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Semolina pasta with improved nutritional properties is increasingly demanded by
consumers. High protein content and low starch digestibility are features desired for a
functional pasta. In this work, amaranth flour was used for 50% supplementation of
semolina in pasta preparation. Raw amaranth flour increased protein from 11.7 g/100 g to
about 14.0 g/100, dietary fiber from 6.8 g/100 g to about 8.0–10.0 g/100 g. However, raw
amaranth flour deteriorated the texture of cooked pasta by increasing hardness from 15.7
to 52.8 N and reducing cohesiveness from 0.71 to 0.55. Pregelatinizations at 50 and 100%
were explored to reduce the adverse effects of raw amaranth flour. The gelatinized
amaranth flour mimicked the texture of semolina pasta, although cooking loss
increased from 3.3 g/100 g to about 9.2 g/100 g, and the water absorption showed a
marked reduction from 116.4% to about 80.0–84.0%. The in vitro starch digestibility was
similar for pasta made with semolina and pasta containing pregelatinized starch, although
digestibility decreased from 95 to 85% for raw amaranth flour. Overall, the results showed
that amaranth flour offered advantages and drawbacks for the formulation of pasta with
improved nutritional features.
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INTRODUCTION

The formulation and characterization of functional foods have been a growing field in academic
research and industrial production. An increasing number of consumers are demanding food
products with health benefits. Functional ingredients in food products include dietary fiber,
prebiotics and probiotics, antioxidant compounds and vitamins. The challenge to producing
functional foods is to achieve sensory, texture, and cooking quality that are similar to traditional
food (Alongi and Anese, 2021).

Pasta is consumed in practically all world regions, is easy to produce and prepare and relatively
inexpensive. Pasta formulation offers flexibility for supplementation to increase protein content
(Jayawardena et al., 2018), dietary fiber (Tudoricǎ et al., 2002), or antioxidant capacity (Laus et al.,
2017). Dehulled pulses (e.g., lentils and peas) are important sources of protein supplementation for
pasta (Bresciani et al., 2021). Oat, wheat and rice brans are commonly used to improve soluble fiber
content (Krishnan et al., 2012). Polyphenols from different sources are increasingly incorporated in
commercial pasta formulations (Turco et al., 2019). However, the use of non-wheat ingredients
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commonly yields pasta with undesired characteristics, including
disrupted texture and sensorial attributes. On the other hand, the
surge of consumers with healthy (e.g., natural ingredients) and
socio-ecological (non-animal ingredients) demands triggered the
research on new pasta formulations. In particular, pulses offer
certain economical and dietary advantages, since these flours have
been explored for the management of diabetes (Ramdath et al.,
2016). Reports have shown that pasta produced from amaranth
flour exhibits decreased texture firmness and cooking time, while
pasta from quinoa mainly shows an increased cooking loss
(Schoenlechner et al., 2010). Amaranth has high protein with
essential amino acids and waxy type starch with small granule
size, which can confer specific characteristics to foods (pasta,
bakery products, snacks, etc.) in the form of pregelatinized
ingredients (Garcia-Valle et al., 2021). Green banana flour is a
by-product that has been proposed for improving pasta quality
and nutritional properties (Garcia-Valle et al., 2021). The high
protein content of the chickpea flour (21.73 g/100 g) is
advantageous to improve the nutrition characteristic of
semolina pasta. The addition of chickpea flour in the
formulation led to reduced in vitro starch digestibility as a
consequence of the high protein and dietary fiber content.
Interactions of dietary fiber with starch (Zheng et al., 2016)
and inhibition of α-amylase by cellulose (Dhital et al., 2015)
are potential mechanisms involved in decreased starch
digestibility. Pregelatinization by extrusion was used for
conditioning mango flour to improve texture and starch
digestibility in pasta formulations (Garcia-Valle et al., 2021).
Yellow lentil flour was subjected to extrusion-cooking to
obtain pasta with improved texture (Bresciani et al., 2021).

Non-conventional flours offer nutritional advantages over
traditional cereal flour. For instance, pulses are relatively
inexpensive and commonly contain large amounts of proteins.
However, the preparation of pasta incorporating non-
conventional wheat flour commonly results in texture
problems. Hydrocolloids (e.g., gums) have been used in
combination with non-conventional flours to fix the texture
requirements for pasta (Chauhan et al., 2017). However,
hydrocolloids might increase pasta fabrication costs and add
undesired sensorial attributes. Partial or total gelatinized flours
are ad hoc alternatives for hydrocolloids (Bento et al., 2021). Pasta
prepared with gelatinized flour exhibited optimal cooking time as
well as high protein and dietary fiber contents. Motivated by the
aforementioned reports, the present study aimed to evaluate the
gelatinization degree (50 and 100%) of amaranth flour in the
structuration of the pasta and its effect on the texture and in vitro
starch digestion. Semolina pasta and pasta with raw amaranth
flour were used as control.

MATERIALS AND METHODS

Materials
Wheat flour (Triticum durum) was obtained from San Blas
Milling Co. (Puebla, Mexico). Amaranth grains were collected
in an experimental crop field in Central Mexico (Texcoco, Estado
de México, México). Amaranth grains were milled and sieved at

40 mesh. The different chemical reagents were purchased at JT
Baker (Avantor Performance Materials, Center Valley, PA, Unite
States), Sigma Aldrich (Sigma Chemical Co., St Louis MO, USA),
and Fermont (Productos Químicos Monterrey, Monterrey,
México).

Flour Extrusion
Amaranth flour was extruded with a single screw-extruded
(Beutelspacher, CDMX, Mexico) at a constant rotation rate of
75 rpm. Before extrusion, flour was conditioned for 18 h with a
water content of 35% (base of dry flour) in a plastic bag. Two
constant temperatures were used in the three zones of the
extruder (first zone of the barrel, blend zone, and end zone):
50 and 80 °C. Two batches were prepared for each sample. After
extrusion, the pellets were milled and sieved (mesh 40, mean
particle size 0.042 cm). Two degrees of flour gelatinization of 50%
(E50) and 100% (E100) were used for pasta preparation.

Pasta Formulation and Processing
Pasta formulations consisted of blends of durum wheat semolina
and amaranth flours: S100 denotes 100% semolina, S50-A50
denotes 50% semolina and 50% amaranth flour, S50-E50
denotes 50% semolina and 50% amaranth flour with 50%
gelatinization, and S50-E100 denotes 50% semolina and 50%
amaranth flour with 100% of gelatinization. Sheeting was carried
out with a manual Pasta & Co. machine (Metaltex Molsheim,
France). Afterward, the pasta formulations were dried at 45°C for
4 h in an oven under a relative humidity of about 40% (Biotecnica
del Bajio S.A. de C.V., Celaya, Mexico). The pasta formulation
was stored at 25 ± 2°C in sealed plastic containers until further
analysis.

Chemical Composition
Moisture, ash, fat and protein (N × 6.25) contents were
determined according to AACC Method 44–15, 08–01, 30–25,
and 46–13, respectively (AACC, 2010). Total starch was
measured according to AACC method 76.13 (AACC, 2010)
using a total starch analysis kit from Megazyme (Wicklow,
Ireland). Total dietary fiber (TDF) was assessed for cooked
samples at the optimum cooking time, using two different
methods: 1) Method AACC 2000 32–05, which quantifies the
indigestible material after heat treatment of the food sample
(i.e., non-starch polysaccharides), and 2) enzyme-based
method proposed by McCleary (McCleary, 2007), which
allows total resistant starch fractions to remain associated to
the TDF (non-starch polysaccharides) residues, under conditions
that resemble the physiological behavior. All analyses were
performed in triplicate.

Thermal Properties
The gelatinization degree (DG) of raw pasta was performed with
differential scanning calorimetry (DSC). Approx. 2.0 mg sample
and 7 µL of deionized water were equilibrated for 12 h at room
temperature in a DSC pan, and subjected to the heating ramp for
the range 20–120°C at a heating rate of 10°C/min in a DSC model
2010 (TA Instrument, New Castle, NJ). The temperature of the
phase transition and enthalpy (area under the phase transition
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curve) were calculated with the software of the equipment. The
degree of gelatinization (DG) was calculated as:

DG � Entalpy of the rawpasta − Enthalpy of the cookedpasta

Enthalpy of the rawpasta
× 100

(1)

Cooking Quality
The cooking quality (optimum cooking time and cooking loss)
of the pasta formulations was assessed according to AACC
2000 66–50 method (AACC, 2010). The water absorption
was determined for 10 g of pasta sample (cut into 5 cm long
pieces), and cooked in 300 ml at optimum cooking time. The
pasta was then drained and rinsed with 20 ml of distilled water
at room temperature for 2 min. The sample was weighed after
reaching temperature. The water absorption was determined as
follows:

Water absorption � Weight of cooked drained pasta −Weight of rawpasta

Weight of rawpasta

(2)

Texture Analysis
Two batches of each pasta formulation were cooked at boiling
temperature for optimum cooking time. Five subsamples were
used for texture profile analysis (TPA) using the texture analyzer
(Brookfield CT3, Middleboro, MA 02346–1031) within 5 min
after cooking. The measurements were carried out with a
cylindrical probe (TA 4/1000, DD 38.1 mm, L 20 mm) and
10 kg load cell. The samples were compressed to 75% of their
original height. The determining variables were pasta hardness,
adhesiveness, cohesiveness, elasticity, and chewiness. TexturePro
CT software was used to record the data and estimate the texture
parameters.

In vitro Starch Digestibility
The in vitro starch digestibility was determined according to the
procedure described by Bello-Pérez et al. (Bello-Perez et al.,
2019), where starch digestion was carried out from the mouth
to the small intestine. Results were presented as a percentage of
digested on a dry basis.

Statistical Analysis
Results were reported as the mean ± standard error. Data
were analyzed by one-way analysis variance (ANOVA) (p <
0.05) followed by LSD multiple comparison procedure to
determine significant differences among samples (SPSS v. 20
IBM, NY).

RESULTS AND DISCUSSION

Chemical Composition
Pasta made with semolina-amaranth flour blends contained
reduced moisture contents (4.0–4.7 g/100 g) relative to the pasta
made with semolina (6.6 g/100 g). The differences can be attributed
to the reduced gluten content in pasta containing amaranth flour.

Gluten exhibits a marked capacity for water retention, providing
pasta with enhanced elasticity (Almutawah et al., 2007). Protein,
ash and fat contents increased for pasta supplemented with
amaranth flour, and the increase was not dependent on
whether the flour was gelatinized or not. The increase of such
fractions is linked to the high contents in amaranth flour, posing
this flour as a suitable ingredient to increase the nutritional
characteristics of pasta. On the other hand, the total starch
content showed an important decrease from about 65.0 g/100 g
for semolina pasta to about 55.0 g/100 g for pasta with amaranth
flour. Decreased starch content is an important issue given the
metabolic syndrome problems related to high ingesta of digestible
carbohydrates (Regalado-Rentería et al., 2020). Dietary fiber
showed an important increase caused by the non-starch
components of the amaranth flour (Tamsen et al., 2018). It
should be recalled that the method AACC 200 32–05
determines total dietary fiber (non-starch polysaccharides), but
resistant starch (fraction of the dietary fiber) is not quantified. The
second method determines both non-starch polysaccharides and
resistant starch. Hence, the results in Table 1 indicated that the
pasta contains resistant starch that acted as dietary fiber.

Cooking Quality
The optimum cooking time of semolina pasta was about 16.6 min
and decreased with the addition of the amaranth flour (Table 2).
Gelatinization reduced the optimum cooking time to about
10–12 min, which was an expected result given the
preconditioned structure of pasta with gelatinized starch. The
optimum cooking time agrees well with the values reported by
Yalcin and Basman (Yalcin and Basman, 2008) for gluten-free
corn noodles prepared with different proportions of gelatinized
starch. The cooking time reduction was accompanied by a
negative effect as reflected by the increased levels of cooking
loss, which increased from about 3.3 g/100 g for semolina pasta to
about 9.2 g/100 g for pasta made with gelatinized flour.

The cooking loss parameter reflects the solids that were
leached in the cooking process. It is an index of the resistance
to disintegration during pasta cooking (Table 2). The cooking
loss of semolina pasta was about 3.3 g/100 g, and increased to
9.2 g/100 g for pasta containing gelatinized amaranth flour. This
pattern is related to short chains present in amaranth starch
(Paredes-López et al., 1994) that were disorganized during the
extrusion (partial or complete gelatinization) and during cooking.
The absence of a gluten network to entrap the pasta components
(e.g., proteins and starch) and the availability of amylose chains
by the gelatinization process led to pasta with high losses during
cooking (Marti and Pagani, 2013). These results agree with
Larrosa et al. (Larrosa et al., 2016), who found that gluten-free
pasta exhibited high cooking loss values as a consequence of the
lack of a robust network to stabilize the pasta structure in the
cooking process. The water absorption capacity was negatively
correlated (Pearson correlation = −0.96, p < 0.03) with the
cooking loss. Gluten is hydrated to form a stabilizing network
with a high capacity for water retention (Roccia et al., 2009). The
reduced or even lack of gluten fraction in a pasta formulation
weakened the structure, leading to a poor capacity of water
retention during cooking.
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The addition of amaranth flour produced pasta with reduced
width and thickness dimensions. This effect is probably due to the
reduced water retention capacity of pasta with lowered gluten
content. However, the effect was not visible for the width of
cooked pasta where the dimension differences were not
statistically significant (p < 0.05). In contrast, the thickness
was higher for pasta containing gelatinized flour. The amylose
released in the gelatinization process produced a pasta structure
with the capacity of retaining water during the cooking process.

Texture
Cooked semolina pasta (S100) and cooked pasta containing
gelatinized flour (S50-E50 and S50-E100) exhibited similar
hardness values (13.0–15.0 N), although the latter pasta with
slightly smaller values (Table 3). In contrast, the hardness of
cooked pasta containing non-gelatinized amaranth flour (S50-
A50) was markedly high (52.8 N). Probably, the native starch
granules of the amaranth flour (small size and high amylopectin
content) induced the increased hardness value of the cooked
pasta. This effect was reflected in adhesiveness, which was the
smallest value for semolina pasta (0.07 N-s), increased for pasta
containing gelatinized flour (0.43–0.62 N.s) and achieved the
highest value (2.04 N.s) for pasta with non-gelatinized flour.
Chewiness showed a similar trend. In contrast, cohesiveness
and elasticity were only slightly affected by the addition of
amaranth flour. In particular, the amaranth flour addition
reduced the pasta elasticity, an effect that can be ascribed to
the reduced gluten content. Schoenlechner et al. (Schoenlechner
et al., 2010) reported that the reduced firmness of amaranth pasta
may be attributed to the lack of gluten, which led to a weak

structural matrix. They used casein and egg protein to
supplement gluten and improve pasta texture. The results in
Table 3 showed that pregelatinized flour improved some texture
features (e.g., hardness and elasticity), while maintaining the
reduced gluten content.

Thermal Properties
Figure 1. a illustrates the thermal flow patterns for the different
pasta formulations. Three endothermic peaks were obtained,
which can be attributed as follows (Table 4). The first peak at
the lowest peak temperatures of 63–65°C reflects the denaturation
of the gluten (Falcão-Rodrigues et al., 2005) and the proteins
contained in the amaranth flour (Martínez and Añón, 1996). The
second peak located at about 74.5–77.0°C can be linked to starch
gelatinization, whereas the peak at the highest temperature of
85.0–99.0°C to amylose-lipid complexes (Biliaderis et al., 1985).
Figure 1. b shows the thermal flow pattern of the different pasta
formulations. Except for the semolina pasta S100, the pasta
formulations containing amaranth flour exhibited the three
endothermic peaks illustrated in Figure 1. a. The onset and
peak denaturation temperatures showed a slight increase with
the addition of the amaranth flour. However, the denaturation
enthalpy showed an important decrease from 7.9 J/g for S100 to
0.9 J/g for S50-E100. This suggests that gluten from semolina
interacted with proteins to form a weak matrix with lowered
ability to retain water (Table 2). As expected, the addition of
gelatinized amaranth flour led to a decrease in the gelatinization
enthalpy. Also, the gelatinized amaranth flour produced pasta
with a reduced content of amylose-lipid inclusion complexes, as
revealed by the reduced enthalpy of the thirst endothermic peak.

TABLE 1 | Proximate analysis of raw pasta made with wheat semolina and amaranth flours.

Sample Moisture (g/100 g) Protein (g/100 g) Ash (g/100 g) Fat (g/100 g) Total starch (g/100 g) Dietary fiber (AACC)
(g/100 g)

Dietary fiber (McCleary,
16 h)* (g/100 g)

S100 6.6 ± 0.2a 11.7 ± 0.2a 1.1 ± 0.03a 0.88 ± 0.02a 64.73 ± 1.3a 5.78 ± 0.04a 6.56 ± 0.85a

S50-A50 4.6 ± 0.1b 13.7 ± 0.2b 2.2 ± 0.03b 2.80 ± 0.27b 56.01 ± 0.72b 7.43 ± 0.25b 7.99 ± 0.13b

S50-E50 4.7 ± 0.1b 13.8 ± 0.1b 2.3 ± 0.1b 2.47 ± 0.12b 54.57 ± 0.83c 6.93 ± 0.08c 9.64 ± 0.14c

S50-
E100

4.0 ± 0.1c 13.9 ± 0.1b 2.2 ± 0.01b 2.26 ± 0.07c 55.27 ± 1.04b,c 7.42 ± 0.21b 9.35 ± 0.93c

Values are reported as means ± standard error. Column with different lower-case letters in columns indicate significant differences (p < 0.05). The letter “Sx” denote the percentage of
semolina content. “Ax” denote the amaranth flour content. “Ex” denote the extruded amaranth flour content. * cooked pasta.

TABLE 2 | Cooking quality of pasta made with wheat semolina and amaranth flours.

Sample Optimum cooking
time (min)

Cooking loss
(g/100 g)

Water absorption
(%)

Raw pasta
dimensions (mm)

Cooked pasta
dimensions (mm)

S100 16.6 ± 0.6a 3.3 ± 0.9a 116. 4 ± 4.1a W: 6.2 ± 0.3b W:7.3 ± 0.4a

T: 2.7 ± 0.4B T: 3.0 ± 0.2A

S50-A50 12.5 ± 0.4b 6.9 ± 1.0b 86.8 ± 0.3b W: 5.9 ± 0.2ab W:7.2 ± 0.1a

T: 2.1 ± 0.1A T: 2.9 ± 0.2A

S50-E50 11.8 ± 0.2c 9.2 ± 0.9c 84.2 ± 3.0c W: 5.6 ± 0.4a W: 7.1 ± 0.1a

T: 2.5 ± 0.3AB T: 3.6 ± 0.8B

S50-E100 10.0 ± 0.4d 9.2 ± 0.1c 80.2 ± 0.6d W: 5.8 ± 0.2a W:7.1 ± 0.5a

T: 2.4 ± 0.2A T: 3.4 ± 0.6B

Values are reported asmeans ± standard error. Values are reported asmeans ± standard error. Columnwith different letters in columns indicate significant differences (p < 0.05). The letter
“Sx” denote the percentage of semolina content. “Ax” denote the amaranth flour content. “Ex” denote the extruded amaranth flour content. W denote width, T denote thick of pastas.
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In vitro Digestibility
Figure 2 shows the digestograms of the cooked pasta. All cases
presented an initial fast starch hydrolysis rate, achieving starch
conversions of the order of 25–30%. For longer times, the
hydrolysis curves evolved in different directions with an
apparent slower hydrolysis rate. A log-of-slope (LOS) analysis
of the digestograms was carried out to verify the presence of two

phases in the starch hydrolysis kinetics. Figure 2 also shows the
LOS results where two-phase hydrolysis was exhibited. The slope
of the LOS plots corresponds to the starch hydrolysis rate
according to first-order kinetics. The enzymatic hydrolysis
transited from a fast rate for small times, up to 100 min, to a
slow rate for longer times. This means that the enzymatic
hydrolysis of starch in the pasta formulations did not follow a
uniform pattern, but rather it transited to a slower regimen at a
certain time (Butterworth et al., 2012). The transition might be
linked to changes in the pasta structure as a consequence of the
enzymatic action. For relatively short times, starch is highly
available for amylolytic enzyme binding. The advance in the
starch hydrolysis disrupted the pasta structure, dispersing the
starch chains in the aqueous dispersion and hardening the
interaction between the enzyme and the substrate. The results
in Figure 2 suggested that the digestograms can be fitted with a
double exponential function of the form

X(t) � X∞ + Afast exp(−kfastt) + Aslow exp(−kslowt) (3)
where X(t) is the starch conversion, X∞ is the limiting conversion
(i.e., for long times),Afast andAslow are constants, and kfast and kslow
are hydrolysis rates for the fast and slow phase, respectively. Since
X(t � 0) � 0, the constants should satisfy the constraint
X∞ + Afast + Aslow � 0. The continuous lines in Figure 2 depict
the least-squares fitting of the experimental data by Eq. (Alongi and
Anese, 2021). For all cases, the mean quadratic error is less than 5%.
The difference between the fast and slow hydrolysis rate constants
was one order of magnitude, showing a clear separation of the time
scales of the starch hydrolysis (Table 5). That is, the fast hydrolysis
takes place at time scales of the order of 80 min, whereas the slow
hydrolysis rate at time scales of the order of 800min. The pasta made
with non-gelatinized amaranth (S50-A50) starch presented the lower
values of both the fast and slow hydrolysis rates. In contrast, the pasta
formulations containing gelatinized amaranth flour exhibited higher
values of the estimated hydrolysis rates. These results could be
expected since the gelatinized starch is easier to hydrolyze than
granular starch (Biliaderis et al., 1985). The effect was also
reflected in the limiting starch conversion. The lowest value was
shown by the pasta S50-A50 (about 85.27%) and the highest value
(100%) by the pasta with the highest content of gelatinized amaranth
flour. Table 5 also shows the digestible starch fractions according to
the classification by Englyst et al. (Englyst et al., 1992). The pasta
made with non-gelatinized amaranth flour (S50-A50) presented the
lowest value of the rapidlñy digestible starch (RDS) fraction, although
the value was only slightly smaller than that presented by the pasta
made only with semolina (S100). The pasta formulation containing

TABLE 3 | Texture analysis of cooked pasta made with wheat semolina and amaranth flours.

Sample Hardness (N) Adhesiveness (N.s) Cohesiveness Elasticity Chewiness (N)

S100 15.7 ± 1.4a 0.07 ± 0.03a 0.71 ± 0.05a 0.73 ± 0.03a 8.74 ± 1.5a

S50-A50 52.8 ± 1.9b 2.04 ± 0.45b 0.55 ± 0.02b 0.61 ± 0.04a 21.64 ± 1.1b

S50-E50 13.2 ± 1.7c 0.62 ± 0.18c 0.62 ± 0.10a 0.63 ± 0.06b,a 5.23 ± 1.3c

S50-E100 14.2 ± 2.1a,c 0.43 ± 0.12c 0.61 ± 0.08a 0.62 ± 0.06b,a 6.14 ± 2.0c

Values are reported as means ± standard error. Column with different lower-case letters in columns indicate significant differences (p < 0.05). The letter “Sx” denote the percentage of
semolina content. “Ax” denote the amaranth flour content. “Ex” denote the extruded amaranth flour content.

FIGURE 1 | Differential scanning calorimetry (DSC) thermograms. (A)
Phase transitions. (B) DSC-traces of raw pastas.
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FIGURE 2 | LOS computations showing two hydrolysis time scales. (A) Cooked S100, (B) Cooked S50 A50. (C) S50-E50. (D) S50-E100.

TABLE 4 | Thermal properties of flours and raw pastas made with wheat semolina and amaranth flours.

Sample First peak (protein denaturation) Second peak (starch gelatinization) Third peak (starch-lipid complex)

To (°C) Tp (°C) Tc (°C) ΔH
(J/g)

To (°C) Tp (°C) Tc (°C) ΔH
(J/g)

To (°C) Tp (°C) Tc (°C) ΔH
(J/g)

S100 57.2 ±
0.4a

63.5 ±
0.5a

70.7 ±
0.2a

7.9 ±
0.3a

N/D N/D N/D N/D N/D N/D N/D N/D

S50-A50 59.7 ±
0.2a

64.6 ±
0.1a

68.9 ±
0.6a

1.8 ±
0.7a

72.0 ±
0.2b

76.9 ±
1.2b

81.0 ±
0.5b

6.0 ±
0.7b

91.9 ±
0.3a

98.9 ±
0.1a

106.7 ±
0.5a

2.2 ±
0.5a

S50-E50 58.8 ±
0.4b

63.5 ±
0.1b

67.9 ±
0.1b

1.7 ±
0.4a

69.0 ±
0.4c

73.2 ±
0.2c

78.3 ±
0.6c

3.8 ±
0.1c

89.9 ±
0.7b

95.1 ±
1.3b

105.9 ±
2.8a

1.9 ±
0.3a

S50-E100 61.2 ±
0.08c

65.2 ±
0.2c

70.9 ±
0.5c

0.9 ±
0.03b

73.0 ±
0.3d

76.2 ±
0.5b

80.7 ±
0.1b

2.9 ±
0.01d

81.0 ±
0.2c

85.4 ±
0.3c

90.6 ± 1.2b 0.6 ±
0.2c

Amaranth
Flour

N/D N/D N/D N/D 69.1 ±
0.1c

74.4 ±
0.6c

85.5 ±
1.1d

5.2 ±
0.1e

93.4 ±
1.5a

99.1 ±
0.6d

104.6 ±
0.2a

1.4 ±
0.2b

Values are reported as means ± standard error. Column with different lower-case letters in columns indicate significant differences (p < 0.05). The letter “Sx” denote the percentage of
semolina content. “Ax” denote the amaranth flour content. “Ex” denote the extruded amaranth flour content. To, onset temperature, Tp, peak temperature, Tc, conclusion temperature, ΔH,
phase transition enthalpy.
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100% of gelatinized flour showed the highest value of the RDS, which
can be attributed to the increased susceptibility of leached starch
chains to amylolytic enzymes. In the same way, this pasta exhibited
the lowest value of the resistant starch (RS) fraction, which is in line
with the highest value of the limiting starch conversion.

DISCUSSION

The use of non-traditional flours as innovative ingredients for
functional starchy food formulations has been a research and
commercial trend in the recent decade (Naqash et al., 2017). The
results of this work showed that amaranth flour is a visible
complement to improving the nutritional quality of semolina
pasta. Amaranth flour adds proteins and dietary fiber while
reducing the total starch content of pasta, which are
improvements over semolina pasta. However, the incorporation
of amaranth flour degraded the pasta texture, and possibly the
acceptability of consumers. Many studies have proposed to use of
different polysaccharides to compensate for the degradation of pasta
texture by non-conventional flours. For instance, Cai et al. (Cai et al.,
2016) used xanthan gum for improving the cohesiveness of rice
noodles. Feng et al. (Feng et al., 2020) studies chitosan, xanthan gum
and sodium alginate as texture supplements for pasta based on wet
sweet potato. The results showed that such polysaccharides
improved the texture and cooking properties of the pasta.
However, there is an increasing group of consumers preferring
food products without additives. The notion that natural and
traditional recipes are linked to a healthy food practice has
motivated the exploration of other alternatives to improve pasta
quality. The results of this work showed that gelatinized flour can
play the role of a texture improver to mimic the characteristics of
semolina pasta. Gelatinization had the drawback that the starch
digestibility might be increased. Besides texture improvement, pasta
additives should maintain or even reduce starch digestibility, a must
that should be considered in the face of the so-called metabolic
syndrome. Overall, the results reported in the present study are
motivating, althoughmore research is required to reduce the adverse
effects of gelatinized starch on pasta digestibility. The combination of
gelatinized flour with aminimal amount of polysaccharidesmight be
a way to obtain pasta with desired physicochemical, textural and
digestibility characteristics.

CONCLUSION

The addition of amaranth flour in the formulation of traditional
pasta based on semolina increased the nutritional characteristics.
Protein and dietary fiber increased by the supplementation of
semolina with amaranth flour. However, native amaranth flour
degraded the cooked pasta texture by increasing hardness and
reducing elasticity. Gelatinized amaranth flour was used instead
to alleviate the drawbacks of granular amaranth flour in texture,
leading to pasta that mimics the textural characteristics of
semolina pasta. However, gelatinized amaranth flour induced
undesired effects, such as increased cooking loss and in vitro
starch digestibility. Overall, gelatinized amaranth flour is a viable
ingredient to improve the nutritional characteristics of semolina
pasta, although its incorporation should be tuned to reduce the
adverse effects on cooking quality and starch digestibility. The
results of this work showed that amaranth flour with a partial
gelatinization degree might be used to obtain some nutritional
advantages while reducing adverse effects in texture and
digestibility.
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TABLE 5 | Kinetics constants and digestibility fractions of cooked pasta made with wheat semolina and amaranth flours.

Sample kfast ×
10−2 (min−1)

kslow ×
10−3 (min−1)

X∞ RDS (%) SDS (%) RS (%)

S100 1.2 ± 0.03a 2.0 ± 0.04a 93.03 ± 0.12a 35.05 ± 0.34a 36.54 ± 0.43a 28.41 ± 0.67a

S50-A50 1.1 ± 0.03a 1.3 ± 0.02b 85.27 ± 0.23b 33.79 ± 0.28b 30.12 ± 0.38b 36.09 ± 0.56b

S50-E50 1.2 ± 0.02a 1.9 ± 0.02a 95.37 ± 0.16c 35.75 ± 0.31a 36.56 ± 0.26a 27.69 ± 0.43a

S50-E100 1.6 ± 0.03b 2.5 ± 0.04c 100.0 ± 0.08d 37.68 ± 0.40c 37.33 ± 0.18a 24.99 ± 0.21c

Values are reported as means ± standard error. Column with different lower-case letters in columns indicate significant differences (p < 0.05).). The letter “Sx” denote the percentage of
semolina content. “Ax” denote the amaranth flour content. “Ex” denote the extruded amaranth flour content. kRDS denote kinetics constant for RDS, kSDS denote kinetics constant for SDS,
RDS denote rapidly digestible starch content, SDS denote slowly digestible starch content, RS denote resistant starch content.
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