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Introduction: This study aimed to investigate the effects of semolina
characteristics and pasta-making processing on the quality of durum wheat
spaghetti (A, B, and C) using a reverse engineering approach.

Methods: Proximate composition, color, granulometry, pasting and thermal
properties were determined to characterize semolina, while pasting, thermal
and cooking properties, microstructure and sensory profile were evaluated
for spaghetti.

Results and Discussion: The sensory profile of sample A, in terms of higher
yellowness and hardness, lower stickiness, agreed with the higher transition
temperatures (60.07–74.6 °C) and enthalpy of amylose-lipid complexes, degree
of starch gelatinization, pasting viscosities and compression force, lower water
absorption, cooking losses (4.78 g/100 g), and adhesiveness (0.39 N/mm).
Moreover, the microstructural analysis showed a network with denser areas,
and starch granules strongly embedded in the gluten matrix for sample A with
respect to samples B and C. These results might be ascribed to the semolina
characteristics. Sample A was richer in starch (71.4%), lipid (1.6%), and protein
(14.0%), and the higher drying temperatures affected protein crosslinking, starch
organization, cooking properties, and appearance of spaghetti. The approach
used in this study could be suitable in gathering the different phenomena
occurring in pasta production process which concur to give spaghetti its
distinctive quality.
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Highlights

• Reverse engineering approach was used to identify factors affecting pasta quality.
• Three commercial spaghetti were comparatively characterized.
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• Thermal, structural, sensorial properties were assessed to
discriminate spaghetti.

• Semolina composition and drying process were relevant in
determining pasta features.

1 Introduction

Pasta is one of the most consumed food product in the world,
standing out for its long shelf life, ease of preparation and nutritional
value (Lupu et al., 2023). Worldwide, about 14.0 million tons of pasta
are produced annually (Dello Russo et al., 2021; Bresciani et al., 2022),
with Italy representing the leading country with almost 4million tons of
pasta produced (Statista Global Consumer Survey, 2022). Pasta is an
excellent source of carbohydrates (starch), protein, fiber and contains a
low concentration of fat (Fuad and Prabhasankar, 2010). Several
investigations have reported that the structure of pasta, in which the
gluten protein network surrounds the starch granules, contributes to the
progressive release of sugars during digestion, reducing andmodulating
postprandial glycemia and the risk of esophageal cancer compared with
other cereal-based foods (Falciano et al., 2022; Lupu et al., 2023). In
addition, pasta can be used as a suitable carrier of bioactive compounds
promoting healthier lifestyles and keeping consumption habits almost
unchanged (Fares and Menga, 2012; Spinelli et al., 2019; Carpentieri
et al., 2022).

Among the raw materials used for pasta production, durum
wheat semolina is considered the best one due to its distinctive
yellow color, high protein and gluten content, and excellent
nutritional properties (Krawęcka et al., 2021; Bresciani et al., 2022).

Particle size distribution and proximate composition of
semolina represent the key factors affecting the quality of the
final product (Dimitrios, 2023).

In many countries such as Italy, France, and Greece, it is
mandatory by law that pasta should be produced solely from
100% durum wheat semolina. Indeed, durum wheat pasta has the
potential to exhibit good cooking and chewing quality even when
overcooked (Dimitrios, 2023).

Nevertheless, the formation of the resulting structure, which
is responsible for the peculiar sensorial and nutritional properties
of pasta, relates to the characteristics of the raw materials but also
to the steps involved in the transformation process (Bonomi
et al., 2012).

Although some structural modifications occur during the
extrusion step, due to starch damaging, most of the changes
occurring in pasta are due to the drying process. Given similar
raw materials, the extent of these modifications could be dependent
on drying temperature, which is the main processing variable
affecting the drying rate (De Noni and Pagani, 2010).

Traditionally pasta was dried at low temperature (LT, about
50°C), however high temperature (HT, about 70°C) and very high-
temperature (VHT, above 80°C) drying methods have been rapidly
introduced and implemented by pasta industries (Ogawa et al.,
2017). HT drying, regardless of raw material properties, increases
the extent of protein denaturation, resulting in increased network
rigidity and pasta firmness, improved cooking quality and sauce
retention capacity, reduced drying time and microbial
contamination (Masato et al., 2021; Tagliasco et al., 2021;
Ohmura et al., 2023).

To the best of our knowledge, no work so far aimed at
comprehensively and comparatively identifying and
discriminating the factors determining the different
physicochemical characteristics of commercial pasta samples, by
correlating the raw materials’ composition and the pasta-
making process.

Therefore, this work aims to determine the correlation
among the final characteristics of commercial spaghetti,
namely, the characteristics of semolina, the drying process
conditions, and the semolina components modifications. A
comprehensive approach is used to understand the
interlinked effects of the production process, mainly the
drying process as the most impacting step, on the
physicochemical, thermal, structural, and sensorial properties
of durum wheat spaghetti from three well-known Italian
companies, affecting their peculiar quality.
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2 Materials and methods

2.1 Chemicals and raw materials

Commercial spaghetti (coded as “A,” “B,” and “C”) and the
corresponding durum wheat semolina samples used to produce the
spaghetti A, B, and C were provided by the three Italian pasta
producers and stored in sealed biaxially oriented polypropylene
(BOPP) bags until use.

Detailed pasta-making parameters could not be reported due to
non-disclosure agreement stated with the companies.

Chemicals and reagents used in the analyses were purchased
from Sigma Aldrich (Steinheim, Germany). The commercial kit
used to determine the total dietary fiber and the total starch content
was purchased from Megazyme K-TSHK (Wicklow, Ireland).

2.2 Proximate analysis of semolina

AOAC (2005) methods were employed for the analysis of moisture
content (AOAC 925.10), protein content (AOAC 920.87), ash content
(AOAC 923.03), and fat content (AOAC 922.06) of semolina samples.
Total dietary fiber was determined by a commercial kit (K-TDFR,
Megazyme, Wicklow, Ireland) according to the methods AACC 32-
05.01 and AOAC 985.29 (AOAC, 2005). The extraction of gluten was
carried outmanually in accordance with themethod described by Tateo
(1980). The total starch (TS) content was determined using a
commercial kit (Amyloglucosidase/α-Amylase Method, Megazyme,
Wicklow, Ireland) according to the methods AOAC 996.11 and
AACC 76-13.01. The amylose content of semolina was determined
using a standard enzymatic test kit (K-Amyl 06/18, Megazyme,
Wicklow, Irlanda). All the results were reported on a dry weight basis.

2.3 Color determination

Absolute measurements of lightness (L*), redness (a*), and
yellowness (b*) (CIE 1976) coordinates of semolina samples were
determined by using a colorimeter CR-400 (Konica Minolta Inc.,
Tokyo, Japan), according to the official method CieLab. Briefly, 10 g
of semolina sample were poured in the center of a petri dish with a
white background. The “b” value was directly used to measure the
yellowness as described by Sissons et al. (2012). The color difference
(ΔΕ*) between the samples was calculated with Eq. 1.

ΔE* �
���������������������
ΔL*( )2 + Δa*( )2 + Δb*( )2

√
(1)

2.4 Particle size distribution

Particle size distribution (PSD) of semolina was measured by light
diffraction according to the Fraunhofer diffraction theory using a
Mastersizer 2000 (Malvern Instruments Ltd., Worcestershire,
United Kingdom). The resulting PSD was expressed in volume
percent. Characteristic diameters, corresponding to the 10th [d(0.1)],
50th [d(0.5)], and 90th [d(0.9)] percentile of the cumulative size

distribution, were evaluated. The surface-weighted mean diameter D
[3,2] and volume-weighted mean diameter D[4,3] were also evaluated
according to Eqs 2, 3, respectively:

D 3, 2[ ] � ∑i nid
3
i∑i nid
2
i

(2)

D 4, 3[ ] � ∑i nid
4
i∑i nid
3
i

(3)

2.5 Thermal properties

The thermal properties of semolina and ground spaghetti were
evaluated. For the preparation of the ground spaghetti a mincer
(Kenwood Corporation, Tokio, Japan) was used to reduce the
sample size to size comparable to that of semolina samples and
load the sample holder. A differential scanning calorimeter DSC 204
(Phoenix, Netzsch,Wittelsbacherstraße, Germany) was used and the
method reported by Marti et al. (2011), with slight modifications
was followed.

Briefly, 5 mg of sample were directly weighed into DSC stainless
steel pans, and distilled water (3:1, water to sample) was added. Pans
were hermetically sealed, and an empty pan was used as a reference.
DSC measurements were carried out through an isothermal phase
(25°C for 3 min) and then scanned at a dynamic phase at 10°C/min
from 25°C to 120°C. Onset temperature (Ton, °C), peak temperature
(Tpeak,°C), endset temperature (Tend, °C), and total enthalpy (ΔHd,
J/g of sample) were estimated with the Proteus Analysis Software
provided by the manufacturer (Version 4.2/3, Netzsch,
Wittelsbacherstraße, Germany).

2.6 Pasting properties

The pasting properties of semolina and ground spaghetti samples
were determined according to the method reported by Mirzababaee
et al. (2022), using a controlled stress and strain rheometer (AR2000,
TA instruments, New Castle, DE, United States) provided with the
starch cell. For the analysis, 6 g of sample was poured into the cell, and
40 mL of distilled water was added. A short stirring of 10 s was applied
to homogenize the mixture before starting the analysis. The sample was
kept at 50°C for 1 min, heated from 50°C to 95°C at 6°C/min, and kept at
95°C for 5 min. Afterwards, it was cooled down at a rate of 6°C/min up
to 50°C and kept at this temperature for 2 min. The sample was stirred
at 960 rpm for 10 s and then at 160 rpm for rest of the analysis. Pasting
analyses were carried out in triplicate.

2.7 Cooking quality

The determination of the optimal cooking time (OCT) of
spaghetti and cooking loss was carried out according to the
official method AACC 66.50. Water absorption, which is the
weight increase of pasta before and after cooking, was
determined and expressed as percent weight gain with respect to
the uncooked pasta (Bonomi et al., 2012).
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2.8 Textural properties

2.8.1 Flexibility and snap force
The flexibility (cm) and snap force (N) required to bend until

break one strand of dry spaghetti was determined by using a texture
analyzer (TA-XT2, Texture Technologies Corp., United Kingdom)
coupled with a spaghetti flexure rig (A/SFR) adjusted to the height of
the sample. Bending test on samples was carried out at 2.5 mm/s and
the maximum force and distance at break were calculated from force
vs. distance curves (Bourne, 2002).

2.8.2 Cooked pasta texture
Cooked spaghetti firmness and adhesiveness was determined

according to the official method AACC 66-52.01 using a texture
analyzer (TA-XT2, Stable MicroSystems, United Kingdom),
equipped with a 5-kg load cell.

For the analysis, 5 strands of spaghetti samples were loaded on
the equipment platform and compression cycles were carried out
using a Pasta Firmness/Stickiness Rig, up to attaining the 50% of
sample deformation. Compression-decompression runs were
performed at 2 mm/s, to generate force-time curves. Firmness
(N) and adhesiveness (-N/mm) values were calculated from the
recorded data as the maximum positive force and maximum
negative force, respectively. Six measurements were carried out
per sample under controlled temperature.

2.9 Microstructure

The dry and cooked pasta surface and cross-sectionmicrostructures
were observed using a field emission scanning electron microscope
(FESEM,mod. LEO 1525, Carl Zeiss SMTAG,Oberkochen, Germany).
Pasta samples were cooked at the OCT, drained, and frozen. Frozen
spaghetti strands were freeze-dried. Dry pieces (3 mm length) were
attached to the specimen holders using carbon tape and sputter-coated
with a gold layer (Agar Auto Sputter Coater mod. 108 A, Stansted,
United Kingdom) at 40 mA for 120 s. Sample images were captured
with secondary electron mode at 5 kV at a maximum magnification
of ×5,000 (Renoldi et al., 2021).

2.10 Sensory

Descriptive analysis was used to determine the sensory profiles of
spaghetti samples, following the procedure described by Sicignano,
(2015), with some modifications. A panel of fifteen judges was trained
for the sensory evaluation of pasta performed in the ProdAl Scarl
laboratory. The characteristic parameters monitored were brightness,
roughness, yellow color, beige color, smell (visual and olfactory
evaluation); stickiness, brittleness (tactile evaluation); taste, hardness,
and grainy mouthfeel (taste perception evaluation). An open discussion
with the panel leader as a moderator was conducted.

Pasta samples were cooked in unsalted boiling water until reaching
OCT and immediately drained for 30 s before the tasting. During each
session the samples were identified with a three-digit numeric code.
Water was used for oral rinsing before tasting each sample.

The sensory descriptors, their definition, and the evaluation
scales are reported in Table 1.

2.11 Statistical analysis

All the experiments and analyses, unless specified, were
performed in triplicate and the results were reported as means ±
standard deviations. Differences among mean values were analyzed
by one-way variance (ANOVA), by using SPSS 20 (SPSS IBM.,
Chicago, United States) statistical package. The significance of the
differences was thereafter tested with the Tukey test at p < 0.05.

3 Results

3.1 Proximate composition of durum
wheat semolina

Durum wheat semolina is the raw material for the production of
high-quality pasta and its physicochemical characteristics play an
essential role in the pasta production process (De Noni and Pagani,
2010). The physical and chemical characteristics of durum wheat
semolina were determined to address the nature and role of the
occurring molecular changes which affect the resulting appearance
and sensorial characteristics of dry pasta (Bonomi et al., 2012).

The results obtained, reported in Table 2, showed that the
chemical properties of semolina samples are in accordance with
the characteristics of semolina for the production of high-quality
pasta. For instance, moisture content (14%–14.9%), gluten (11.6%–

11.9%), protein content (13.3%–14%), and starch (68.1%–71.4%),
which are decisive parameters for the quality of pasta, fell within the
characteristic values of high-quality semolina (Sissons et al., 2012;
De Cindio and Baldino, 2015). In particular, a better semolina
should have a protein content within an optimum range of 12%–
15% dw, with gluten content higher than 11% dw, and starch within
74%–76% dw (Garcia-Valle et al., 2021; Carpentieri et al., 2023).

Despite the semolina samples investigated presented similar
proximate compositions, statistically different values of starch,
amylose (representing on average the 30% of starch), and fat
content were observed. Specifically, the sample A showed slightly
higher amounts of starch, amylose and lipids that, despite their low
content, significantly impact the functionality of semolina and dough
formation due to the interactions between gluten proteins and starch
(Cutignano et al., 2021). Moreover, the higher amount of amylose and
lipids may lead to the formation of amylose-lipid complexes inducing
higher hardness and compactness in the cooked pasta, restricted
swelling of starch, and increased values of pasting viscosities (Niu
et al., 2017).

3.2 Color and particle size distribution of
durum wheat semolina

The color of a food product is an important quality parameter which
strongly affect consumers perception. Coarse-grained and uniformly
sized durum wheat semolina is characterized by its typical deep yellow
color (b*) responsible for the most critical visual attribute of pasta
(Sissons et al., 2012). Carotenoids provide the yellow pigmentation to
semolina, which has important implications for the marketing of end
products based on durum wheat (Ficco et al., 2014). Table 3 shows the
values of the semolina colorimetric parameters. Traditionally, yellow
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color values (b*) equal to or greater than 20 correspond to color levels
characteristic of high-quality pasta (Sissons et al., 2012). L*, a* and b*
values of semolina A, B, and C ranged from 67.70 to 70.10, 1.05 to 1.69,
and 20.80 to 21.43, respectively (Table 3). Considering the values of the
parameter b*, it can be concluded that both samples have the typical
color of a good-quality semolina.

Some color differences were observed in the redness of the
samples, the A and B semolina exhibiting a higher red index (a*)
compared to the sample C.

The slightly higher redness of samples A and B might be due to
the presence of higher amount of anthocyanins in the aleurone or
pericarp of durum wheat. These differences are probably related to
the wheat cultivars and localization of the pigments inside the wheat
kernels (Ficco et al., 2014). However, ΔE values (ranging from
0.79 to 2.55) suggest that the overall differences in color between

the samples A and B, A and C, B and C, might be noticeable at the
human eye (Kubo et al., 2013).

Apart from the composition and color profile, granulometry has
been demonstrated to be one of the most critical factors influencing
the quality of the semolina and the consequent performance of the
pasta-making process (Carpentieri et al., 2022). Semolina with
smaller mean particle sizes may be characterized by damaged
water binding sites of starch granules due to excessive grinding
and, therefore, reduced capacity of binding water. Likewise, pasta
made with coarser semolina may have higher absorption weight
during cooking (Sacchetti et al., 2011).

For these reasons, to further discriminate and attribute the
characteristics of spaghetti samples to the raw materials used, the
particle size of semolina was determined. The analysis of particle size
of semolina A, B, and C, shown in Figure 1, revealed a bimodal

TABLE 1 Sensory descriptors, definitions, and evaluation techniques.

Descriptors Definition Evaluation scales

Visual and olfactory evaluation

Brightness The extent to which the light is reflected on the surface of spaghetti Ranging from 0 = absent to 10 = very intense

Roughness Characteristic that describes the degree of irregularity of the surface of the strand Ranging from 0 = absent to 10 = very intense

Yellow colour The intensity of the yellow colour on the surface of spaghetti Ranging from 0 = light yellow to 10 = dark yellow

Beige colour The intensity of the beige colour on the surface of spaghetti Ranging from 0 = light beige to 10 = dark beige

Pasta odour Aroma associated with the cooked grain Ranging from 0 = absent to10 = very intense

Tactile evaluation

Stickiness Surface stickiness of the pasta which depends on the amount of starch released which makes it sticky Ranging from 0 = not sticky to 10 = very sticky

Brittleness Mechanical characteristic which indicates the resistance to crushing of the cooked pasta with the
fingers

Ranging from 0 = least breakable to 10 = very
breakable

Taste perception evaluation

Pasta flavour Olfactory-gustatory sensation associated with semolina pasta cooked and remaining in the mouth
after swallowing

Ranging from 0 = absent to 10 = very intense

Hardness Force required to cut the spaghetti with incisors Ranging from 0 = little hard to 10 = very hard

Grainy mouthfeel Amount of residual pieces of spaghetti warned in the mouth after swallowing Ranging from 0 = least grainy to 10 = very grainy

TABLE 2 Chemical characteristics of durum wheat semolina samples.

Sample Moisture
(%)

Protein
(% dw)

Gluten
(% dw)

Total dietary fiber
(% dw)

Total starch
(% dw)

Fat
(% dw)

Amylose
(% dw)

A 14.0 ± 0.1a 14.0 ± 0.7a 11.6 ± 0.1a 4.4 ± 0.3ab 71.4 ± 0.1b 1.6 ± 0.3c 23.4 ± 3.3b

B 14.9 ± 1.0a 13.3 ± 0.54a 11.9 ± 0.2a 4.7 ± 0.5b 68.1 ± 1.0a 1.0 ± 0.1b 18.4 ± 0.8a

C 13.9 ± 0.9a 14.0 ± 0.45a 11.7 ± 0.1a 3.5 ± 0.3a 68.2 ± 0.5a 0.8 ± 0.0a 21.9 ± 0.6ab

Mean (n = 5) ± standard deviation. Values with different lowercase letter (a-b) within the same column are significantly different (p ≤ 0.05). dw, dry weight.

TABLE 3 Colorimetric parameters and characteristic diameters (µm) of semolina samples.

Samples L* a* b* d (0,1) d (0,5) d (0,9) D [4,3] D [3,2]

A 68.48 ± 0.8a 1.69 ± 0.1c 20.94 ± 0.4a 25.37 ± 3a 286.42 ± 5 b 579.34 ± 10 b 294.64 ± 5 b 49.35 ± 3a

B 67.70 ± 0.3a 1.64 ± 0.1 b 20.80 ± 0.3a 24.56 ± 2a 296.50 ± 7b 592.37 ± 12 b 301.98 ± 4 b 48.96 ± 3a

C 70.10 ± 4.4a 1.05 ± 0.1a 21.43 ± 1.6a 44.11 ± 6b 262.03 ± 10a 476.16 ± 15a 268.01 ± 10a 71.21 ± 6b

Mean (n = 3) ± standard deviation. Values with different lowercase letter (a-b) within the same column are significantly different (p ≤ 0.05).
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distribution of granules size with a major fraction (90%) of large size
(476.16–592.37 μm) and a minor fraction (10%) of smaller size
(24.56–44.11 μm). Data are reported in Table 3.

The samples presented similar and overlapping PSD with
comparable homogeneity.

However, the samples possessed a volumemean diameter D[4,3]
ranging from 268.01 to 301.98 μm, in line with the preferred size
range (250–350 μm) for semolina suitable for commercial
applications (Banach et al., 2021).

3.3 Thermal properties

The thermal properties of starch, as the main component of
semolina, are crucial in providing structure and texture to
spaghetti during dough formation step and pasta cooking
(Sozer et al., 2007). Two peaks were observed during thermal
explorations for durum wheat starch, the first, with transition
peak temperature (Tpeak) generally ranging between 51°C and
79°C (Romano et al., 2015), refers to the gelatinization of
starches, while the second, with a Tpeak between 90°C and
120°C (Detchewa et al., 2016), represents the melting/
dissociation of amylose-lipid complexes. Table 4 displays the
transition temperatures and transition enthalpy of the different
samples. It can be observed that the gelatinization temperatures
varied between 62.56°C and 66.87°C, falling within the ranges
associated with wheat starches, and spaghetti samples showed
significantly higher temperatures than semolina. Furthermore,
spaghetti sample A exhibited higher gelatinization temperatures
compared to samples B and C which could be attributed to the
different production processing conditions.

According to the data obtained from the manufacturers, the
maximum drying processing temperatures applied to produce
samples A, B, and C were 90°C, 80°C, and 65°C, respectively.

This direct relation between drying and gelatinization
temperatures was also observed by Masato et al. (2021) when
studying the effect of drying methods on the thermal properties
of spaghetti.

The gelatinization enthalpy of spaghetti A was significantly
lower than that of the semolina A, suggesting that starch was
partially gelatinized during the drying step of spaghetti. The
reduction in the degree of gelatinization of the latter samples is
likely due to the limitedmoisture content that hinders the swelling of
starch granules, as observed in a study conducted by Güler et al.
(2002). Additionally, it can be observed that spaghetti samples dried
at lower temperatures (B and C), despite having higher values of the
transition area, exhibited narrower peaks. This could be attributed to
the reorganization of the starch structure within the matrix.

The peak corresponding to the amylose-lipid complex show
significant differences in the enthalpy values in all samples. In
particular, the enthalpy of the second endotherm is higher for
spaghetti dried at higher temperatures (A) than for spaghetti B
and C. These results are in agreement with the previous findings
reported in this study, regarding the proximate composition of
semolina, where the content of amylose and lipids is higher in
the semolina used for the production of spaghetti A (Table 2).

3.4 Pasting properties

The ability of pasta and semolina to undergo structural changes
with temperature and under excess of water can be accounted

FIGURE 1
Particle size distribution of durum wheat semolina samples.
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through a pasting analysis (BeMiller, 2019). Moreover, for pasta this
analysis give valuable information on the interaction between starch
and other compounds of semolina, starch granules swelling,
gelatinization and retrogradation.

The pasting properties of semolina and spaghetti samples are
presented in Table 5. From the data reported in Table 5, it can be
clearly noticed that no significant differences were detected in the
pasting temperature of semolina and spaghetti samples (p >
0.05). However, the peak viscosity of semolina A was
significantly higher than that of semolina B (p < 0.05), which
could be attributed to its higher starch content (Table 2) and to
the capacity of this polysaccharide to interact to larger extent
with the other components of semolina, this reinforcing the
network and contributing to increase viscosity values
(BeMiller, 2019).

Semolina B, instead, exhibited the lowest setback and end
viscosity values, which account for the rearrangement of amylose
molecules that leached from swollen starch granules during the final
period of the holding phase at 95°C and the entire cooling process.
This can be explained by the lower amylose content of semolina B
compared to semolina A.

Noticeably, an opposite trend was found in the pasting
properties of spaghetti samples. In particular, spaghetti B, dried
at lower temperatures, showed higher peak viscosity than spaghetti
A, dried at higher temperatures. It could be hypothesized that more

severe drying conditions caused more damage to the starch, which
may have led to a decrease in viscosity values due to lower granule
hydration (Aidoo et al., 2022). This structural damage strongly
influenced the retrogradation tendency of spaghetti samples due
to the lower end viscosity values found in spaghetti A compared to B
and C spaghetti samples.

These results suggest that the pasting properties of pasta are
correlated to the effects of drying conditions rather than to the
chemical composition of semolina.

3.5 Cooking properties

As regards cooking behavior, the water absorption capacity
(WAC), cooking losses (CL), and OCT of the samples are
reported in Table 6.

The amount of water absorbed per 100 g of dry pasta during
cooking for the different spaghetti is also reported in Table 6. No
significant differences among the samples were detected, and
WAC values were stable even after 10 min from the end of the
cooking step. Results also demonstrate that the weight of cooked
pasta was 2.4–2.6 times higher than the weight of dry pasta, in
agreement with the expected ideal weight of durum wheat
cooked pasta that should not exceed more than three times
the dry weight (Piwińska et al., 2016). Nevertheless, despite no

TABLE 4 Thermal properties of the analyzed semolina and spaghetti samples: Ton, onset temperature; Tpeak, peak temperature; Tend, end temperature; ΔH,
transition enthalpy.

Gelatinization Amylose-lipid complex

Ton (°C) Tpeak (°C) Tend (°C) ΔH (J/g sample) Ton (°C) Tpeak (°C) Tend (°C) ΔH (J/g sample)

Semolina A 56.98 ± 0.06a 62.90 ± 0.26a 70.96 ± 0.63b 0.89 ± 0.09a 84.63 ± 1.30a 96.69 ± 2.88a 103.15 ± 1.19a 0.37 ± 0.03c

B 56.81 ± 0.23a 62.56 ± 0.13a 70.24 ± 0.05a 0.80 ± 0.09a 92.52 ± 11.2a 99.54 ± 3.89a 104.30 ± 1.39a 0.26 ± 0.02b

C 58.65 ± 0.31b 62.81 ± 0.17a 70.40 ± 0.53a 0.79 ± 0.04a 92.34 ± 5.05a 98.50 ± 2.95a 104.51 ± 1.08a 0.11 ± 0.01a

Spaghetti A 60.07 ± 0.39B 66.87 ± 0.28C 74.60 ± 0.03B 0.68 ± 0.06A 88.24 ± 0.10B 98.74 ± 2.05A 103.81 ± 2.37B 0.34 ± 0.05C

B 58.92 ± 0.27A 64.43 ± 0.19B 71.62 ± 0.59A 0.76 ± 0.11B 86.06 ± 1.41A 97.00 ± 1.01A 103.61 ± 2.24B 0.24 ± 0.02B

C 58.03 ± 0.50A 63.72 ± 0.24A 71.28 ± 0.40A 0.70 ± 0.03A 87.28 ± 2.78B 98.24 ± 1.22A 100.97 ± 0.30A 0.19 ± 0.03A

Values with different lowercase letter within the same column are significantly different (p ≤ 0.05) for semolina samples. Values with different uppercase letter within the same column are

significantly different (p ≤ 0.05) for spaghetti samples.

TABLE 5 Pasting properties of spaghetti and semolina samples.

Sample Brand PT (°C) PV (Pa s) SB (Pa s) EV (Pa s)

Semolina A 59.94 ± 0.06Aa 26.43 ± 4.34ABa 15.97 ± 1.51Ac 32.75 ± 1.29Bc

B 61.17 ± 1.05Aa 18.75 ± 0.43Aa 5.67 ± 1.90Aa 15.01 ± 1.38Aa

C 62.8 ± 0.92Aa 14.52 ± 2.05Aa 10.06 ± 1.23Ab 21.85 ± 0.98Ab

Spaghetti A 60.86 ± 1.39 Aa 30.64 ± 1.69ABa 46.93 ± 2.95Ba 64.35 ± 3.97Ca

B 59.94 ± 0.11 Aa 39.52 ± 6.42Ba 44.45 ± 7.48Ba 71.17 ± 0.77Ca

C 58.80 ± 2.32 Aa 32.56 ± 0.90ABa 65.20 ± 3.75Cb 85.20 ± 4.10Db

PT, pasting temperature; PV, peak viscosity; SB, setback viscosity; EV, end viscosity.

Values with different uppercase letter within the same column are significantly different (p ≤ 0.05) for all samples.

Values with different lowercase letter within the same column are significantly different (p ≤ 0.05) for each group of semolina and spaghetti samples.
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significant differences were detected, sample A showed the
lowest WAC compared to those of samples B and C. This can
be attributed to the proximate composition of semolina A,
namely, higher protein and lipid content, leading to a more
compact network, or to a higher degree of damaged starch
granules due to harsher drying conditions, making the starch
less available for imbibing water. It is worth noting that the
higher is the water uptake, the higher are the amylose leaching,
cooking losses, and loss of starch crystalline structure (Syah
et al., 2022). Sample A showed the lowest cooking losses,
however, all types of spaghetti studied, as reported in Table 6,
showed values of CL comparable to those of high-quality durum
wheat pasta, which should not exceed 7–8 g/100 g (Piwińska
et al., 2016). Several authors (Cubadda et al., 2007; Piwińska
et al., 2016; Jalgaonkar et al., 2018) highlighted the pivotal role
played by drying temperature in determining pasta cooking
quality, almost regardless of protein and fat content of
semolina. Higher drying temperatures allow to form a more
compact gluten network leading starch to absorb less water, as
also demonstrated by the low change in weight during cooking.

OCT related positively to the transition temperatures of starch
gelatinization and protein and lipid content of semolina that also
might reduce swelling of starch granules and pasta stickiness while
improving its firmness. Generally, high values for WAC and low
values for CL are desirable for good quality pasta (Bresciani
et al., 2022).

3.6 Texture properties

The texture of dry and cooked spaghetti samples was
evaluated by bending and compression tests, and the resulting
parameters are presented in Figures 2, 3. Figure 2 depicts the
force required to bend and break one strand of dry spaghetti
which is of interest to unveil possible structural weakness due to
drying process and/or semolina characteristics. As can be
observed in Figure 2, spaghetti C displayed a higher snap
force and flexibility compared to spaghetti B and A, which is
directly correlated to the less severe drying process conditions
used in spaghetti C production. It has been demonstrated that the
stresses caused by the drying process at high temperatures can
produce imbalances in the gluten network causing its separation
from starch granules, thus affecting the pasta compactness and
increasing the occurrence of product breakage (Baiano
et al., 2019).

Figure 3 shows the texture properties of cooked spaghetti. It can
be observed that spaghetti A and C exhibited greater firmness than
spaghetti B, which could be attributed to the different drying
conditions. Surprisingly, it has been reported that drying at high
and lower temperature conditions can equally increase cooking
properties of pasta products only differing in the mechanism
(Carpentieri et al., 2022). For instance, while drying at lower
temperatures (LT) preserves the stability of the interactions
determining the starch-gluten matrix formation, high-
temperature (HT) drying improved cooking properties by
promoting the formation of strong gluten networks that are less
sensitive to undergo structure modifications (Masato et al., 2021).
This is clearly confirmed analyzing the data of firmness after 10 and
60 min from the end of the cooking step, with sample A displaying
higher firmness values. According to previous studies, spaghetti
dried at high temperatures showed the highest firmness and lowest
bulkiness and stickiness associated to low CL and amylose leaching
(Baiano et al., 2006).

Spaghetti B and C had higher adhesiveness than spaghetti A,
mostly related to the higher cooking losses of samples B and C
(Table 6), which significantly increase with time after cooking.
Drying at high temperatures hinders starch swelling and amylose
leaching, leading to an increase of starch gelatinization temperature
(Ogawa et al., 2017).

Moreover, some authors have reported that HT dried pasta is
characterized by lower cooking losses, higher firmness, and lower
stickiness, mostly favored by the higher proportion of amylose in the
starch, than LT dried pasta (Giannetti et al., 2021a; Giannetti et al.,
2021b; Masato et al., 2021).

3.7 Microstructure

Scanning electron microscopy (SEM) was used to investigate
the structure of the surface and cross section of dry spaghetti and
the structure surface of the cooked samples. The micrographs at
increasing magnifications are reported in Figures 4–6,
respectively. The microstructural analysis of the different
spaghetti were coherent with the results of cooking
properties, texture profile, thermal and pasting properties of
pasta samples.

Specifically, the surface area of sample A (Figures 4A, D, G)
was characterized by a reduced roughness, a network with denser
areas, and starch granules strongly embedded in the glutinous
matrix. This may be due to the greater interactions occurring

TABLE 6 Cooking quality of the three types of commercial spaghetti (A, B, and C).

Sample Water absorption (g/100 g) Cooking loss (g/100 g) Optimal cooking time (min)

t = 0 min t = 2 min t = 10 min

A 141 ± 8 aA 142 ± 8 aA 146 ± 5 aA 4.78 ± 0.1a 13.30

B 146 ± 13 aA 149 ± 10 aA 152 ± 10 aA 5.37 ± 0.2b 13.00

C 148 ± 10 aA 150 ± 12aA 156 ± 15 aA 5.61 ± 0.5b 12.30

Mean (n = 10) ± standard deviation. Values with different lowercase letter within the same column are significantly different (p ≤ 0.05). Values with different uppercase letter within the same

row are significantly different (p ≤ 0.05).
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between starch, gluten, lipids and macromolecules, fibers and
proteins, that tend to exert a protective effect on starch granules
coated by a smooth film, as well as to the strong impact of
processing on the outer pasta surface (friction through the bronze
extruder die and high temperature during drying) (Aravind et al.,
2012; Lu et al., 2018). Moreover, some cracks and small holes at
the surface of the glutinous matrix can be attributed to the surface
tensions occurring during drying and to possible shrinkage
during the preparation for SEM analyses (Petitot et al., 2009).
Sample A was also characterized by expanded and gelatinized
starch granules whose size usually increases with increasing the
drying temperature. Indeed, the size of starch granules in pasta
dried at very high temperature (VHT) was larger than that in
pasta dried at low temperature (LT) and high temperature (HT)
(Zhang et al., 2013).

These considerations were confirmed analyzing themicrographs
of the cross-section of dry spaghetti (Figure 5). Indistinguishable
starch granules, disperse and continuous phases were observed in
the case of samples A and B, while highly visible starch granules were
present in the gluten network of sample C.

As expected, the micrographs of cooked spaghetti, shown in
Figure 6, confirmed that they exhibited larger starch granules
compared to uncooked pasta, surrounded by the coagulated
protein matrix. In sample A (Figures 6A, D) the presence of
voids surrounding the swollen starch granules can be explained
considering their shrinkage and the limited and/or non-
homogeneous absorption of water, associated with a starch pre-
gelatinization phenomenon, due to HT drying (Renoldi et al., 2021).
The results of SEM analyses were in agreement with the rheological
(Table 5) and cooking properties (Table 6), indicating that a

FIGURE 2
Snap force and Flexibility of dry pasta samples. Different letters above the bars indicate statistically significant difference (p ≤ 0.05).
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decrease of starch granules swelling in the case of sample A was
likely to take place.

3.8 Sensorial properties

The sensory characteristics of the cooked spaghetti are
reported in Figure 7. Sample A exhibited a sensorial profile
significantly different from the other two samples. In
particular, as regards the visual and nasal evaluation, it

received high scores for the beige color. Color is one of the
most influencing factors for durum wheat-based products (Ficco
et al., 2014). A negative color profile, used as a marker of heat
damages, was linked to a dark yellow and a greater perception of
beige color associated with compounds derived from the Maillard
reactions taking place during drying at high temperatures
(Giannetti et al., 2021a). Sample C, instead, was negatively
evaluated since it was characterized by higher whiteness (low
yellowness) and excessive presence of water at the surface
(greater brightness). Indeed, this sample received higher scores

FIGURE 3
Firmness and adhesiveness values of cooked pasta samples as a function of time after cooking (samples kept at room temperature). Different letters
above the bars indicate statistically significant difference among the three samples at the same cooling time (p ≤ 0.05).
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in terms of brightness associated with the highest CL and greater
amylose released. This observations are in line with the main
findings of Bonomi et al. (2012) who stated that in sensory
evaluations the LT dried pasta received the lowest scores.

The results of the sensory analysis are consistent with those
obtained analyzing the texture profile. According to in-hand and
in-mouth evaluations, sample A was characterized by the lowest
scores in terms of stickiness, in line with the adhesiveness values
measured (Figure 3), the lowest brittleness and the highest
hardness (Figure 7).

Typical characteristics for HT dried pasta consist in high
firmness and low stickiness, due to the increased amount of
stronger starch-protein interactions (Masato et al., 2021; Ohmura
et al., 2023). Indeed, the higher lipid content detected in the
semolina A could have contributed to strengthening the bonding
of the other semolina compounds with starch granules resulting in a
compact and harder network.

Interestingly, results revealed that sample B showed
intermediate values between samples A and C, being evaluated
by the panelists as the product closest to the characteristics of a
good quality pasta and with a perfect balance between flavor
and color.

4 Conclusion

The results obtained in this study have led to relevant
conclusions regarding the influence of the physicochemical
characteristics of durum wheat semolina and pasta-making
process on structural, mechanical and sensory properties of three
commercial spaghetti, allowing at the same time a complete view of
the interconnected phenomena that concur in giving a staple food,
such as pasta, its typical characteristics.

Higher starch, amylose, and lipid contents in semolina A favored
the development of “amylose-lipid” complexes that could have
affected the thermal and pasting properties of spaghetti A,
increasing their compactness, limiting the access of water,
improving the cooking properties, and giving an “al dente”
feeling after cooking.

Moreover, the severity of the pasta production processing
conditions could have affected the physicochemical properties of
spaghetti, with sample A, subjected to HT drying, characterized by
more damaged starch, less stickiness, higher hardness and beige
color (Maillard reaction favored during HT drying).

Compared to semolina, spaghetti A showed a lower enthalpy of
gelatinization (−15%), possibly associated with damages of starch

FIGURE 4
Scanning Electron Microscopic images of the surface of dry pasta [(A, D, G) Sample A at increasingmagnification of 500 X, 1.00K X; 5.00K X, (B, E, H)
Sample B at increasing magnification of 500 X, 1.00K X; 5.00K X; (C, F, I) Sample C at increasing magnification of 500 X, 1.00K X; 5.00K X].
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granules during the production process, a phenomenon confirmed
by microstructural analysis. In fact, micrographs corroborated the
conclusion that spaghetti B, both dry and cooked, showed a
structured matrix with a more homogeneous and less porous
surface than sample A.

Ultimately, the comprehensive approach presented in this
study may be helpful in identifying the parameters, related to
both the raw materials characteristics and the pasta processing
conditions, that influence the distinctive characteristics of
dry spaghetti.

FIGURE 6
Scanning Electron Microscopic images of the section of cooked pasta [(A, D) Sample A at increasing magnification of 1.00K X; 2.00K X, (B, E) Sample
B at increasing magnification of 1.00K X; 2.00K X; (C, F) Sample C at increasing magnification of 1.00K X; 2.00K X].

FIGURE 5
Scanning Electron Microscopic images of the section of dry pasta [(A, D) Sample A at increasingmagnification of 1.00K X; 5.00K X, (B, E) Sample B at
increasing magnification of 1.00K X; 5.00K X; (C, F) Sample C at increasing magnification of 1.00K X; 5.00K X].
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However, since pasta is a technologically complex product,
future studies should be conducted on a larger number of
samples to validate these results, assigning the contribution of
each processing parameter involved in the whole pasta-making
process to the final characteristics of pasta.
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