob fruit in their composition showed better textural scores with high
crunchiness and low adhesiveness. Crunchiness results were positively correlated (R? = 0.55, p < 0.001)
with the presence of carob flour in the formulation.

The colour scores were affected (p < 0.05) by the presence of carob flour. A higher amount of
carob flour caused a lower preferred colour by the panellists. A strong negative correlation between
colour and the presence of carob flour (R? = -0.77, p = 0.001) was found. This could be related to
the brown colour of the products formulated with carob flour, leading to a slight rejection of these
products. The analysis of the scores of the different aroma and taste parameters tested did not show
any correlation with the amount of legumes in the extrudates and no unpleasant odours or flavours
were detected.

Regarding the overall quality results, the amount of bean (20% or 40%) in the formulations did
not affect (p > 0.05) the overall quality of the extrudates. The extrudates containing carob flour showed
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lower scores, however, the differences between them were not significant (p > 0.05). The extrudates
elaborated only with rice and bean showed the highest scores, although the addition of 5% carob
fruit flour did not significantly affect the overall quality of these extrudates, and therefore these novel
extrudates would be well accepted by consumers.

4. Conclusions

From the results obtained, it can be seen that the fortification of rice-based GF puffed products
with carob fruit and bean flours had a positive impact on their bioactive compound content.
The fortification with carob fruit flour improved their textural attributes and did not significantly affect
their overall quality.

The extrusion process affected the studied phytochemicals to a different extent. While total
a-galactosides and phenols increased, the IP6 was reduced, and the lectins and protease inhibitors
were eliminated. The content of bioactive compounds present in these extrudates might be enough
to promote health-associated functions. Moreover, the absence of lectins and protease inhibitors
enhanced the nutritional quality of the extrudates. Compared to the commercial extruded rice, all the
experimental extrudates showed a higher content of bioactive compounds. Therefore, the formulation
of these products would be of interest to both health-conscious consumers and the food industry,
allowing it to meet consumers’ requirement for functional foods with acceptable sensory attributes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/9/381/s1.
Table S1. Values of the Principal Components (PC1, PC2, and PC3) coefficients for each formulation. Table S2.
Component weight of each bioactive compound in relation to the Principal Components (PC1, PC2, and PC3).
Figure S1. Principal component analysis (PCA) projection of the two first principal components. NE- (non-extruded
formulations). Ex- (extruded formulations). Parameters: Total inositol phosphates (Total IP), sucrose, total
galactosides, trypsin Inhibitors (TIU), chymotrypsin inhibitors (CIU), lectins (PHA), anthocyanins, flavonols,
tartaric esters, total phenols, and ORAC. Figure S2. Principal component analysis (PCA) projection of the first
and third principal components. NE- (non-extruded formulations). Ex- (extruded formulations). Parameters:
Total inositol phosphates (Total IP), sucrose, total galactosides, trypsin Inhibitors (TIU), chymotrypsin inhibitors
(CIU), lectins (PHA), anthocyanins, flavonols, tartaric esters, total phenols, and ORAC. Figure S3. Original HPLC
Chromatograms of sucrose, galactinol, raffinose, ciceritol, and stachyose of the three raw materials, the six
non-extruded (NE-), the six extruded (Ex-) flour formulations, and the extruded commercial sample. Figure S4.
Original HPLC Chromatograms of inositol phosphates (IP3, IP4, IP5, and IP6) of the three raw samples, the six
non-extruded (NE-), the six Extruded (EX-) flour formulations, and the extruded commercial sample.
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Abstract: The effects of ball milling treatment on both the structure and properties of guar gum (GG),
tara gum (TG), and methylcellulose (MC) were analyzed prior to assessing their potential interactions
with starch components when they are used alone or in blends in a corn starch-rice flour system. X-ray
diffraction profiles showed that the ball milling caused a reduction in the crystallin domain and, in turn,
a diminished viscosity of the GG aqueous solutions. Despite an increase in its viscosity properties,
effects on TG were minimal, while the milled MC exhibited reduced crystallinity, but similar viscosity.
When both milled and un-milled hydrocolloids were individually added to the starch—-flour system,
the pasting properties of the resulting mixtures seemed to be affected by the type of hydrocolloid
added rather than the structural changes induced by the treatment. All hydrocolloids increased the
peak viscosity of the binary blends (especially pure GG), but only milled and un-milled MC showed
values of setback and final viscosity similar to those of the individual starch. Ball milling seemed to be
more effective when two combined hydrocolloids (milled GG and MC) were simultaneously used. No
significant differences were observed in the viscoelastic properties of the blends, except for un-milled
GG/starch, milled TG/starch, and milled MC/milled TG/starch gels.

Keywords: ball milling; hydrocolloids; starch-flour system; X-ray diffraction; pasting profile;
viscoelastic properties

1. Introduction

The use of starch and its ability to gelatinize make it a necessary ingredient in food systems [1].
Starch is a macroconstituent of many foods and it is composed of amylopectin and amylose.
The organization of the crystalline lamellae within granules is due to the packing of amylopectin into
crystallites and this phenomenon is influenced by amylose. The amylopectin structure and the role
of amylose are important for the water swelling of starch granules, the thermal properties and gel
formation (in water solution) [2]. However, when starch is subjected to processes, such as cooking,
shear stress, and cooling, it tends to exhibit syneresis, retrogradation, and breakdown, suggesting
that its use as a main ingredient in food may be difficult [3]. To overcome these issues, hydrophilic
colloids are often used to modify the functionality of starch [4]. Hydrophilic colloids, commonly
known as “hydrocolloids”, are substances consisting of long chains that have a high molecular weight
and an affinity for water, which, in a water-based system, generate gels or highly viscous suspensions.
Typically, hydrocolloids are polysaccharides, composed of single or multiple units of sugar, repeated
over the entire length of the polymer. Their properties are then influenced by external units, such as
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sulfate groups, methyl ether groups or carboxyl groups, linked to the main chain [5,6]. The ability
to form networks, once dispersed in a solution, and their biocompatibility, makes them excellent
additives and/or substituents in food chemistry for the control of microstructure, texture, flavor, and
shelf-life [7,8]. Among others, the naturally occurring polysaccharides, such as galactomannans, as well
as the chemically synthesized cellulose derivatives, have been widely used in the food industry for
their suitable functional properties. In particular, the cellulose derivative methylcellulose has many
applications in food systems such as an emulsifier and texturing agent, as well as a thickener and
gelling additive [9], whereas galactomannans, such as guar gum and tara gum, are well known to have
thickening, binding, and stabilizing abilities [10]. These two galactomannans, however, despite a very
similar molecular structure—composed of a 3-(1-4)-p-mannan backbone with a single d-galactose
branch linked «-(1-6)—differ from each other in the molar ratio of mannose to galactose (3:1 for
tara and 2:1 for guar gum), which is responsible for the significant changes in their viscosity and
solubility properties, as well as in their interactions with other polysaccharides [10]. The authors
of [3] explored the interactions of rice starch with guar gam, hydroxypropylmethylcellulose (HPMC),
and xanthan gum to improve the pasting, viscoelastic, and swelling properties of starch-hydrocolloid
mixtures. To determine the network stability, the effects of repeated heating—cooling cycles were
also analyzed. They found that the tested rice starch-hydrocolloid mixtures (8%, w/w) exhibited
different pasting, viscoelastic, and swelling properties depending on the type of hydrocolloid added,
as well as the concentration levels (0.2%-0.8% w/w) used. The authors of [11], when investigating the
swelling and pasting properties of non-waxy rice starch-hydrocolloid mixtures using both commercial
and laboratory-generated hydrocolloids, observed a strong dependence between the hydrocolloid
concentration and swelling power of the rice starch-hydrocolloid blends. They found that the
swelling behavior was depressed at low concentrations of hydrocolloids (0%—0.05%), but it increased
linearly with increasing hydrocolloid concentrations (0.05%-0.1%). Other hydrocolloids (e.g., alginate,
k-carrageenan, xanthan) were investigated by [12] with two different techniques. Recently, it was
demonstrated that the use of mechanical treatments, such as ball milling, can alter the functionality of
hydrocolloids, influencing, in turn, their interactions with the starch or its constituents [13-15]. Changes
in hydrocolloid functionality are probably due to the changes induced by the milling treatment on
their structural conformation, thermal properties, particle size distributions, and rheological properties,
enhancing the amorphization of the system at the expense of the crystalline structure. The authors
of [16] investigated the effects of ball milling on the structural, thermal, and rheological properties of
oat bran protein flour. They observed modifications in the structural conformation of both protein and
starch as a consequence of the reduction of the particle size and the suppression of the amylose-lipid
complex helical structure. The authors of [17] proved that the cellulose crystallite size decreased as
a function of increasing milling time.

It has been recognized that the blending of hydrocolloids and cereal starches of various origin,
apart from the main above-mentioned standard applications, also plays a critical role in improving
both the structure and texture of yeast-leavened baked products for celiac patients. In such products,
in which starch is the main component, two of the most used ingredients, due to their wide availability,
low price, and desirable rheological properties, are corn and rice (both flour and starch) [7]. In this
context, with the aim to achieve suitable functional properties in the development of optimized
gluten-free products, it was decided to use rice flour and corn starch as basic ingredients of the
starch—flour system.

Starting from these points, the objectives of this study were to explore the interactions of three
different hydrocolloids, namely, guar gum, tara gum, and methylcellulose, with starch components
when they are used alone or in blends in a corn starch-rice flour system and to analyze the effect of the
ball milling treatment on the structure and viscosity of these different hydrocolloids. With this aim, X-ray
diffraction (XRD) experiments were carried out to evaluate the potential changes in the conformational
structure induced by the ball milling treatment, while the gelling capacity test was conducted to
determine potential changes in the viscosity of hydrocolloid aqueous solutions. Viscometric and small

92



Foods 2020, 9,517

deformation rheological measurements were conducted in binary and ternary starch-hydrocolloid
mixtures and were compared with the basic starch—flour system (used as a reference sample) to study
the potential changes in hydrocolloid functionality in such a complex system.

2. Materials and Methods

2.1. Raw Materials

Rice flour, corn starch, and guar gum (GG) were provided by Chimab (Chimab Food Ingredient
Solutions, Campodarsego, PD, Italy); tara gum (TG), under its commercial name AGLUMIX 01, was
obtained from Silvateam Food Ingredients (Silvateam Food Ingredients S.r.1., San Michele Mondovi,
CN, Italy); methylcellulose (MC) was purchased from Sigma—-Aldrich.

2.2. Ball Milling Treatment

Ball milling was performed using a Mixer/Mill 8000 (SPEX SamplePrep, Metuchen, NJ, USA) with
a zirconia jar and two zirconia balls (2 g each); 15 g of hydrocolloids was introduced in the vial and
milled for 1 h at 875 rpm under air.

2.3. X-ray Diffraction Experiments

The X-ray diffraction patterns of both milled and un-milled hydrocolloids were collected using
a SmartLab X-ray powder diffractometer (Rigaku, Tokyo, Japan) aligned according to Bragg-Brentano
geometry with Cu Ko radiation (A = 1.54178 A) and a graphite monochromator in the diffracted beam.
Since the polymers showed broad haloes typical of an amorphous condition, the reciprocal space
investigation was deliberately restricted in the angular range from 5° to 60° in 26, which allows us to
determine the main shape features of patterns.

2.4. Fourier Transform Infrared Analysis

Fourier transform infrared (FTIR) analysis was performed on the examined hydrocolloids,
both before and after milling, using an infrared Vertex 70 interferometer (Bruker, Billerica, MA, USA).
All samples were ground with ultra-dry KBr (potassium bromide), at a ratio of 1:100, and then pressed
into the shape of pellets by applying a uniaxial pressure using a hydraulic press. The spectra were
recorded on the hydrogels after drying at 80 °C for 24 h, in transmission mode, in the 400-4000 cm !
range by averaging 64 scans with 4 cm™! resolution. The background was evaluated by measuring the
signals of dried air.

2.5. Gelling Capacity of Hydrocolloids

The gelling properties of both milled and un-milled hydrocolloids were determined by a Rapid
Visco Analyzer (RVA-4, Newport Scientific, Warriewood, NSW, Australia) using the official method
RVA 41.02. Before staring the test, both guar and tara gums (0.28 g) were thoroughly dispersed in 28 mL
of distilled water at room temperature, while the methylcellulose aqueous solution was prepared by
dispersing the powder in hot water (80 °C) until complete solubilization was reached. The cooling
profile used to describe the gelling/thickening behavior of the obtained hydrocolloid aqueous solutions
was as follows: samples were held at 80 °C for 5 min, gradually cooled to 20 °C at a rate of 1 °C/min,
and finally kept at 20 °C for 5 min. All experiments were performed in duplicate.

2.6. Starch/Flour-Hydrocolloid Blend Preparation

To verify changes in the hydrocolloid functionality induced by the ball milling treatment,
both milled and un-milled hydrocolloids were added to a starch-based system composed of corn
starch and rice flour (50:50). To this end, twelve different hydrocolloid—starch combinations, which
included six binaries and six ternary mixtures, were obtained (Table 1). Firstly, each milled and
un-milled hydrocolloid was individually added to the basic starch—flour system to obtain six binary
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mixtures; secondly, blends of two hydrocolloids, which were obtained by combining the gelling agent
methylcellulose (both milled and un-milled) with each of the two thickening agents (both milled and
un-milled), were added to the basic starch—flour system to obtain six ternary mixtures. The corn
starch-rice flour system alone was used as a reference sample (Table 1).

Table 1. Formulations used to prepare the starch/flour-hydrocolloid blends.

Guar Gum  TaraGum  Methylcellulose

Samples Corn Starch Rice Flour ® ® (® Water
(g (g) (mL)
UN M UN M UN M
Corn starch-rice flour 1.75 1.75 - - - - - - 25
Binary mixtures
starch—flour + UN-GG 1.75 1.75 0.25 - - - - - 25
starch—flour +M-GG 1.75 1.75 - 0.25 - - - - 25
starch—flour + UN-TG 1.75 1.75 - - 0.25 - - - 25
starch—flour + M-TG 1.75 1.75 - - - 0.25 - - 25
starch—flour + UN-MC 1.75 1.75 - - - - 0.25 - 25
starch—flour + M-MC 1.75 1.75 - - - - - 0.25 25
Ternary mixtures
starch—flour + UN-MC +
UN-GG 1.75 1.75 0.125 - - - 0.125 - 25
starch—flour + UN-MC +
M-GG 1.75 1.75 - 0.125 - - 0.125 - 25
starch—flour + M-MC +
M-GG 1.75 1.75 - 0.125 - - - 0.125 25
starch—flour + UN-MC +
UN-TG 1.75 1.75 - - 0.125 - 0.125 - 25
starch—flour + UN-MC +
M-TG 1.75 1.75 - - - 0.125  0.125 - 25
starch—flour + M-MC +
M-TG 1.75 1.75 - - - 0.125 - 0.125 25

UN: un-milled; M: milled; GG: guar gum; TG: tara gum; MC: methylcellulose.

To maintain a constant concentration of starch in both reference and experimental samples, thus
allowing comparison among them, the starch-hydrocolloid composites were obtained by addition.
The blending of a single hydrocolloid and starch—flour was prepared by firstly suspending the
hydrocolloid powder (0.25 g) in 25 mL of distilled water at room temperature and under magnetic
stirring, before adding 3.5 g of corn starch-rice flour (50:50). The ternary mixtures were prepared in
the same way but, in this case, both hydrocolloids (0.125 g + 0.125 g) were simultaneously suspended
in the distilled water before adding the starch powder (Table 1). On the contrary, for all the mixtures
containing MC, the hydrocolloid solutions were prepared by dispersing the powder in hot water
(80 °C) until a complete solubilization of the particles was achieved; then, the obtained hydrocolloid
aqueous solutions were cooled to room temperature and subsequently mixed with the corn starch-rice
flour powder. Two different batches of each mixture were prepared, and all the measurements were
performed in duplicate.

2.7. Pasting Properties of Starch/Flour—-Hydrocolloid Blends

Viscosity profiles of the starch—flour system alone and the starch/flour-hydrocolloid aqueous
solutions were determined by a Rapid Visco Analyzer (RVA-4, Newport Scientific, Warriewood, NSW,
Australia) according to the International Association of Cereal Science and Technology (ICC) Standard
method 162. Before starting the test, the slurries were heated at 50°C and stirred for 5 min at a rotation
speed of 960 rpm to achieve complete homogenization. Then, the slurries were held at 50 °C for 1 min,
gradually heated to 95 °C, held at this temperature for 2 min 30 s, and finally cooled to 50 °C and held
at this temperature for 2 min. The pasting temperature (°C), peak time (when peak viscosity occurred;
min), peak viscosity (maximum hot paste viscosity), breakdown (peak viscosity minus holding strength
or minimum hot paste viscosity), setback (final viscosity minus holding strength or minimum hot paste
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viscosity), and final viscosity (end of the test after cooling to 50 °C and holding at this temperature)
were determined. All the viscosity parameters are expressed in mPa-s.

2.8. Viscoelastic Properties of Starch/Flour—Hydrocolloid Blends

Immediately after pasting, the obtained starch—flour and starch/flour-hydrocolloid gels were
subjected to small deformation rheological measurements using an MCR 92 rotational rheometer
(Anton Paar GmbH, Inc., Graz, Austria) equipped with a Peltier-temperature-controlled system,
as previously suggested by [18]. The test was performed at 50 °C using a 60 mm serrated plate—plate
geometry with a 2 mm gap between plates. After lowering the upper plate, the excess sample was
trimmed off and a thin layer of silicon oil was used to cover the exposed surface to prevent moisture
losses during the test. Prior to starting the test, the experimental gels were rested for 5 min between
plates to allow sample relaxation. The frequency sweep test was carried out over the range 0.1-10 Hz
at 50 °C using a target strain of 0.01%, which fell within the linear viscoelastic region previously
determined by running a strain sweep test at a constant frequency of 10 Hz and with a strain that
varied over the range 0.001-100. Values of storage modulus (G’), loss modulus (G”’), and loss tangent
(tan 0) were recorded at a frequency of 1 Hz.

2.9. Statistical Analysis

The experimental data obtained from viscometric and rheological measurements were analyzed
using one-way analysis of variance (ANOVA). Fisher’s least significant differences (LSD) test was
applied to determine the difference between each pair of means with 95% confidence (p < 0.05).
Statistical analysis of the results was performed using Statistica v10.0 software (StatSoft, Inc., Tulsa,
OK, USA).

3. Results and Discussion

3.1. Structural and Viscosity Properties of the Single Hydrocolloids

Guar, tara, and methylcellulose powders were analyzed by a wide-angle X-ray diffraction
technique in order to evaluate the effect of the mechanical treatment on the structural evolution of the
three hydrocolloids (Figure 1).

The XRD patterns of the un-milled GG (UN-GG) and milled GG (M-GG) powders are presented
in Figure 1A. Both guar systems exhibited a typical XRD profile with very low crystallinity (26 = 17.02
and 20.11°) with respect to the amorphous counterpart (broad peak centered at 18.1° in 26). After the
ball milling, a pronounced reduction in crystallinity (see peak at 17.02°), which could be ascribable to
the partial hydrogen bonds breaking the guar structure, is observed [19,20].

Figure 1B depicts the XRD pattern of the TG before and after milling. The two broad peaks
centered at 18.6 and 39.8° in 20 are typical of an amorphous pattern. The effect of milling on these
powders was not comparable with the previous system: the analysis of the peak shape and broadening
revealed an increase of the amorphous component of 2%—4% for the milled sample. For this reason,
a clear effect of the mechanical treatment cannot be shown by X-ray diffraction for the TG sample. FT-IR
analysis, not shown here, seemed to confirm the experimental evidence achieved by X-ray diffraction.

XDR patterns for MC samples are shown in Figure 1C. The observed diffraction peaks for both
materials can be attributed to the crystalline scattering and the diffuse background of the disordered
regions. The diffractogram corresponding to the un-milled MC (UN-MC) sample showed maximum
diffraction peaks at the 8.1° and 20.2° 20 angles, while 8.1° and 19.7° 20 angles were recorded for the
ball milled MC (M-MC). Comparing the XRD patterns, it is possible to observe a shift versus a lower
20 angle of the main peak for the ball-milled system. This indicates an increase of the inter-planar
distance compared to the original MC, due to the generation of disorder when the MC is ball milled.
The maximum, around 20°, present in the MC sample, is commonly known as van der Waals halo,
which appears for many polymers and corresponds to the polymeric chain packing due to van der
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Waals forces [21]. Also, the maximum around 8°, which is known as the halo of low van der Waals,
occurs for some amorphous polymers due to the existence of regions with aggregates of segments
of parallel chains. The peak broadening (b-violet curve) is a direct consequence of the mechanical
treatment which induces a further decrease of the crystallinity of the MC powders (35%). In the case of
the native MC, this maximum is much more defined, conferring this sample a more semicrystalline
character (46%).

~ B
El i Al 3
< X
e I =
=
g / 2
B L k=
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Scattering angle 26 Scattering angle 26
—UN-GG M-GG —UN-TG ——M-TG
E) C
S
2
§7)
=1
L
S|

0 10 20 30 40 50 60
Scattering angle 26

——UN-MC ——M-MC

Figure 1. X-ray diffraction patterns of un-milled (continuous dark line) and milled (continuous grey
line) hydrocolloids: guar gum (A), tara gum (B), and methylcellulose (C). UN: un-milled; M: milled;
GG: guar gum; TG: tara gum; MC: methylcellulose.

The gelling behavior of the investigated hydrocolloids, both before and after milling, were then
analyzed as a function of the time to determine potential changes in the viscosity properties of the
hydrocolloid aqueous solutions.

The difference in viscosity due to the ball milling treatment is clearly visible in Figure 2. In this
case, the effect of ball milling on the guar gum resulted in a diminished viscosity due to the fact
that the crystalline domains decreased in length and therefore the chains flowed better (Figure 2A).
On the contrary, the greater affinity due to the overexposure of OH groups of the hydrocolloid chains
turned out to be the dominant effect in tara gum aqueous solutions, which showed increased values of
viscosity (Figure 2B).

Methylcellulose appeared to have an intermediate behavior between the two effects, as if they
were subjected to compensation. In fact, there was no substantial difference between the UN-MC and
the M-MC. The RVA analysis graph (Figure 2C) showed an important characteristic of methylcellulose:
its lower critical solution temperature (LCST). LCST is a change in the MC microstructure, passing from
a hydrophilic to a hydrophobic state as a consequence of a change of temperature [22]. The behavior of
this hydrocolloid is not monotonous when the temperature varies; the viscosity of an MC solution
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slightly decreases below a critical temperature value over which the viscosity regime increases [23].
In the RVA graph, the change in viscosity was between 40 and 50 °C.
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Figure 2. Gelling/thickening profiles of the three un-milled (continuous line) and milled (discontinuous
line) hydrocolloids: guar gum (A), tara gum (B), and methylcellulose (C). UN: un-milled; M: milled;
GG: guar gum; TG: tara gum; MC: methylcellulose.

3.2. Properties of Binary Hydrocolloid—Starch Blends

The viscometric properties of a corn starch-rice flour system in the absence and presence of milled
and un-milled hydrocolloids are reported in Table 2. The effects of both pure hydrocolloids and the
ball milling treatment are explored first, prior to analyzing the influence of different combinations of
pairs of hydrocolloids on the pasting profiles of the resulting starch-hydrocolloid blends.

Among the tested samples, the starch—flour system alone exhibited lower values of peak viscosity,
breakdown, setback, and final viscosity than those observed when the single hydrocolloids were added
to the starch paste. Only the MC, irrespective of whether it had been treated or not, showed values of
setback and final viscosity during the gelling/cooling stage similar to those of the individual starch
(Table 2). A possible explanation for such an increase in viscosity could be that starch-hydrocolloid
dispersions are complex biphasic systems composed of a suspension of swollen granules dispersed in
a continuous medium in which amylose, low-molecular-weight amylopectin molecules and the added
hydrocolloids are located [24,25]. As gelatinization and pasting proceed, the starch granules continue
to swell and, in turn, to absorb and bind more water, leading to a reduction of the volume occupied by
the hydrocolloids that, being more concentrated, cause a rise in the viscosity of the entire system [24].
Furthermore, the thickening ability of hydrocolloids as well as interactions between hydrocolloids and
swollen starch granules and/or leached amylose may also be involved as other concurrent factors [26].
However, while the addition of both milled and un-milled hydrocolloids was significant in promoting
the viscosity levels, each hydrocolloid affected the pasting properties of the starch system in a different
way (Figure 3). In fact, during gelatinization and pasting, the viscosity profiles of the starch/GG
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mixtures were higher than those shown by the other galactomannan TG regarding peak viscosity
and breakdown, whereas intermediate viscosity values were observed with the addition of the MC,
in which the values of peak viscosity were significantly higher than those of the TG mixtures, but the
values of breakdown were significantly lower than those of guar gum blends. Discussing the results
more in depth, it can be observed that within each tested hydrocolloid, the effect of the ball milling
treatment was found to be significant only in the case of GG, in which the mechanochemical treatment
seemed to have some detrimental effect on peak viscosity (Table 2). However, the UN-GG was the
hydrocolloid that most strongly affected both peak viscosity and breakdown of the starch—flour mixture.
This result could be explained by assuming that, during pasting, this hydrocolloid is not able to cover
or interact with starch granules, but persists in the macromolecular medium which forms a sheet
structure [27]; in this way, it does not hinder the swelling of the starch granules, which are free to swell,
leading to a great increase in peak viscosity. After that, the more fragile swollen granules, becoming
less resistant to the mechanical shearing, lose their integrity, leading to a severe drop (the so-called
breakdown) in the viscosity of the system that becomes, in turn, less stable [25]. The M-GG, on the
contrary, when added to the corn starch-rice flour mixture behaved in a different way, resulting in
alower and flatter peak viscosity. To better understand this different behavior, it must be borne in mind
that, due to the reduction of the crystalline domains caused by the ball milling treatment, the M-GG
exhibited more fluidity than the UN-GG. Therefore, it can be hypothesized that this decrease in peak
viscosity (in line with the results obtained in the gelling capacity analysis) may be due to the smooth
flow that the M-GG molecules exhibit in the continuous phase without interacting with the leached
amylose and amylopectin [28]. Similar conclusions were reported by [28] to explain the decrease in the
peak viscosity observed when low-molecular-weight GG was added to a corn starch-rice flour system.
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Figure 3. Viscometric profiles of the corn starch/rice flour system in the absence and presence of

single milled and un-milled hydrocolloids. UN: un-milled; M: milled; GG: guar gum; TG: tara gum;
MC: methylcellulose.
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As in the case of the GG, the TG, irrespective of whether it had been treated or not, also increased
the peak viscosity, but the extent of this increase was significantly lower than that observed for GG
(Table 2). Furthermore, while the TG showed a lower breaking viscosity during heating, it promoted
higher stability of the system. The authors of [26], when studying the interactions between wheat
starch and both guar and tara gums, reported opposite results to our findings. In fact, these authors
observed higher values of peak viscosity using the TG, whereas they found similar values of breakdown
and setback in the TG-containing samples compared to the guar gum mixtures. This contrasting
behavior, however, may be due to the different type of starch and/or to the different method of sample
preparation used. Furthermore, in contrast to what was previously reported for the gelling capacity of
the milled TG (M-TG) dispersed in an aqueous environment, the ball milling treatment seemed to have
no effect on the pasting properties of the TG-starch blend. Presumably, in a complex system such as
starch-hydrocolloid mixtures, the overexposure of the hydroxyl groups previously hypothesized for
the TG as a consequence of the ball milling treatment, was counterbalanced by the competition for
water with the starch granules.

When hot pastes are cooled to 50 °C, a transition from a viscous liquid to a gel, the so-called setback,
takes place, leading to an increase in the viscosity of the system primarily due to the re-association
of amylose molecules [29]. During this stage, the values of setback and final viscosity were found
to be higher than those of the individual starch system for both GG and TG, suggesting that both
galactomannans may have a marked tendency to promote starch retrogradation (Table 2). In the case of
the UN-GG, however, the extent of such an increase was significantly lower (Figure 3). The differences
in the molecular structure of these two galactomannans, especially in terms of the mannose/galactose
ratio (3:1 for TG and 2:1 for GG) [10], could explain the differences in the gelling properties of the
resulting starch-hydrocolloids blends. In fact, as reported by [30], the presence of a higher number of
galactose side chains, which impart molecular flexibility, may facilitate intermolecular associations
between guar gum and starch components, delaying, in turn, starch retrogradation of the resulting
blends. Moreover, an increase in the effective concentration of amylose in the continuous phase, which
leads to faster amylose gelation, could be considered as one of the main factors involved in promoting
starch retrogradation [25,26].

Unlike the galactomannans, the addition of the cellulose derivative MC, irrespective of whether
it had been treated or not, affected the pasting properties of the starch—flour system only during the
heating stage (Figure 3). In fact, values of setback and final viscosity were found to be similar to those
of the starch—flour system alone. As previously seen for both the GG and TG, the MC also increased
the peak viscosity but, in this case, the amount of time to reach the peak was shorter (Table 2).

However, considering that the MC has the unique property needed to forming gels at temperatures
above 60 °C [9], this early increase in the peak viscosity might be related to the hydrocolloid gelation
rather than to an effective ability of the MC to assist granule swelling during heating. On the contrary,
as previously observed by [31] in potato starch-MC composites, the ability of the MC to prevent
starch retrogradation could be explained due to its water solubility. Presumably, the MC, acting as
a water binder, could cause either the reduction of the available water required by amylose for the
recrystallization process to occur or the inhibition of the possible cross-links between the hydrocolloid
and the amylose molecules.

In summary, it can be said that both a cellulose derivative and galactomannans modified the
gelatinization and retrogradation behavior of the corn starch-rice flour system in ways that vary
depending on their different molecular structure and functionality. On the contrary, the conformational
changes induced by mechanochemical treatment have not proven to be effective in changing the
behavior of the tested hydrocolloids, except in the case of guar gum.

3.3. Pasting Properties of Ternary Hydrocolloid—Hydrocolloid—Starch Blends

Considering that, in many food systems, the inclusion of a single hydrocolloid might be not
sufficient to develop final products with specific attributes in terms of structure, viscosity, stability,
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and functionality, the effects of combinations of two hydrocolloids on the viscometric properties of
a corn starch-rice flour system were also analyzed. It is common agreement that the blending of two
hydrocolloids with different functionality in food systems, such as gelling and thickening agents, can
have synergistic effects, conferring enhanced viscosity and improved or induced gelation [32,33]. In this
regard, six different combinations of both treated and un-treated hydrocolloids were studied: firstly,
the UN-MC was combined with each of the two tested galactomannans either before and after the ball
milling treatment and, secondly, the M-MC was combined with each of the milled galactomannans.

As reported in Figure 4, the addition of two hydrocolloids, instead of one, significantly changed
the viscometric profile of the starch—flour system during both heating and cooling cycles, not only
when compared to the individual starch, but also in comparison with the binary blends (Table 2).
Among the tested samples, no significant differences were observed only in the pasting temperature
parameter, whereas, as stated above, the decreased times to reach the peak viscosity observed in all
the experimental blends prepared with the addition of MC were probably due to the thermogelation
properties of this cellulose derivative.
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Figure 4. Viscometric profiles of the corn starch-rice flour system in the absence and presence of two
milled and un-milled hydrocolloids. MC-GG-starch/flour (A) and MC-TG-starch/flour (B) ternary
mixtures. UN: un-milled; M: milled; GG: guar gum; TG: tara gum; MC: methylcellulose.

Analyzing the results more in depth, it can be observed that the highest peak viscosity and
breakdown were obtained in those blends in which the milled guar gum was combined with both the
M- and UN-MC (Table 2). These results, being even higher than those that occurred in each hydrocolloid
individually, suggested additive interactions between these two gums. A possible explanation for such
an increase in viscosity could be that the MC, acting as a gelling agent, is able to build up a network
in which the GG, acting as thickening agent, fills up the spaces [32]; in this way, the concentration of
the continuous phase increases, causing, in turn, a rise in viscosity of the entire system. Moreover,
considering that such an increase was less pronounced when the two hydrocolloids were combined
in their native form, it can be hypothesized that the structural changes induced by the ball milling
treatments (especially for guar gum) may have facilitated such heterotypic interactions. In addition,
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during the cooling stage, the values of setback and final viscosity, being lower than those observed
for the M-GG/starch mixture, suggested that the addition of both the M- and UN-MC may promote
a marked tendency to prevent starch retrogradation of the resulting ternary blends.

As in the case of the M-GG, the TG used in combination with both the M- and UN-MC also
increased peak viscosity and breakdown of the starch—flour system, but the effect was less pronounced
when the two hydrocolloids were combined in their native form (Figure 4B). During the cooling stage,
however, lower values of final viscosity and setback were observed as compared to the binary mixture
with added the M-TG, but higher values of setback and similar values of final viscosity were obtained
as compared to the binary mixture with both the M- and UN-MC (Table 2). On the basis of these
results, it can be hypothesized that, although there have been additive interactions between the two
hydrocolloids, the blending of MC and GG seemed to be more effective in modifying the viscometric
profile of the corn starch-rice flour system.

3.4. Viscoelastic Properties of Hydrocolloids Starch Gels

The viscoelastic parameters of the corn starch/rice flour system in the absence and presence of
milled and un-milled hydrocolloids were measured at 50 °C immediately after pasting.

In all the tested samples, the storage modulus (G’), the elastic component of the material, was
higher than the loss modulus (G”), the viscous part of the material, indicating that all the starch
pastes had a solid, elastic-like behavior typical of a biopolymer gel (Table 1). However, for all the
tested mixtures, values of both dynamic moduli did not differ significantly from those of the starch
alone, except for the UN-GG/starch and M-TG/starch gels, in the case of the binary mixtures, and
the M-MC/M-TG/starch gels, in the case of the ternary mixtures. Such increases in the viscoelastic
properties observed in both mixtures prepared with the M-TG, as well as in the binary mixture prepared
with the UN-GG, may be attributed to an increase in the viscoelastic properties of the individual gums.
However, the mechanochemical treatment seemed to affect the galactomannans behavior in opposite
ways. In fact, in the case of GG, the elastic properties of the starch-hydrocolloid system were found to
be higher than those of the individual starch only when the gum was added in its pure form, suggesting
that the mechanochemical treatment might have lowered the tendency of the GG to form gels, probably
as a result of increased synergistic interactions. On the contrary, in the blends obtained by adding
the UN-TG, considering that no differences in the values of both dynamic moduli (apart from a slight
increase in the binary mixture) were observed in comparison to the individual starch (Table 3), it can
be assumed that the ball milling treatment may have favorably affected the hydrocolloid behavior in
this complex system.

Moreover, analyzing the results more in depth, it can be observed that the addition of the M-TG
into the starch—flour system led to an increase in G” values more pronounced than that observed
in G’, indicating that this galactomannan was more effective in increasing the viscous properties of
the system rather than the elastic properties (Table 3). A possible explanation for these results could
be related to the phase separation between starch components and galactomannan that takes place
in the dispersed phase as a result of thermodynamic incompatibility between these two chemically
dissimilar polymers [24]. In this way, intramolecular interactions may be energetically promoted in
comparison with intermolecular associations, modifying the viscoelastic properties of the resulting
starch-hydrocolloid gels. Similar conclusions were reported by [34] to explain the increase in the viscous
properties of a rice starch—flour system when increasing concentration levels of the TG (0.2%-0.6%) are
added to it. In addition, although no significant differences were observed in the tan 6 values of all the
hydrocolloid-starch pastes with respect to the individual starch, the highest values of the ratio G”'/G’
shown by both the M-TG starch mixtures seemed to further confirm the results described above.
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Table 3. Viscoelastic properties of corn starch-rice flour systems formulated with one or two un-milled
and milled hydrocolloids.

Storage Modulus Loss Modulus Loss Tangent
G’ (Pa) G” (Pa) tan 6

Corn starch-rice flour 1449 += 191 abc 147 + 0 a 0103 + 0.013 ns

Samples

Single Hydrocolloid +
Starch—flour

UN-GG 2024 + 320 d 234 + 12 ab 0117 =+ 0012 ns
M-GG 1222+ 227 a 151 = 31 a 0124 =+ 0002 ns
UN-TG 1785 + 105 od 315 £+ 66 ab 0176 + 0.026 ns
M-TG 2887 + 173 e 635 + 335 ¢ 0217 + 0103 ns
UN-MC 1254 + 161 ab 212 £ 20 ab 0170 =+ 0.005 ns
M-MC 1287 + 230 ab 239 £+ 66 ab 018 + 0018 ns

Pairs of Hydrocolloids

+ Starch—flour

UN-MC + UN-GG 1594 + 101 abed 245 + 50 ab 0153 + 0.021 ns
UN-MC + M-GG 1705 + 201 bed 252 + 3 ab 0149 + 0016 ns
M-MC + M-GG 1816 + 34 od 284 + 37 ab 0157 + 0018 ns
UN-MC + UN-TG 1379 + 14 abc 237 + 6 ab 0172 + 0002 ns
UN-MC + M-TG 1751 + 523 od 312 + 113 ab 0177 + 0012 ns
M-MC + M-TG 1942 + 26 d 399 + 110 b 0206 + 0059 ns

Mean values + standard deviation. Within columns, values (mean of two replicates) followed by the same letter
do not differ significantly from each other (p < 0.05). UN: un-milled; M: milled; GG: guar gum; TG: tara gum;
MC: methylcellulose.

4. Conclusions

On the basis of the data obtained by XRD experiments and gelling tests, it could be said that
the ball milling treatment affected the structure of the tested hydrocolloids and, in turn, the viscosity
of their aqueous solutions in different ways. On the one hand, in the case of the GG, the reduction
of the crystalline domains and the consequent increase in the fluidity of the system induced by the
mechanochemical treatment seemed to be the main causes of the decrease in viscosity observed when
the M-GG aqueous solutions were compared with those prepared with the UN-GG; on the other hand,
in the case of the TG, the larger exposure of the hydroxyl groups seemed to justify the increase in
viscosity observed in the M-TG aqueous solutions when compared to those prepared with the UN-TG,
even if it was not possible to confirm this effect with XRD and IR analysis. On the contrary, the MC
seemed to have an intermediate behavior between the two effects, leading to aqueous solutions with
the same viscosity.

When each hydrocolloid was individually combined with a starch—flour system, these same trends
were observed in the viscometric profiles of the starch-hydrocolloid systems, with the exception of
starch-TG blends in which no differences between blends containing the M- and the UN-forms were
observed. However, considering that the conformational changes induced by the mechanochemical
treatment seemed to be effective only in the case of the GG, it could be assumed that the different
pasting properties observed in the binary starch-hydrocolloid mixtures in comparison to the starch
alone might be due to the type of hydrocolloid added rather than to structural changes induced by
the treatment. On the contrary, the ball milling treatment seemed to be more effective when two
combined hydrocolloids, especially when they were both in the milled form, were simultaneously
added to the starch—flour system. On the contrary, the dynamic moduli of the cornstarch-rice flour gels
were significantly affected by the addition of the hydrocolloids only in the case of the UM-GG/starch,
M-TG/starch, and M-MC/M-TG/starch blends, indicating that the ball milling treatment was involved
in promoting phase separation between starch and M-TG molecules in the dispersed phase to a greater
extent in comparison to the guar systems.

This study represents a preliminary attempt to understand how the effects induced by the ball
milling treatment on different types of hydrocolloids may change their functionality not only when
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they are used alone, but also when they are included in a complex system, such as a starch-flour
system. Further experiments are needed to analyze more in depth which intra- and inter-molecular
interactions, occurring between starch and treated hydrocolloids and within the same hydrocolloid
molecules, may be involved in changing the paste and gel behavior of starch-hydrocolloid systems.
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Abstract: The rheological and microstructural aspects of the dough samples prepared from wheat
flour and different levels of tomato seed flour (TSF) were investigated by rheology methods through
the Mixolab device, dynamic rheology and epifluorescence light microscopy (EFLM). The Mixolab
results indicated that replacing wheat flour with TSF increased dough development time, stability, and
viscosity during the initial heating-cooling cycle and decreased alpha amylase activity. The dynamic
rheological data showed that the storage modulus G’ and loss modulus G” increased with the level of
TSF addition. Creep-recovery tests of the samples indicated that dough elastic recovery was in a high
percentage after stress removal for all the samples in which TSF was incorporated in wheat flour.
Using EFLM all the samples seemed homogeneous showing a compact dough matrix structure. The
parameters measured with Mixolab during mixing were in agreement with the dynamic rheological
data and in accordance with the EFLM structure images. These results are useful for bakery producers
in order to develop new products in which tomato seed flour may be incorporated especially for wheat
flours of a good quality for bread making and high wet gluten content. The addition of TSF may have
a strength effect on the dough system and will increase the nutritional value of the bakery products.

Keywords: tomato seed flour; wheat flour; dough rheology; microstructure

1. Introduction

Tomato (Lycopersicon esculentum) is one of the most consumed vegetables, as raw (fresh), cooked,
in food preparations and as processed products such as tomato juice, puree, paste, ketchup, sauce
and canned tomato. Due to its nutritional and bioactive components, the foods products in which
tomato is incorporated represents a valuable source of minerals, vitamins and antioxidants, namely
lycopene, which varies according to the tomato variety, maturity and agro-environmental factors
during growth [1,2]. Post-harvest storage conditions [3,4] and processing technology [5] also influence
the tomatoes and tomato-based food products. Dietary intake of tomatoes and processed tomato
products has been associated with a decrease in susceptibility to chronic diseases such as various type of
cancers and cardiovascular diseases [6]. The medical or health benefits of tomato intake are attributed
to the natural antioxidant compounds present in tomato such as ascorbic acid, carotenoids (mainly
lycopene) and phenolic compounds which play a crucial role in the health protection mechanisms by
scavenging free radicals [7].

Processing of tomatoes leads to a high amount of by-products, about 3-7% of the tomato
weight [8,9] that generates serious environmental problems for the industry concerned due to the
disposal of the organic material. Tomato pomace, the major part of the by-products, includes mainly
seeds and peels in various proportions and a small amount of pulp [10]. Some amounts of by-products
are used in animal feed or as soil fertilizers [11]. However, today there is an increasing trend of

Foods 2019, 8, 626; doi:10.3390/foods8120626 107 www.mdpi.com/journal/foods



Foods 2019, 8, 626

using this by-product as a source of functional components in different products knowing that the
tomato pomace is a rich source of valuable compounds which can be recovered and used in food,
pharmaceutical and cosmetic industries as natural ingredients [12,13]. In the chemical composition
of tomato pomace high level of total dietary fibers, proteins, fats and medium amounts of ash are
found [14].

The peel and seed by-products of tomato pomace represents approximately 20-50 g-kg ™! of the
initial weight of tomatoes and can be used individually or combined [14]. Regarding the combined
utilization, the literature reports that, due to the significant amounts of bioactive phytochemicals from
tomato pomace, it can be used as natural antioxidants for the formulation of functional foods, or as
additives in food systems to extend their shelf-life [15-17]. Other studies showed that tomato pomace
can be considered a good source of some macroelements, such as potassium, manganese and calcium
and microelements, i.e., copper and zinc, which are cofactors of the antioxidant enzymes [15]. As
individual part of by products, many studies [16-19] highlighted the possibility of using the tomato
peels as a source of carotenoids and antioxidants to enrich various foods products or to produce new
functional ones. The other part of tomato by-product, tomato seeds, account for approximately 10%
of the fruit and 60% of the total by-product and contain a high amount for protein, fat and mineral
elements such as potassium, calcium, iron, manganese, zinc and copper [14,20]. Tomato seed proteins
present adequate properties to form a good emulsion in a food system [21]. An improved protein
quality for bread supplemented with 10% seed meal was reported by Sogi et al. [22]. According to
Kramer and Kwee [23] the nutritive value of tomato seed protein is lower than of casein but equivalent
or higher than of other plant proteins. The net protein retention (NPR) of whole tomato seed meal,
defatted tomato seed meal and tomato seed protein concentrate was reported as 2.65%, 2.52% and
2.51%, respectively which were lower but comparable with those obtained for casein, 2.91% (dry
basis) [24].

High levels of essential amino-acids present in tomato seeds showed that this by-product presents
high quality proteins, with a high amount of lysine (3.4-5.9%) [25-27]. The amount of lysine in tomato
seed is approximately 13% higher than the amount found in the soy protein [28]. Therefore, the tomato
seed may be recommended to fortify various low-lysine food products that are deficient in this amino
acid. One of these products are the bakery ones of which the base raw material is wheat flour which
contains low amounts of lysine. In addition, compared to other seed sources, no anti-nutritional
constituents have been reported in tomato seeds [29], a fact that make them a better source of proteins
compared to other non-conventional sources.

The use of tomato seeds in order to improve the quality of food products were less studied.
These studies were focused especially on the use of the dried pomace [30,31] or tomato peels in food
products [32,33]. However, the use of tomato seed in bread making has been previously reported
in a few studies [34-36] which were especially referring to the tomato seed addition effect on bread
quality. To our knowledge, the information on the effect of partial substitution of wheat flour with
whole tomato seed flour on dough rheological properties are missing. No studies have been made on
the effect of wheat flour substitution with tomato seed flour at the levels of 5%, 10%, 15% and 20%
on dough rheological properties and its microstructure. The use of this kind of methodology, which
investigates both empirical and fundamental rheological properties on this subject, is not frequent.
Also, the investigation of dough microstructure through a modern device namely epifluorescence light
microscopy (EFLM) helped us to better understand the wheat flour dough behavior with different
levels of tomato seed flour (TSF) addition during the bread making technological process. The objective
of this study was: (1) to evaluate the physicochemical characteristics for the wheat-tomato seed
composite flours; (2) to investigate the changes that occur in the dough formed by the wheat-tomato
seed composite flours during mixing as well as the quality of starch and protein from the dough
system by using the Mixolab device; (3) to analyze the effect of tomato seed flour addition (TSF) on
the fundamental dough rheological properties by using a rheometer on which oscillatory frequency
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test and creep recovery test was performed; (4) to analyze the effect of TSF on dough microstructure,
further analyzed through epifluorescence light microscopy (EFLM).

2. Materials and Methods

2.1. Flour Samples

One commercial refined wheat flour type 650 was used. The wheat flour was provided by S.C.
Mopan S.A. Company (Suceava, Romania), a local milling company. Tomato seed flour was collected
from tomatoes (Solanum lycopersicum) cultivated in Suceava County, Romania. The tomato seeds were
separated and cleaned after our own developed procedure from the tomato by-product (peel, pulp and
seeds) with water, at the temperature of 24 °C, after which they were dried in a tray dryer (Memmert
UF30, City, Schwabach, Germany) at 50 °C until its moisture content reached less than 10% (wet basis).
This was to limit the loss of available bioactive compounds which are still available even at high levels
of drying temperature, namely 60 °C according to Nour et al. [15] or 70 °C according to Sogi et al. [22].
After cooling, the tomato seed were ground in an electrical mill (Heinner, Navy 150, Guangdong
City, China). Sieving was made on sieves using a vibratory shaker (Retsch Vibratory Sieve Shaker AS
200 basic, Haan, Germany) in order to obtain particle sizes lower than 500 um. The raw materials
were analyzed according to the international or Romanian standard methods. The moisture content
was determined according to International Association for Cereal Chemistry (ICC) method 110/1, ash
content according to ICC 104/1, protein content according to ICC 105/2, fat content according to ICC
136. The wheat flour mixes (blends) were analyzed also for the falling number value according to
ICC 107/1. The gluten deformation and wet gluten content were analyzed according to the Romanian
standard SR 90/2007.

2.2. Flour Composites

Flour composites were obtained from the wheat flours which were substituted by tomato seed
flour at the levels of 0%, 5%, 10%, 15% and 20%. The wheat-tomato seed composite flours were
analyzed for their moisture content according to ICC 110/1, fat content according to ICC 136, protein
content according to 105/2, ash content according to ICC 104/1 and falling number according to ICC
107/1. According to previously studies [15] it seems that the incorporation of tomato pomace in wheat
flour up to 10% level did not have a negative effect on the acceptability of bread. Also, according to
Carlson et al. [34], from the technological point of view, high levels of 20% tomato seed flour addition
in wheat flour increased loaf volume of bread. However, higher levels such as 25% tomato pomace
addition in wheat flour presented a negative effect on the flavor quality of bakery products as Bhat and
Ahsan [30] reported.

2.3. Evaluation of Wheat-Tomato Seed Composite Flours on Mixolab Dough Rheological Properties

The Mixolab device (Chopin, Tripette et Renaud, Paris, France) was used to analyze the mixing
and pasting behavior of wheat-tomato seed composite flours according to ICC standard method
No.173. The tests were made for each sample in order to achieve the optimum dough consistency
of 1.1 Nm. The evaluated parameters from the Mixolab curve were the water absorption capacity
(WA), dough development time (DT), dough stability (ST), minimum torque value corresponding to
the initial heating (C2), maximum torque value corresponding to the heating stage (C3), torque value
corresponding to the stability of hot starch paste (C4), torque value corresponding to the final starch
paste viscosity after cooling (C5) and the difference between Mixolab torques C1 and C2 (C1-2), C2 and
C3 (C3-2), C3 and C4 (C3-4), C4 and C5 (C5-4).
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2.4. Evaluation of Wheat-Tomato Seed Composite Flours on Rheological Properties

Oscillatory and creep and recovery tests were performed at 25 °C using a HAAKE MARS 40
rheometer (Termo-HAAKE, Karlsruhe, Germany) with non-serrated parallel plate geometry with a
diameter of 40 mm and a gap width of 2 mm.

The dough samples were prepared at optimum Farinograph water absorption by mixing until
full dough development by using a Brabender Farinograph®-E with a 300 g capacity (Brabender
OHG, Duisburg, Germany). The composite flour of 14% moisture basis was kept in the Farinograph
bowl and during mixing water was added from the burette to give a dough consistency of 500 BU.
Then, the sample prepared was placed between plates and rested for 5 min to allow relaxation and
temperature stabilization. The mechanical spectra were measured in a range of linear viscoelasticity, at
constant stress of 15 Pa, in frequency sweeps from 1 to 20 Hz. The range of linear viscoelasticity was
established based on the dependence of storage modulus (G”) and loss modulus (G”) on stress in the
region 0.01-100 Pa, at constant oscillation frequency of 1 Hz. The experimental data acquired were
described by the power model [37,38]:

’

G (w) =K -a" (1)

’”

G (w) =K’ " 3]

”

where: G’ is storage modulus (Pa), G” is loss modulus (Pa), w is angular frequency (rad/s), K’, K
(Pa-s™), n’, n” are experimental constants.

Creep-recovery tests were performed in the range of the linear viscoelasticity at constant stress of
50 Pa. The creep stage time was of 60 s, and the recovery stage was 180 s. The obtaining data of strain
as a function of time were expressed in the form of compliance using the following equation [39]:

J) =yt)o 3)

where ] (Pa™!) is compliance, y is the strain and o is the constant stress applied during the creep test
(Pa™1).

Experimental data from creep and recovery tests were analyzed by means of a compliance
rheological parameter and fitted to the parameter Burger model [40,41] using the Equation (4) for the
creep phase and Equation (5) for the recovery phase.

J() = Jco + Jem (1 = exp(=t/Ac)) + tuco “)

J(t) = Jimax — Jro — JrRm(1 = eXP(—t//\R)) ®)

where J;, (Pa™!) is the instantaneous compliance, Jj, (Pa™1) is the retarded elastic compliance or
viscoelastic compliance, ¢ (s) is the phase time, A; (s) is the retardation time, pic, (Pas) is the zero shear
viscosity and Jyuy (Pa~!) is the maximum creep compliance obtained at the end of the creep test. The
recovery compliance, J; (Pa‘l), evaluated where dough recovery reached equilibrium, is calculated
by the sum of Jg, and Jg,,. The relative elastic part of the maximum creep compliance, expressed as
percent recovery was determined using Equation (6) [42,43]:
R %) =
ecovery (%) = -100 (6)
]max
where: [y is the maximum creep compliance value in the creep phase for the 60 s, which corresponds
to the maximum deformation, and J, is the compliance value at the end of the recovery phase.
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2.5. Microstructure of Flour Composite Dough

Epifluorescence light microscopy (EFLM) was used to characterize the microstructure of wheat
flour dough with different levels of tomato seed flour addition. Dough microstructure was analyzed
using a Motic AE 31 inverted microscope (Motic, Optic Industrial Group, Xiamen, China) operated
by catadioptric objectives LWD PH 203 (N.A. 0.4). A thin portion was cut from the dough sample
and dipped in a fixing solution composed of 1% rhodamine B and 0.5% fluorescein (FITC) in
2-methoxyethanol obtained from Sigma-Aldrich, Germany for at least 1 h. Fluorescein and rhodamine
B was used as two fluorescent dyes specific for detecting starch and proteins in the dough samples.
Fluorescein detects starch and rhodamine B proteins from the dough system. The EFLM images were
analyzed using Image] (v. 1.45, National Institutes of Health, Bethesda, MD, USA) software according
to Peighambardoust et al. [44] and Codind and Mironeasa [45,46].

2.6. Statistical Analysis

The experimental data and fitting parameters of the employed models were statistically evaluated
by one-way analysis of variance (ANOVA) followed by the least significant difference (LSD) test at
significance level of 0.05 using SPSS software (trial version, IBM, Armonk, NY, USA). The goodness of
fit of the models was assessed using the corresponding determination coefficients (R?).

3. Results and Discussions

3.1. Flour Characteristics

The analytical characteristics of wheat flour samples were as following: 8.00 mm gluten
deformation index, 58.50-62.90% water absorption, 14.50% moisture, 33.00% wet gluten and 0.65%
ash content. According to the wheat flour analytical data these were of a very good quality for bread
making [47]. The wheat flour used in our study presented high FN values (445 s) indicating that they
had a low « amylase activity.

The tomato seed flour presented the following chemical characteristics (dry basis): 6.94/100g
moisture content, 29.50/100g protein content, 19.50/100g fat content and 3.92/100g ash content.
According to the data obtained, the tomato seed flour was rich in fat and proteins, these values being
in agreement with those reported by Mechmeche et al. [25] and Del Valle et al. [9] for tomato seeds.

3.2. Wheat-Tomato Seed Composite Flours Physicochemical Characteristics

The physicochemical characteristics of the wheat-tomato seed composite flours are shown in
Table 1. As it may be seen in the composite flours the fat, protein and ash increased with the increase
of tomato seed flour addition level whereas the moisture decreased. This was expectable due to the
fact that tomato seed flour has a higher amount of fat, proteins and ash and a lower moisture value
compared to wheat flour. For the samples in which 20% tomato seed flour was incorporated the values
of the fat and ash content were tripled and doubled compared to the control sample whereas the
protein content values increased by 27.5%.

The Falling Number (FN) values increased at an addition level up to 10% tomato seed after which
its values slightly decreased. This fact indicates that when high levels of TSF were added in wheat flour
the blend flour slurry viscosity began to decrease probably due to the decreased viscosity of the starch
amount from the samples. It is well known that the flour slurry given by the FN is inversely correlated
with o amylase activity [48]. Atlow levels of TSF addition, the flour mixes viscosity increased and at
high levels it slightly decreased, leading to different FN values.
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Table 1. Physicochemical characteristics for the wheat-tomato seed composite flours.

Sample Protein (%)  Lipids (%) Ash (%) Mo(lozt)ure le;{ll::rg(s)
Control 1240 a 1.60 a 0.65a 14.50 a 445.00 a
(0.20) (0.10) (0.01) (0.30) (14.00)
TSF 5 13.25b 249b 0.80a 13.83 a 467.00 ab
- (0.19) (0.09) (0.00) (0.29) (14.00)
TSF 10 1411 ¢ 3.39¢ 097 a 13.47d 478.00 b
- (0.18) (0.09) (0.00) 0.27) (12.00)
TSF 15 14.96 d 4.28d 1.13a 1311 ¢ 445.00 a
- 0.17) (0.09) (0.00) (0.25) (15.00)
TSE 20 15.82 e 518e 1.30b 12.74b 434.00 ac
= (0.16) (0.08) (0.00) (0.24) (16.00)

Values in parentheses are standard deviations. 2°°d¢ Values with the same letter are not significantly different
according to the least significant difference (LSD) test (p < 0.05).

3.3. Influence of Tomato Seed Flour on Mixolab Dough Rheological Properties

The addition of tomato seed flour (TSF) to wheat flour dough decreased the water absorption
values (Table 2) which were 6.2% lower for the dough sample with 20% TSF addition compared to the
control. This decrease of the wheat-tomato seed composite flours water absorption may be attributed
to the decrease of the gluten content in the blends, which needs less hydration as a result of TSF
incorporation, which is gluten free flour [49]. Also, lipids from TSF may partially coat the starch
granules and gluten proteins, decreasing the water absorption during mixing [50]. In the mixing
stage, both Mixolab parameters dough development time (DT) and stability (ST) increased for the
TSF addition up to 20% and 10% respectively. Contrary, a decrease of the farinograph parameters,
dough development and stability was reported by Majzoobi et al. [51]. The increase of DT and ST
was significant (p < 0.05) and may be attributed to the TSF capacity of foaming and emulsifying
properties [5]. This will favor the foaming and emulsifying activity of proteins from the dough system,
leading to a more stable three-dimensional network structure [52]. The TSF contains a high amount of
lipids which interact with proteins and starch. These interactions are facilitated by TSF emulsifying
capacity which can bridge the lipids to the gluten proteins or to the starch granules helping the dough
to become more stable and structured [53]. However, at levels higher than 10% TSF addition to wheat
flour the ST started to decrease probably due to the gluten dilution from the dough system. Compared
to the control sample, the dough weakening was insignificant since for all the samples with TSF
addition the ST values were higher.

Table 2. Water absorption and Mixolab parameters of tomato seed-wheat flour blends.

ST DT C2 C1-2 C3 C3-2 C4 C3-4 C5 C5-4
(min)  (min) (N-m) (N-m) (N-m) (N-m) N-m) (N-m) (N-m) (N-m)

60.70a 853a 3.85a 049a 060a 1.82a 133a 155a 027a 236a 08la

Sample WA (%)

Control "0y (01) (062 (002 (0.02) (007) (006 (0.09 (0.02) (0.06)  (0.03)
tep 5 5920e  873e 398d 054b 064b 173d 119d 159d 0lic 281b 122D
=002 (002 (0.03) (0.03) (003 (0.06) (0.03) (0.07) (0.02) (0.05)  (0.02)
Top 10 5850d 918D 405c 055b 062c 167c ll2c 157d 010b 278b 121b
=Y 2200 (002) (005 (0.03) (0.01) (0.02) (0.01) (0.04) (0.02) (0.05  (0.01)
Top 15 5760c  908c 432b (053c 064b 15b 099b 135b 0.17c 257c 122b
= @200 (001) (017)  (0.02) (0.02) (0.05) (0.03) (0.03) (0.02) (0.05  (0.02)
Top op 5680b  890d  455b 053¢ 065b 150b 097b 140c 010b 253d 113c

(20)  (0.10) (0.01) (0.02) (0.01) (0.03) (0.01) (0.01) (0.02) (0.04)  (0.03)

WA, water absorption; Mixolab parameters: ST, stability; DT, development time; C3, C5, maximum consistency
during stage 3, stage 5; C2, C4, minimum consistency during stage 2, stage 4; C1-2, difference of the points C1 and
C2; C3-2, difference of the points C3 and C2; C3-4, difference of the points C4 and C3; C5-4, difference of the points
C5 and C4. Values in parentheses are standard deviations. abede Values with the same letter are not significantly
different according to the LSD test (p < 0.05).
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The Mixolab parameters related to protein weakening (C2 and difference between the points C1
and C2) were higher for the samples in which tomato seed flour was incorporated (Table 2). These
results indicated the fact that dough samples with TSF were stronger than the control sample. However
at high levels of TSF addition the C2 value slightly decreased compared to the control sample, probably
due to the high gluten dilution of the composite flours.

Tomato seed proteins contain high levels of the globulin fraction [54] which during heating might
expose hydrophobic groups which can generate some interaction between proteins, leading to their
aggregation [55]. Also, during heating TSF proteins are capable of gel formation leading to a more
elastic dough with a more compact protein network [56] which can be breakdown less, a fact reflected
by the increased C2 values.

The Mixolab parameters (C3, C4, C5 and the difference between the points C2 and C3 (C3-2), C3
and C4 (C3-4), C4 and C5 (C5-4) are significantly related to the starch behavior during the different
heating and cooling phases [57]. The Mixolab C3 and C3-2 values are associated with the starch
gelatinization process. The decrease of these values with the increase level of TSF addition showed
that the gelatinization capacity of the dough samples decreased (Table 2). This may be attributed to
lower starch content from the wheat-tomato seeds composite flour samples. As the amount of TSF
in wheat flour increased, the non-starch component from the dough system decreased, leading to a
decrease of the dough viscosity when temperature increased above the starch gelatinization.

The C4 torque reflects the hot starch stability paste was slightly increased by 2.58% at levels up to
5% TSF (Table 2). The initial increase of C4 was an expectable one since this value is related to the
amylolitic activity from the dough system which decreased with the amount of increased TSF addition.
This fact leads to an increased dough viscosity and thus to an increase of the C4 value. Also, compared
to the control sample, the difference between C3 and C4 value (C3-4) presented lower values for the
samples with TSF addition, a fact that reflects a decrease of the starch degradation rate. This, along with
the C4 increase, indicates a more stable gel [58]. However, at high levels of TSF addition the C4 value
decreased, this value being 9.67% lower than of the control sample when 20% TSF was incorporated in
the dough system. These results may be associated to the protein denaturation from the TSF which
according to Sarkar et al. [55] are optimum in the temperature range of 80-90 °C. According to previous
reports [55] at the temperature of 87 °C the tomato seed protein showed significant denaturation
caused by its globular and non-globular protein components. The protein denaturation from TSF will
lead to changes in the dough system conformation of which viscosity begins to decrease. Also, by
its denaturation the TSF proteins lose their capacity to retain water. This can be retained in a higher
amount by the starch granules of which the gelatinization process becomes more complete, a fact that
may favor its amylolitic atacability.

For the dough samples in which TSF were added in wheat flour, C5 and the difference between
the C5 and C4 peaks (C5-4) presented higher values than for the control (Table 2). This fact indicated
that by TSF addition in wheat flour the degree of starch retrogradation increased. However, when high
levels of TSF were added, the C5 and C5-4 began to decrease probably due to the lipid content of the
TSF which may have interacted with starch and proteins from the dough system, favoring less starch
retrogradation [59].

3.4. Influence of Tomato Seed Flour on Dynamic Dough Rheological Properties

Figure 1 shows the mechanical spectra of dough samples formulated with TSF at different levels.
Both G’ and G” moduli values increased with the increase of TSF level addition in wheat flour. The
increase of the dynamic moduli can be due to the limited plasticization effect and to the TSF emulsifying
properties [5] and its lipids contents which favor gluten aggregation and gives rise to a more elastic
behavior [60]. The TSF proteins are not similar to the gluten proteins and thus by TSF addition the G”
values also increased indicating a more viscous behavior of the dough samples, probably due to the
dilution effect on gluten proteins. A similar trend for the dynamic moduli was also found when wheat
flour was substituted with grape seeds flour [42]. However, for all the analyzed samples the G’/G”
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values were higher than 1, indicating a solid elastic-like behavior of dough [61] with and without TSF
addition in wheat flour.
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Figure 1. Mechanical spectra of control dough (C) and dough samples with different levels (5%, 10%,
15% and 20%) of tomato seeds flour (TSF). Presented data are mean values.

The parameters for power-law equations which were used to describe the dependence of moduli
on the oscillation frequency are shown in Table 3. As it may be seen, the dependency of G and G”
dynamic moduli on the oscillation frequency was well modeled by Equations (1,2) in the range of
tested frequency from 1 to 20 Hz. The coefficient of determination (R?) values was higher than 0.999
and 0.960 for G” and G”, respectively, showing that the power law model was adequate in modeling
the viscoelastic properties of dough samples. The obtained values of K’, K”, n” and n” parameters
adequate to G" and G” are shown in Table 3.

Table 3. Parameters of power law models, Equations (1,2) describing the dependence of storage (G’)
and loss (G”) moduli on the frequency.

s G =K-o" G"=K"w"
ample
K’ (Pas™) n’ K” (Pas"") n”

Control 65,707.45 a 0.168 a 21,489.72 a 0.196 a
(7373.07) (0.008) (3403.12) (0.008)
TSE 5 73,158.88 a 0.167 a 22,721.65 a 0.199 a
- (3875.74) (0.001) (439.82) (0.001)
TSF 10 73,711.68 a 0172 a 23,469.96 a 0.197 a
- (2893.63) (0.004) (2119.38) (0.005)
TSE 15 77,350.93 b 0.177 c 24,470.72 a 0.205b
- (2412.14) (0.002) (1762.34) (0.003)
TSF_20 85,702.71 ¢ 0.182b 26,867.43 b 0.198 a
(7512.53) (0.002) (2610.38) (0.004)

Values in parentheses are standard deviations. abe Values with the same letter are not significantly different
according to the LSD test (p < 0.05).

The values of K and K” increased with the increase of TSF addition level in wheat flour. Significant
increases (p < 0.05) were noticed especially between the control sample and samples in which 15% and
20% TSF were incorporated. The highest values of K" and K” were obtained for the dough sample with
the highest level of TSF addition in wheat flour. The results obtained indicated that the TSF addition
led to a stronger dough compared to the control sample. This effect on the viscoelastic properties can
be related to the TSF emulsifying properties which act as a filler in the dough viscoelastic matrix [62]
causing strong bonds which lead to higher modulus values.

114



Foods 2019, 8, 626

The results obtained for the G’ slope represented by n” presented lower values than n” for the
G” slope (Table 3). The TSF addition in wheat flour dough favors the binding of lipids from TSF to
gluten proteins by hydrophobic interactions during mixing. Also, due to the TSF emulsifying capacity
the gluten proteins charge decreased, favoring their aggregation, leading to an increase of the n” and
n” parameters values compared to the control sample. The additional level of TSF had a significant
effect (p < 0.05) on n” at level of 15% and 20%, while on n” only at the level of 15%. Proximate n" and n”
values (n" = 0.22-0.12; n” = 0.23-0.181) were found by Chouaibi et al. [63] for wheat flour dough with
commercial tomato products addition.

Figure 2 showed creep and recovery curves for wheat flour dough with different levels of TSF
addition in wheat flour. The replacement of wheat flour with TSF caused an increase of the deformation
compliance only for the sample with 15% TSF addition, as compared to control. The other blends
samples showed lower compliance values during the creep test, indicating lower deformability than
the control wheat flour dough. The lowest deformation compliance obtained for the sample with
20% TSF addition in wheat flour shows a lower deformability and therefore a stronger matrix for the
dough structure.
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Figure 2. Creep and recovery curves of control sample (C) and dough samples with different levels
(5%, 10%, 15% and 20%) of tomato seed flour (TSF). Presented data are mean values.

The experimental data of compliance were well adjusted (R? > 0.97) to the Burgers model,
Equations (4,5). The parameters of Burgers model are shown in Table 4. In general, the levels of TSF
addition exert a significant effect on the creep parameter values. The highest value of instantaneous
compliance was observed in the case of the control sample, indicating a more elastic nature and higher
recovery. An addition of TSF led to a decreased of |, except for the sample with 15% TSF which
showed a slightly increase of the instantaneous compliance. This increase can be related to a slight
firmness improvement of dough structure, in according to the result reported by Mis [64]. The highest
change on ], was found for the sample with 20% TSF, indicating a significantly (p < 0.05) decrease of
the instantaneous elasticity. In respect to the retardation times obtained for the creep and recovery
phase, the results showed that the TSF addition levels exhibit significance changes (p < 0.05) on A
parameter. The increase of A¢ values for the samples with levels higher than 5% TSF addition in wheat
flour is significant, showing that the retarded elastic creep took place more slowly. The decrease of Ag
values with the increase of TSF addition level in wheat flour to 15% and 20% showed that the retarded
elastic recovery took place more rapidly. A significant higher viscosity, tic, was found in the all samples
with TSF addition, except the sample when 15% TSF was incorporated in wheat flour, indicating a
higher dough resistance to flow deformability than the control sample. Therefore, the samples with
15% TSF addition in wheat flour presented lower opposition to deformation than the dough samples
with 5%, 10% and 20% TSEF. This behavior is correlated to the maximum creep compliance value (9.41)
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obtained for sample with 15% TSE. Compared to other samples with TSF addition, this effect can be
related to the gluten dilution in dough. The decrease of gluten proteins by TSF addition at constant
stress led to an increase of creep compliance, whereas the elastic contribution decreased [65].

Table 4. Parameters of Burger’s model.

Sample Creep Phase Recovery Phase

Jeo 10° Jow10° ) o o 1076 S 1% Jro 100 Jree 107 o0 107 ]/ fax

(Pal)  (Pa’}) c (Pa-s) (Pal) (Pal)  (Pa}) R (pal) (%)
Control 250 813a  3697a 148a 9.13a 230a 390a  3819a 620a 6798a
(0.16) (0.04) (0.48) (0.01) (0.33) (0.20) (0.29) (347)  (010)  (3.50)
Top 5 245D 780b  36.60b 1.60 b 8.80d 2.62b 361b  3710b 622b  70.37a
- (0.03) (1.07) (2.93) (0.24) (0.61) (1.28) (0.45) (9.63)  (0.83)  (4.55)
ToF 10 232 769¢c  37.95¢ 154¢ 851a 242e 360a  39.11c  60la 70.66a
- (0.12) (0.64) (0.21) (0.14) (0.54) (0.16) (0.54) 474 (039)  (0.14)
toF 15 25lc 864d  3856e 145e 9.41b 3.32¢ 349a  3602d 68lc 7227a
- (0.36) (1.24) (0.96) (0.22) (1.32) (0.28) (0.74) (3.66)  (1.02)  (0.70)
Top o0 204d 84le  4254d 154d 848 ¢ 451d 232¢  2248e 683d 79.56a
- (0.15) (1.60) (3.33) (0.26) (1.27) (2.04) (045)  (1721)  (1.59)  (6.89)

Values in parentheses are standard deviations. abede Values with the same letter are not significantly different
according to the LSD test (p < 0.05).

The recovery data obtained (Table 4) shows the elasticity variation of dough samples with TSF
addition at different levels to wheat flour. The level of TSF has a significant influence (p < 0.05) on
the instantaneous recovery compliance and the retardation time, but not on the recovery parameter
(J/limax)- The control dough showed the lowest elasticity. The highest elasticity was found in the sample
with 20% TSF addition, which could be associated with its higher [, value. A higher compliance
elasticity during recovery suggested higher recoverable energy stored by a more cross-linked gluten
than the control sample. This fact may be due to the increased aggregation between gluten proteins in
the dough system with TSF addition [66]. Among samples with TSE, the highest elasticity was found
for the samples in which 15% and 20% TSF were incorporated in wheat flour.

3.5. Influence of Tomato Seed on Dough Microstructure

Dough samples with different levels of tomato seed flour addition were analyzed with EFLM
(Figure 3A-E). All the samples were labeled with a solution of 1% rhodamine B and 0.5% fluorescein
(FITC) in 2-methoxyethanol. In a dough system rhodamine B will label protein in red and FITC will
label starch in green. Figure 3A shows a dough sample without tomato seed flour addition. In this
sample, the presence of a very high amount of starch granules that were connected to the protein
network which was squeezed in the starch matrix was observed. Comparing the structure images
obtained for the dough samples with different levels of tomato seed addition a significant difference
may be seen between the amount of starch granules and protein. When the level of tomato seed
addition increased in wheat flour a less green area was seen and a more red area was present in the
dough system (Figure 3B-E). This fact indicated that the starch granules became fewer and the protein
content higher. Taking into account that tomato seeds present more than double the amount of proteins
compared to wheat flour, it was expectable that the starch content began to decrease and the protein to
increase from the dough matrix with the increase of tomato seed level addition. When low levels of
tomato seed flour were incorporated in the dough system the starch granules were glued together in
the matrix.
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Figure 3. Microstructure taken by epifluorescence light microscopy (EFLM) of wheat dough with
tomato seed flour (TSF) at different levels: 0% (A), 5% (B), 10% (C), 15% (D) and 20% (E). Green, starch
granules; red, protein.

At high levels of tomato seed flour addition the starch granules appeared separated surrounded
by the protein network. However, all the samples analyzed seemed to be homogeneous, with no black
regions in the matrix, meaning that the dough did not become too weak even when higher levels
of tomato seeds were incorporated. The results obtained from EFLM were in accordance with the
rheological data. Even if the wheat flour substitution level with TSF was of 20% the Mixolab stability
of the dough system was higher than the stability of the control samples whereas the both moduli
values G" and G” increased with the level of TSF addition increase indicating that dough with TSF was
a stronger and compact one.

4. Conclusions

In conclusion, the wheat-tomato seed composite flours parameters analyzed, namely protein, fat
and ash, increased with the level of tomato seed addition increase in wheat flour, indicating the fact
that bread with TSF will present a higher nutritional and energetic value for consumers. According
to the rheological data, all the dough samples with TSF addition were more stable and strengthened
compared to the control sample presenting higher values for dough stability and development time.
This fact indicates to the bakers that the dough with TSF addition presents a higher capacity to keep its
shape during proofing and therefore, it may be fermented for a longer period of time. Also, dough
with TSF addition will present a higher ability to retain the gas formed during the fermentation
process, a fact that will influence bread porosity. The higher dough strength for the samples with
TSF indicated that the bread obtained presented a more firm texture. Regarding the mixing behavior
for the dough samples with TSF addition, it seemed that according to the Mixolab data the bakers
should mix the composite flour for a longer period of time and must introduce less water amount
in order to obtain an optimum dough consistency. At high levels of TSF addition in wheat flour, all
the Mixolab parameters torques related to the starch behavior (C3, C4, C5) decreased probably due
to the decrease of the starch content from the wheat-tomato seed flour samples. At low levels of
addition, TSF seemed to integrate very well into the dough system increasing its starch stability paste.
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Also, the FN increased when low levels of TSF were incorporated and decreased when high levels
of TSF were added in dough samples. This, along with starch behavior recorded with the Mixolab
device, showed that the addition of « amylase may be recommended for wheat flour with high FN
values without affecting in a negatively way the dough stability, a fact that will lead to good bakery
products quality. It must been mention that when high levels of TSF were added the C5 and C5-4
begin to decrease, favoring less starch retrogradation, indicating the fact that bakery products obtained
with TSF addition will present a higher shelf life than the control sample. The dynamic rheological
data showed that with the increase of TSF addition level in wheat flour the dough samples presented
higher viscoelastic solid properties. Creep-recovery tests showed that TSF addition in wheat flour
led to dough with higher resistance to deformation, smaller creep strain values and higher recovery,
indicating stronger dough with greater elasticity. This indicated that during the technological process
the dough samples with TSF addition presented the capability to maintain their form, a fact that will
create the possibility to prolong the fermentation phase due to a higher ability to retain the gas formed
during this process. Also, after baking the bakery products may present higher loaf volumes and
porosity due to the fact that by prolonging the fermentation process the amount of the gas released will
increase and may be retained by the dough system due to it high elasticity. The results obtained from
EFLM were in accordance with the rheological data. All the analyzed samples were homogeneous,
with a compact dough matrix, showing that the dough samples were strong even when high levels of
TSF were incorporated. According to the data obtained, we concluded that tomato seed, as a whole
flour form, can be used in bread making by blending with wheat flour even at high levels of up to 20%,
as an alternative for developing new bakery products. The TSF addition increased the dough strength
which makes us recommend its use for wheat flour of a good quality for bread making with a high
content of wet gluten. In the case of its addition in wheat flour with high FN values we recommend
the addition of « amylase in the dough system, a fact that will increase the amount of the gas formed
in the dough system, gas that dough with TSF addition is capable of retaining.
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