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Abstract: The use of wholemeal flour and sourdough fermentation in different food matrices has
received considerable attention in recent years due to its resulting health benefits. In this study,
a semolina-based and a wholemeal semolina-based sourdough were prepared and added to the
formulation of gnocchetti-type fresh pasta. Four types of gnocchetti were made, using semolina
plus semolina-based sourdough (SS), semolina plus wholemeal semolina-based sourdough (SWS),
semolina alone (S), and semolina plus wholemeal semolina (WS). The latter two were used as controls.
The digestibility of starch was studied both in vitro and in vivo, and the glycemic response (GR)
and glycemic load (GL) were determined. Starch digestibility, both in vivo and in vitro, was higher
in wholemeal semolina than semolina pasta and the resulting GR values (mg dL−1 min−1) were
also higher (2209 and 2277 for WS and SWS; 1584 and 1553 for S and SS, respectively). The use
of sourdough significantly reduced the rapidly digestible starch (RDS) content and increased the
inaccessible digestible starch (IDS) content. The addition of sourdough to the formulation had no
effect on the GR values, but led to a reduction of the GL of the pasta. These are the first data on the
GR and GL of fresh pasta made with sourdough.

Keywords: starch; available carbohydrates; glycemic response; glycemic index; glycemic load

1. Introduction

Pasta is a staple food, highly appreciated and consumed in several countries. In 2019
the world production of pasta reached almost 16 million tons and Italy was the leading
pasta producer (3.5 million tons). Six Italians out of ten eat pasta on a daily basis, amounting
to about 23.1 kg per capita per year of pasta consumed [1]. Dried pasta (less than 12.5%
moisture content) represents the main global market share, while fresh pasta (more than
24.0% moisture content) represents a small but increasing share, particularly in the Italian
market.

Pasta is commonly produced from durum wheat semolina but the addition of flours
from other raw materials, such as rice, buckwheat, barley, spelt, millet, oats, quinoa, and
legumes, has been investigated for the purpose of improving the nutritional quality and
the health-promoting effects of pasta [2]. Many studies have investigated the effect of pasta
fortified by a wide range of supplements, some of which, such as dietary fibers, amino
acids, peptides and vitamins, can be considered functional ingredients that give pasta a
potentially positive effect on health [3]. The consumption of fiber-rich pasta, or wholemeal
pasta, has increased over the past few years, probably since it has well-recognized beneficial
effects on human health, such as preventing cardiovascular disease, obesity, cancer, and
diabetes risk factors [4,5]. Moreover, consumption of cereal fibers can increase the sensation
of satiety and fullness [6], gut microbial diversity and abundance [7], and can also reduce
the glycemic index, as observed in wholemeal bread by Scazzina et al. [8]. Unfortunately,
decay of sensory and textural characteristics is observed when bran or wholemeal flour
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are incorporated into the foods [9], which reduces the demand for fiber-rich foods. To
overcome these barriers, use of sourdough technology for wholemeal bread has been
investigated in depth and has been reported to improve the sensory, nutritional and health
quality of the bread itself. Fermented bran was successfully used to improve the sensory
properties of bread containing bran [10]. An improvement in the sensory properties of
fiber-rich pasta was observed when fermented wholemeal semolina was used [11].

Pasta is a good source of carbohydrates and the major dietary source of energy in
the Mediterranean diet. It is considered a low glycemic index (GI) food [12], as glucose is
liberated from carbohydrates fairly slowly after ingestion. The low GI of pasta is mainly
due to its dense structure. This results in slow digestion and delayed gastric emptying,
making pasta a unique example of a refined cereal food with a low GI. Pasta consumed
in the context of a low-GI diet allows body weight to be reduced [13] and has a positive
effect against diabetes risk factors [14] since it prevents the high postprandial glucose and
insulin peaks, which may contribute to the development of insulin resistance and type
2 diabetes. In people with type-2 diabetes, consumption of pasta without exceeding the
limits recommended for total carbohydrate intake, is not associated with a worsening of
obesity or cardiovascular risk factors [12].

Sourdough fermentation has been shown to decrease the glycemic index in foods [8].
Use of sourdough technology has been investigated in fresh pasta made with fermented
semolina and fermented wholemeal semolina [11,15], and data on the physical, chemical,
and sensory properties of the pasta have been reported.

The aim of this work was to evaluate the effect of fermentation technology and the
addition of wholemeal semolina, and the effect of their interaction on the in vitro digestion
of carbohydrates and in vivo glycemic response of fresh pasta.

2. Materials and Methods
2.1. Raw Materials

Commercial wholemeal semolina (Integrale, Selezione Casillo S.r.l., Corato, Bari, Italy),
and commercial semolina (Extra Arancio, Selezione Casillo S.r.l., Corato, Bari, Italy) were
used. The percentage composition of the wholemeal semolina, as is or on a dry matter
basis (D.M.), was: moisture 14.1%, ash 1.6% D.M., protein 12.5% D.M., fiber 7.8% D.M., dry
gluten 8.5% D.M., gluten index 60%, alveographic W 199 (J × 10−4) and P to L ratio 5.12.
The composition of semolina was: moisture 14.0%, ash 0.75% D.M., protein 13% D.M., fiber
2.7% D.M., dry gluten 11% D.M., gluten index 88%, alveographic W 176 (J × 10−4) and P
to L ratio 1.31.

2.2. Preparation and Maintenance of Liquid Sourdough

The liquid sourdough starter was prepared according to Fois et al. [11] and was
refreshed using a 5 L sourdough maker machine (Starpizza S.A.S., Verona, Italy). Two
different sourdoughs were prepared: the first was a semolina-based sourdough prepared
using water and semolina, while the second was a wholemeal semolina-based sourdough
prepared with water and wholemeal semolina. Both were refreshed by daily back-slopping
during which sourdough, water and semolina or wholemeal semolina were mixed in a ratio
of 1:1:1, to obtain a dough yield of 200. The semolina-based sourdough had a pH value of
4.4 and a TTA of 10.0 mL NaOH (0.1 mol/L) in 10 g; the wholemeal-based sourdough had
a pH value of 4.2 and a TTA of 13.0 mL NaOH (0.1 mol/L) in 10 g.

2.3. Fresh Pasta Making

Fresh pasta (of the gnocchetti sardi type) was prepared using the La Monferrina Dolly
pasta maker (La Monferrina, Moncalieri, Italy) equipped with a bronze die. Four different
pasta formulations were prepared:

Sample S: pasta made with semolina (1000 g) and water (300 g).
Sample SS: pasta made with semolina (700 g) and semolina-based sourdough (600 g).

No extra water was added since the sourdough contained 50% of water.
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Sample WS: pasta made with wholemeal semolina (300 g), semolina (700 g) and water
(300 g).

Sample SWS: pasta made with whole meal semolina-based sourdough (600 g) and
semolina (700 g). No extra water was added, as in sample SS.

After production, the fresh pasta was immediately pasteurized and packaged under
modified atmosphere (CO2:N2 = 30:70), as in Fois et al. [15]. It was then stored at 4 ◦C until
analysis.

2.4. Chemical Analysis of Cooked Pasta

The moisture content of the pasta was measured at 105 ◦C with a Thermogravimetric
Analyzer Thermostep (Eltra GmbH, Haan, Germany). Total titratable acidity (TTA) and pH
were determined with an automatic titrator (Crison, Hach Lange, Barcelona, Spain), after
homogenizing a 10 g sample in 90 mL of distilled water. After 30 min of gentle stirring for
sourdough and 60 min for chopped and homogenized pasta, the pH was determined and
the samples were titrated to pH 8.5 with NaOH 0.1 mol/L. The TTA was expressed as mL
of NaOH per 10 g of sample. Available carbohydrates (ACH) were determined (g/100 g of
cooked pasta) using the Available Carbohydrates Assay Kit (Megazyme, Wicklow, Ireland).
All the data have been reported in Table 1.

Table 1. Chemical properties of cooked pasta.

Pasta Moisture (g/100 g) pH TTA 1 (mL NaOH N/10)
Available

Carbohydrates 2

S 57.48 ± 0.59 6.53 ± 0.07 0.85 ± 0.03 39.24 ± 1.34
SS 56.76 ± 0.44 5.52 ± 0.17 2.01 ± 0.44 33.28 ± 1.69
WS 58.32 ± 2.24 6.61 ± 0.02 1.24 ± 0.06 34.27 ± 0.82

SWS 55.85 ± 1.13 5.79 ± 0.04 2.32 ± 0.01 31.32 ± 0.58

(S, pasta with semolina; SS, pasta with semolina-based sourdough; WS, pasta with wholemeal
semolina; SWS, pasta with wholemeal semolina-based sourdough. Mean value of at least four
replicates ± standard deviation. 1 TTA, total titratable acidity expressed as mL of 0.1 N NaOH/10 g
of pasta dry matter. 2 Grams of glucose in 100 g of cooked pasta, as is basis).

2.5. In Vitro Starch Digestibility

The pasta was cooked for the optimum cooking time and was then roughly chopped
with a knife in order to simulate chewing. In vitro digestion was then performed as for
Sanna et al. [16]. Digested samples were collected at 20, 60, 90, 120, and 180 min and the
hydrolysis curves were built. Digestion was carried out in triplicate. The area under the
hydrolysis curves (0–180 min) was calculated and the hydrolysis index (HI) was obtained
as the ratio between the area under the curve of the sample and the area under the curve of
the reference food (white breadcrumbs). The estimated glycemic index (GIe) was calculated
following the Equation (1), as in Fico et al. [17]:

GIe = 8.198 + 0.862 × HI (1)

Rapidly digestible starch (RDS), slowly digestible starch (SDS) and inaccessible di-
gestible starch (IDS) were calculated. RDS is the glucose released after 20 min of in vitro
digestion. SDS and IDS are defined as the glucose released within the 20 and 120 min
time-frame and within the 120 and 180 min time-frame, respectively. IDS is defined as
“inaccessible digestible starch” since it is not actually digestion-resistant starch but just
physically inaccessible to the digestive enzymes. It was made accessible by homogenizing
the sample after 120 min of in vitro digestion [16].

2.6. Glycemic Response (GR) and Glycemic Load (GL)

Glycemic response was determined in vivo following the procedures reported by
the Food and Agriculture Organization/World Health Organization [18] and the method
reported by Sugiyama et al. [19]. The study was approved by the Sardinian Ethical Com-
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mittee of the Azienda Tutela Salute (ATS). Fifteen volunteers (seven female and eight
male) were recruited by the Porto Conte Ricerche laboratory (Alghero, Italy), where the
study was conducted. Volunteers aged between 25 and 55 years old were chosen on the
basis of their body mass index (BMI), which had to range between 18.5 and 24.9 kg m−2.
BMI was calculated as the ratio of weight (kg) to squared height (m), as indicated in:
http://www.salute.gov.it/portale/salute/p1_5.jsp?id=135&area=Vivi_sano (accessed on
21 December 2020).

The volunteers were informed about the main criteria required in order to be eligible to
take part in the study (i.e., they had to be healthy, not affected by chronic diseases, free from
food intolerances and allergies, not involved in drug usage, not in a special physiological
condition, such as breastfeeding) and what they would be asked to do. The volunteers
were then asked to formalize their membership by signing an agreement. Obviously, each
one was free to withdraw from the experimentation at any time without explanation.

2.6.1. Experimental Procedures

The pasta was cooked for its optimum cooking time, according to the AACC Approved
Method 66-50 [20], in previously salted (1.3% w/v) boiling water. The ratio of pasta to
cooking water was 25 g per 300 mL. The pasta was served as is, with no seasoning. The
four types of pasta were served to the volunteers on different days, in a randomized order
so that none of the volunteers exceeded one meal per two weeks, and were tested for
equivalent available carbohydrate content (50 g). Monohydrate glucose solution (Glucose
(Monico) 50% p/V, Monico SPA, Venezia, Italy) was used as reference food and served twice
to the volunteers. The test was conducted at around 09:00 a.m. The volunteers were given
the following instructions: prior to the test they had to fast for 12 h during which they were
allowed to drink water ad libitum. On the evening before the test, they were allowed to have
dinner as usual with the exception of alcohol, which was forbidden. On the test day, blood
glucose after fasting was measured at time zero (T0), after which the volunteers consumed
pasta or the reference food within a period of 15 min and were given 250 mL of water.
Blood glucose was then measured at 15, 30, 45, 60, 90, and 120 min after the volunteers had
started to eat. The volunteers were asked to minimize their physical activity during the test.
Capillary blood samples were obtained by the finger prick method (Glucoject Dual Plus,
A.Menarini diagnostics S.r.l., Firenze, Italy) and glucose was measured using a Glucomen
Lx3 calibrated self-monitoring system (A. Menarini diagnostics S.r.l., Firenze, Italy) with a
published <3.6% analytical coefficient of variation (CV).

2.6.2. Data Manipulation

The curves of blood glucose increase (µmol ml−1) versus time (from 0 to 120 min)
were built for each volunteer after ingestion of the glucose solution and pasta samples (S,
WS, SS and SWS). Blood glucose increases were calculated by subtracting the blood glucose
concentration value at T0 from the blood glucose concentration values measured at any
following time point. In this way, the blood glucose value at T0 was zero for all the curves.
The total glucose response (GR) was calculated for each curve as the total area under the
curve, by adding the incremental areas under the curve (IAUC) approximated with the
trapezoid rule for time frames 0–15, 15–30, 30–45, 45–60, 60–90, and 90–120 min. The height
of the rectangular trapezium was the time difference on the x-axis between two subsequent
time points (min), whereas the major and minor basis were the values of the blood glucose
increases on the y-axis (µmol ml−1), corresponding to the two time points. Finally, the
percentage ratio between the GR of the pasta and the GR of the glucose solution, used as
reference food, was calculated and hereafter referred to as “apparent glycemic index” (GIa).
The glycemic load (GL) was then calculated using the following Equation (2):

GL = (GIa × grams of carbohydrate in the standard serving size/100) (2)

http://www.salute.gov.it/portale/salute/p1_5.jsp?id=135&area=Vivi_sano
http://www.salute.gov.it/portale/salute/p1_5.jsp?id=135&area=Vivi_sano
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2.7. Statistical Analysis

The standard ANOVA procedure (randomized complete design with 22 treatments)
was applied to the dataset. The experiment involved two factors: with and without the
addition of sourdough, and with and without the addition of wholemeal semolina. A mul-
tiple comparison procedure was applied for the GR values to determine if the mean values
of each sample were significantly different from that of the reference food. The mean values
were separated by LSD test at p = 0.05 significance level, using the Statgraphics Centurion
18 software package (version 18, Statpont Technologies Inc., Warrenton, VA, USA).

3. Results and Discussion
3.1. In Vitro Starch Digestion

The amount of glucose released from starch during in vitro digestion of the four
samples of pasta is reported in Figure 1A,B, while the GIe data are reported in Table 2. The
shape of the curves obtained was similar for the four types of pasta and, as expected, the
glucose values were far lower than the values obtained from the in vitro digestion of white
breadcrumbs reported in the same figure.

Foods 2021, 10, x FOR PEER REVIEW 7 of 12 
 

 

 

 

Figure 1. Glucose values from in vitro starch digestion of pasta samples. (A) Glucose with respect to dry pasta or bread 

(g/100 g). (B) Glucose with respect to total starch (g/100 g). S, pasta with semolina. SS, pasta with semolina-based sour-

dough. WS, pasta with wholemeal semolina. SWS, pasta with wholemeal semolina-based sourdough. Bars indicate LSD 

intervals at 95% confidence level. 

  

0

8

16

24

32

40

48

56

64

0 20 40 60 80 100 120 140 160 180

G
lu

co
se

 (
g

/1
00

 g
 d

.m
.)

Time (min)

Bread S SS WS SWSA

0

20

40

60

80

100

0 20 40 60 80 100 120 140 160 180

G
lu

co
se

 (
g

/1
00

 g
 o

f 
to

ta
l 

st
a

rc
h

)

Time (min)

Bread S SS WS SWSB

Figure 1. Glucose values from in vitro starch digestion of pasta samples. (A) Glucose with respect to dry pasta or bread
(g/100 g). (B) Glucose with respect to total starch (g/100 g). S, pasta with semolina. SS, pasta with semolina-based
sourdough. WS, pasta with wholemeal semolina. SWS, pasta with wholemeal semolina-based sourdough. Bars indicate
LSD intervals at 95% confidence level.
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Table 2. Results of in vivo digestion and in vitro starch hydrolysis of pasta.

GR GIa GIe GL TS RDS SDS IDS

Samples Mg dL−1

min−1 g/100 g Pasta g/100 g TS

S 1584 b 38.0 b 33.2 b 23.9 c 41.2 b 24.8 a 33.0 b 45.6 b

SS 1553 b 41.0 b 23.6 d 21.8 d 39.9 b 10.7 b 30.9 b 56.7 a

WS 2209 a 57.0 a 38.5 a 31.3 a 48.1 a 23.2 a 35.9 a 40.8 c

SWS 2277 a 55.5 a 28.6 c 27.8 b 39.5 b 14.4 b 40.6 a 45.0 b

Reference Food 4484 100 100 48.1 82.5 27.4 0
Significance

Sourdough ns ns *** * * ** ns *
WholemealSemolina *** *** *** * * ns * *

Sourdough*WholemealSemolina ns ns ns ns *** ns ns ns

*** p < 0.001; ** p < 0.01; * p < 0.05; ns, not significant. The different superscript letters in the column denote a statistically significant
difference at p ≤ 0.05. GR, glucose response. GIa, apparent glycemic index. GIe, glycemic index estimated after in vitro digestion. GL,
glycemic load per 160 g serving size. TS, total starch. RDS, rapidly digestible starch. SDS, slowly digestible starch. IDS, inaccessible
digestible starch.

In vitro starch hydrolysis of both pasta samples with wholemeal semolina (WS and
SWS) released more glucose than the corresponding samples prepared with semolina,
indicating that the presence of fiber increased starch availability to the hydrolytic enzymes,
in pasta both with and without sourdough. As a consequence, the values of GIe were
significantly higher in WS (38.5) than in S (33.2) and in SWS (28.6) than in SS (23.6). This
result is in accordance with Vignola et al. [21], who found a higher amount of hydrolyzed
starch in wholemeal pasta and postulated that fiber may disrupt protein matrix and give
rise to a porous structure that facilitates the action of hydrolytic enzymes. On the contrary,
other researchers reported a reduction in starch digestion after the addition of fiber in the
pasta formulation. Padalino et al. [22] observed lower starch hydrolysis in wholemeal
spaghetti than in semolina spaghetti. A reduction in starch hydrolysis was also observed
in pasta made using quinoa flour compared to semolina pasta [23] and the reason was
suggested to be due to the high concentration of dietary fiber in quinoa flour. The data
reported in Figure 1A show that use of sourdough had a significant effect on the hydrolysis
of starch. The hydrolysis curves of pasta with sourdough (SS and SWS) showed lower
values of released glucose at any time the analyses were performed, while the GIe was
significantly lower than the corresponding pasta made without sourdough (S and WS).
This was in accordance with the results obtained by Lorusso et al. [23], who observed a
significant decrease in starch hydrolysis in pasta made with fermented quinoa. The lowest
values of hydrolyzed starch were found in pasta containing semolina-based sourdough (SS)
(Figure 1A). Similar results were observed in sourdough bread, where the degree of in vitro
starch digestion was found to be lower than in yeasted bread, with a further decrease
in sourdough bread enriched with fibers [24,25], contrary to this work. Reduced starch
hydrolysis in pasta with sourdough can be explained as an effect of biological acidification,
which creates interactions between gluten and starch, and hinders the access of enzymes to
the starch [26].

When the data are expressed as percentage of starch digested over the total (Figure 1B),
it is worth mentioning that the rate of hydrolysis in pasta with semolina and pasta with
wholemeal semolina is similar. This in agreement with Bustos et al. [27] who reported that
the kinetic constant during wholemeal pasta digestion did not differ from that observed in
white wheat-based pasta, although starch hydrolysis was higher in wholemeal pasta, as
in our data. In the same way, the effect of fermentation is still evident when the data are
expressed as percentage of starch digested over the total.

The values of total starch (TS) at 180 min, rapidly digestible starch (RDS), slowly di-
gestible starch (SDS) and inaccessible digestible starch (IDS) were calculated as percentages
of TS and are reported in Table 2. Both use of sourdough and use of wholemeal semolina
had a significant effect on the values of the starch fractions (Table 2).
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The highest value of TS was found in WS pasta (48.1%). It was similar to the value
found in white bread and was higher than that of S pasta (41.2%) The value decreased
in SWS pasta (39.5%) as an effect of the use of sourdough. Use of sourdough only had
an effect on TS in the presence of wholemeal semolina, whereas no differences were
detected between S and SS pasta. Demirkesen-Bicak et al. [28] found a lower value of TS in
wholemeal bread than in white bread, both in the one fermented with baker’s yeast and
sourdough, while sourdough fermentation had no effect on TS. As highlighted by Bustos
et al. [27], the disintegration kinetics of food directly affects the level of starch hydrolysis,
as the more the structure of the food is porous the higher the starch hydrolysis level will be,
while the whole wheat bread described by Demirkesen-Bicak et al. [28] had a more compact
structure with a lower specific volume than white bread. On the contrary, wholemeal pasta
has a more porous structure than semolina pasta due to the presence of insoluble bran fiber,
which may disrupt the protein matrix, also leading to a weakening of the structure [27].
The more compact structure of semolina pasta results in a very close protein network,
which entraps starch granules and delays α-amylase activity [21]. It has been demonstrated
that the presence of bran from wholemeal semolina weakens the pasta structure [29] since
it probably interferes with the formation of such a continuous matrix. This hypothesis
also explains why the SDS value reported in Table 2 rose from 33.0% in S to 35.9% in WS
and from 30.9% in SS to 40.6% in SWS, while the IDS value decreased when wholemeal
semolina was used (from 45.6% in S to 40.8% in WS and from 56.7% in SS to 45% in SWS).
In fact, it is worth mentioning that IDS is defined as inaccessible digestible starch, which
is starch resistant to enzymatic digestion because of the food structure [30]. IDS should
include both type 1 and type 3 resistant starch (RS), the former being potentially digestible
starch, but physically inaccessible to hydrolytic enzymes, and the second being retrograded
starch from food processing [31]. In our case, starch was digested immediately after the
thermal treatment of cooking, when the starch was fully gelatinized, so we can infer that
almost all the IDS is represented by type 1 resistant starch [16].

The use of sourdough had a significant and positive effect on the IDS content of pasta.
In actual fact, an increase in IDS was found when sourdough was used, in both semolina
and wholemeal semolina pasta. There is a lack of literature on the use of sourdough in fresh
pasta, but data reported by Fois et al. [15] are in line with these data. Demirkesen-Bicak
et al. [28] confirmed the increase in resistant starch as an effect of sourdough fermentation,
although these data refer to bread, in which case the resistant starch comprises both types 1
and 3.

An explanation of the higher level of IDS in pasta with sourdough can be inferred
from the observation of Ӧstman et al. [26], who suggested that the organic acids present in
sourdough bread during thermal treatment can promote the formation of starch-gluten
interactions, which make the food structure less susceptible to hydrolytic enzymes in the
first two hours of digestion. Starch-gluten interactions contribute to type 1 resistant starch.
This is confirmed by the lower amount of RDS in pasta with sourdough as compared to
pasta without sourdough, in both the semolina and wholemeal semolina samples. Use
of sourdough reduced the RDS and increased the IDS levels. These results could have
an important implication from a nutritional point of view, as the target outcomes in food
processing focus on lowering the RDS and raising the RS content.

3.2. Glycemic Response and Glycemic Load

The curves of glucose increases versus time and the GR values are reported in Figure 2
and Table 2, respectively, for the four pasta samples and for the glucose solution used as a
reference food.
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Figure 2. Blood glucose values obtained after in vivo digestion of the four pasta samples. S, pasta with semolina. WS,
pasta with wholemeal semolina. SS, pasta with semolina-based sourdough. SWS, pasta with wholemeal semolina-based
sourdough. Bars indicate LSD intervals at 95% confidence level.

A comparison of the differences between the mean GR value of each of the pasta
samples and the mean GR value of the reference food, showed that such differences were,
as expected, highly significant (p < 0.001). The data in Table 2 show that use of whole-
meal semolina had a significant effect (p < 0.001) on glycemic response. On the contrary,
sourdough had no effect on glycemic response (Table 2) and the curves corresponding
to S and SS, and to WS and SWS were very close (Figure 2). GIa was calculated as the
percentage ratio between the incremental area obtained after ingestion of pasta and the
incremental area obtained after ingestion of the reference food, both containing 50 g of
available carbohydrates (ACH). The GIa values were 38.0 and 41.0 for S and SS pasta, and
57.0 and 55.5 for WS and SWS pasta, respectively. Statistical analysis revealed that use of
sourdough had no effect on GIa, whereas use of wholemeal semolina did (Table 2), and that
there was no interaction between the two factors (wholemeal semolina and sourdough).
Foods are commonly divided into three classes on the basis of their GI, i.e., foods with low
GI (<55); foods with intermediate GI (55–70); foods with high GI (>70). According to this
classification, the values obtained here indicate that the addition of wholemeal semolina to
the pasta formulation raised the GIa of the pasta from low to medium.

The effect of the use of wholemeal semolina was unexpected. Henry et al. [32]
reported that there was no difference between the GI values of Fusilli pasta and whole
wheat Fusilli pasta. Atkinson et al. [33] reported that the average GI of white spaghetti (49)
and wholemeal spaghetti (48), derived from multiple studies by different laboratories, was
the same. Kristensen et al. [34] reported that fiber had no effect on postprandial glycemia,
when comparing refined wheat pasta and whole wheat pasta-based meals. Those authors
hypothesized that this lack of fiber having an effect might be related to the type of dietary
fiber present in wheat which, as it does not form a viscous solution upon hydration in the
gastrointestinal tract, probably does not delay gastric emptying. In this work, the higher
glycemic response of wholemeal-based pasta observed in vivo was in agreement with
the data obtained after in vitro starch hydrolysis (Figure 1), which suggests that the fiber
favored the accessibility of hydrolytic enzymes to starch granules, both in vitro and in vivo.
It should be noted that no data can be found on the glycemic response of a pasta such as the
one analyzed in this work (i.e., fresh and pasteurized gnocchetti-type pasta), and that all
available data in literature are on dry pasta, mainly the spaghetti type. Scazzina et al. [35]
published the GI of certain commercial Italian foods, among which pasta, showing how
the GI of wholemeal spaghetti can range from low (35) to almost medium (55) depending
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on the brand. Meaning that different processing conditions can drastically modify the GI
value.

In this study, use of sourdough had no effect on the glycemic response of fresh
pasta, contrary to what was found in literature for bread, which reported how sourdough
fermentation or the addition of organic acids had been used to lower the glycemic index [36].
This, as organic acids were thought to delay gastric emptying (mainly acetic acid), or to
promote starch-gluten interactions which reduce starch bioavailability (mainly lactic acid)
after heat treatment [26]. Scazzina et al. [37] found, for bread, that neither the leavening
technique nor fiber content influenced starch availability to hydrolytic enzymes in vitro,
and that the leavening technique significantly affected glucose response in vivo, whereas
fiber content did not, suggesting that organic acids could delay gastric emptying without
influencing starch availability. A possible explanation of our in vivo data cannot be related
to the loss of organic acids in the cooking water, as reported by Fois et al. [11], although
the pasta was cooked in water before in vitro digestion, where an effect of fermentation
was detected. The pasta for in vivo measurements was cooked in salted water to make it
palatable, whereas the pasta for in vitro measurement was not. A possible effect of salt on
the gluten network and on starch gelatinization might have interfered with the effect of
sourdough fermentation and needs further investigation.

It is worth mentioning that the increase in postprandial glycemia is not only related to
the GI of a food but also to the amount of carbohydrates in the serving size of that food.
Thus, another index, glycemic load (GL), was used [36]. In this study GL was calculated
as the product of GIa and the grams of available carbohydrate in 160 g of cooked pasta
(standard serving size) divided by 100. As reported in Table 1, the amount of ACH in
cooked semolina-based pasta (39.24% in S and 33.28% in SS) was higher (p < 0.05) than that
of wholemeal-based pasta (34.27% in WS and 31.32% in SWS). Then, the serving size of
pasta containing 50 g of ACH consumed by the volunteers, was different (i.e., 127 g of S
and 150 g of SS were weighed), whereas in the case of WS and SWS the weight was 146
and 159 g, respectively. This result was in accordance with a study by Henry et al. [32],
who reported a lower content of available carbohydrates and, therefore, a larger serving
size for whole wheat Fusilli than semolina Fusilli. Moreover, even sourdough wholemeal
bread was found to have a lower content of available carbohydrates than yeast leavened
bread [38]. The GL values were 23.9 for S, 21.8 for SS, 31.3 for WS, and 27.8 for SWS. The
effect of using wholemeal semolina was still evident in GL, but a new effect of the use of
sourdough, which reduced the GL value, could be detected giving pasta with sourdough
an increased value from a nutritional point of view.

4. Conclusions

Pasta is a popular carbohydrate-based food with a low glycemic index, which can
be fortified with a variety of ingredients to improve its nutritional qualities. In this paper,
the digestibility of starch was studied, in vitro and in vivo, in pasta with the addition of
wholemeal semolina and sourdough. The results showed that use of wholemeal semolina
made the gluten matrix more susceptible to the in vitro activity of hydrolytic enzymes. This
result was confirmed by glucose determination after in vivo digestion; unexpectedly the
GIa value of wholemeal pasta was higher than that of semolina pasta. However, the data
available in literature concern dry pasta, mostly the spaghetti type, whereas gnocchetti-type
fresh and pasteurized pasta was prepared for this study. It is known that food processing
conditions drastically affect the activity of hydrolytic enzymes and, as a consequence,
the GI of foods. Use of sourdough had no effect on the GR value, whereas the GL value
decreased owing to the effect of the reduced content of available carbohydrates in pasta
made with sourdough. It is rather difficult to compare these results with the data available
in literature, which is focused on the use of sourdough in bread making. The physical
characteristics of the matrices are deeply different. In the case of bread, the crumb is a
porous matrix with a high surface to volume ratio. It is therefore more susceptive to the
attack of hydrolytic enzymes than pasta which, as a consequence of the extrusion process,
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has a more compact structure and a reduced surface to volume ratio. Moreover, pasta is
cooked in an excess of hot water, in which some of the starch is leached. Finally, pasta is
eaten immediately after cooking, without leaving time for the retrogradation phenomenon
to fully take place.

Author Contributions: P.C. conceived, designed and coordinated the study, drafted and revised the
manuscript. S.F. conducted the study, performed the statistical analysis and the interpretation of
results and drafted the manuscript. P.P.P. and M.S. prepared the sourdough, made the pasta samples,
and performed the in vitro digestion of pasta. T.R. was responsible for managing the funds. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Sardegna Ricerche, Science and Technology Park of Sardinia,
and Regione Autonoma della Sardegna, under the program POR FESR 2014/2020-Asseprioritario
I-Ricerca scientifica, sviluppo tecnologico e innovazione. Progetto cluster top down PAFASEF.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of ATS Sardegna, protocol code
118/2018, date of approval 04.012.2018.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors want to thank the volunteers who kindly participated to the IG
study for their stoicism and their contribution to the science. Acknowledgement goes to Martina
Serra for her help in conducting the IG study, and to Sergio Uzzau for his medical assistance.

Conflicts of Interest: The authors declare that there is no conflict of interest in this research article.
The authors are researchers employed by Porto Conte Ricerche Srl, a publicly-owned research
company, subsidiary controlled and financed by Sardegna Ricerche, which is an agency of the
Regional government of Sardinia.

References
1. IPO International Pasta Organisation. Available online: https://internationalpasta.org/news/ (accessed on 14 June 2021).
2. Giacco, R.; Vitale, M.; Riccardi, G. Pasta: Role in Diet. In Encyclopedia of Food and Health; Elsevier BV: Berlin, Germany, 2016;

Volume 4, pp. 242–245.
3. Rawat, N.; Indrani, D. Functional Ingredients of Wheat-Based Bakery, Traditional, Pasta, and Other Food Products. Food Rev. Int.

2014, 31, 125–146. [CrossRef]
4. Aune, D.; Chan, D.S.M.; Lau, R.; Vieira, R.; Greenwood, D.C.; Kampman, E.; Norat, T. Dietary fibre, whole grains, and risk of

colorectal cancer: Systematic review and dose-response meta-analysis of prospective studies. BMJ 2011, 343, d6617. [CrossRef]
5. Hirawan, R.; Beta, T. Whole Wheat Pasta and Health. In Wheat and Rice in Disease Prevention and Health; Elsevier BV: Berlin,

Germany, 2014; pp. 5–16.
6. Cioffi, I.; Ibrugger, S.; Bache, J.; Thomassen, M.T.; Contaldo, F.; Pasanisi, F.; Kristensen, M. Effects on satiation, satiety and food

intake of wholegrain and refined grain pasta. Appetite 2016, 107, 152–158. [CrossRef]
7. Rackerby, B.; Kim, H.J.; Dallas, D.C.; Park, S.H. Understanding the effects of dietary components on the gut microbiome and

human health. Food Sci. Biotechnol. 2020, 29, 1463–1474. [CrossRef]
8. Scazzina, F.; Siebenhandl-Ehn, S.; Pellegrini, N. The effect of dietary fibre on reducing the glycaemic index of bread. Br. J. Nutr.

2013, 109, 1163–1174. [CrossRef]
9. Hemdane, S.; Jacobs, P.J.; Dornez, E.; Verspreet, J.; Delcour, J.; Courtin, C.M. Wheat (Triticum aestivum L.) Bran in Bread Making: A

Critical Review. Compr. Rev. Food Sci. Food Saf. 2015, 15, 28–42. [CrossRef]
10. Poutanen, K.; Flander, L.; Katina, K. Sourdough and cereal fermentation in a nutritional perspective. Food Microbiol. 2009, 26,

693–699. [CrossRef] [PubMed]
11. Fois, S.; Campus, M.; Piu, P.P.; Siliani, S.; Sanna, M.; Roggio, T.; Catzeddu, P. Fresh Pasta Manufactured with Fermented Whole

Wheat Semolina: Physicochemical, Sensorial, and Nutritional Properties. Foods 2019, 8, 422. [CrossRef] [PubMed]
12. Vitale, M.; Masulli, M.; Rivellese, A.A.; Bonora, E.; Babini, A.C.; Sartore, G.; Corsi, L.; Buzzetti, R.; Citro, G.; Baldassarre,

M.P.A.; et al. Pasta Consumption and Connected Dietary Habits: Associations with Glucose Control, Adiposity Measures, and
Cardiovascular Risk Factors in People with Type 2 Diabetes—TOSCA.IT Study. Nutrients 2019, 12, 101. [CrossRef] [PubMed]

https://internationalpasta.org/news/
http://doi.org/10.1080/87559129.2014.974267
http://doi.org/10.1136/bmj.d6617
http://doi.org/10.1016/j.appet.2016.08.002
http://doi.org/10.1007/s10068-020-00811-w
http://doi.org/10.1017/S0007114513000032
http://doi.org/10.1111/1541-4337.12176
http://doi.org/10.1016/j.fm.2009.07.011
http://www.ncbi.nlm.nih.gov/pubmed/19747602
http://doi.org/10.3390/foods8090422
http://www.ncbi.nlm.nih.gov/pubmed/31540522
http://doi.org/10.3390/nu12010101
http://www.ncbi.nlm.nih.gov/pubmed/31905885


Foods 2021, 10, 2507 11 of 11

13. Chiavaroli, L.; Kendall, C.W.C.; Braunstein, C.R.; Mejia, S.B.; Leiter, A.L.; Jenkins, A.D.J.; Sievenpiper, J.L. Effect of pasta in the
context of low-glycaemic index dietary patterns on body weight and markers of adiposity: A systematic review and meta-analysis
of randomised controlled trials in adults. BMJ Open 2018, 8, e019438. [CrossRef]

14. Livesey, G.; Taylor, R.; Hulshof, R.; Howlett, J. Glycemic response and health—A systematic review and meta-analysis: Re-lations
between dietary glycemic properties and health outcomes. Am. J. Clin. Nutr. 2008, 87, 258S–268S. [CrossRef] [PubMed]

15. Fois, S.; Piu, P.P.; Sanna, M.; Roggio, T.; Catzeddu, P. Starch digestibility and properties of fresh pasta made with semoli-na-based
liquid sourdough. LWT-Food Sci. Technol. 2018, 89, 496–502. [CrossRef]

16. Sanna, M.; Fois, S.; Falchi, G.; Campus, M.; Roggio, T.; Catzeddu, P. Effect of liquid sourdough technology on the pre-biotic,
texture, and sensory properties of a crispy flatbread. Food Sci. Biotechnol. 2019, 28, 721–730. [CrossRef]

17. Ficco, D.B.M.; De Simone, V.; De Leonardis, A.M.; Giovanniello, V.; Del Nobile, M.A.; Padalino, L.; Lecce, L.; Borrelli, G.M.;
De Vita, P. Use of purple durum wheat to produce naturally functional fresh and dry pasta. Food Chem. 2016, 205, 187–195.
[CrossRef]

18. Food and Agriculture Organization/World Health Organization. Carbohydrates in Human Nutrition. Report of a Joint
FAO/WHO Expert Consultation. FAO Food Nutr. Pap. 1998, 66. Available online: http://www.fao.org/3/W8079E/w8079e00.
htm#Contents (accessed on 18 October 2021).

19. Sugiyama, M.M.; Tang, A.C.; Wakaki, Y.; Koyama, W. Glycemic index of single and mixed meal foods among common Japanese
foods with white rice as a reference food. Eur. J. Cli. Nutr. 2003, 57, 743–752. [CrossRef]

20. AACC Approved Methods of Analysis, 11th ed; Cereals & Grains Association: St. Paul, MN, USA, Method 66-50.01; Available online:
http://methods.aaccnet.org/toc.aspx (accessed on 18 October 2021).

21. Vignola, M.B.; Bustos, M.C.; Pérez, G.T. In vitro dialyzability of essential minerals from white and whole grain pasta. Food Chem.
2018, 265, 128–134. [CrossRef]

22. Padalino, L.; Mastromatteo, M.; Lecce, L.; Spinelli, S.; Conte, A.; Del Nobile, M.A. Effect of raw material on cooking quality and
nutritional composition of durum wheat spaghetti. Int. J. Food Sci. Nutr. 2015, 66, 266–274. [CrossRef]

23. Lorusso, A.; Verni, M.; Montemurro, M.; Coda, R.; Gobbetti, M.; Rizzello, C.G. Use of fermented quinoa flour for pasta making
and evaluation of the technological and nutritional features. LWT 2017, 78, 215–221. [CrossRef]

24. De Angelis, M.; Damiano, N.; Rizzello, C.G.; Cassone, A.; Di Cagno, R.; Gobbetti, M. Sourdough fermentation as a tool for the
manufacture of low-glycemic index white wheat bread enriched in dietary fibre. Eur. Food Res. Technol. 2009, 229, 593–601.
[CrossRef]

25. Rizzello, C.G.; Lorusso, A.; Montemurro, M.; Gobbetti, M. Use of sourdough made with quinoa (Chenopodium quinoa) flour and
autochthonous selected lactic acid bacteria for enhancing the nutritional, textural and sensory features of white bread. Food
Microbiol. 2016, 56, 1–13. [CrossRef]

26. Östman, E.; Nilsson, M.; Elmståhl, H.L.; Molin, G.; Björck, I. On the Effect of Lactic Acid on Blood Glucose and Insulin Responses
to Cereal Products: Mechanistic Studies in Healthy Subjects and In Vitro. J. Cereal Sci. 2002, 36, 339–346. [CrossRef]

27. Bustos, M.C.; Vignola, M.B.; Perez, G.; León, A.E. In vitro digestion kinetics and bioaccessibility of starch in cereal food products.
J. Cereal Sci. 2017, 77, 243–250. [CrossRef]

28. Demirkesen-Bicak, H.; Arici, M.; Yaman, M.; Karasu, S.; Sagdic, O. Effect of Different Fermentation Condition on Estimated
Glycemic Index, In Vitro Starch Digestibility, and Textural and Sensory Properties of Sourdough Bread. Foods 2021, 10, 514.
[CrossRef] [PubMed]

29. Chillo, S.; Laverse, J.; Falcone, P.M.; Protopapa, A.; Del Nobile, M. Influence of the addition of buckwheat flour and durum wheat
bran on spaghetti quality. J. Cereal Sci. 2008, 47, 144–152. [CrossRef]

30. Mishra, S.; Monro, J.A. Digestibility of starch fractions in whole grain rolled oats. J. Cereal Sci. 2009, 50, 61–66. [CrossRef]
31. Fuentes-Zaragoza, E.; Riquelme-Navarrete, M.J.; Sànchez-Zapata, E.; Pérez-Alvarez, J.A. Resistant starch as functional in-gredient:

A review. Food Res. Int. 2010, 43, 931–942. [CrossRef]
32. Henry, C.J.K.; Lightowler, H.J.; Strik, C.M.; Renton, H.; Hails, S. Glycaemic index and glycaemic load values of commer-cially

available products in the UK. Brit. J. Nutr. 2005, 94, 922–930. [CrossRef]
33. Atkinson, F.S.; Foster-Powell, K.; Brand-Miller, J.C. International tables of glycemic index and glycemic load values. Diabetes Care

2008, 31, 2281–2283. [CrossRef]
34. Kristensen, M.; Jensen, M.G.; Riboldi, G.; Petronio, M.; Bügel, S.; Toubro, S.; Tetens, I.; Astrup, A. Wholegrain vs. refined wheat

bread and pasta. Effect on postprandial glycemia, appetite, and subsequent ad libitum energy intake in young healthy adults.
Appetite 2010, 54, 163–169. [CrossRef]

35. Scazzina, F.; Dall’Asta, M.; Casiraghi, M.C.; Sieri, S.; Del Rio, D.; Pellegrini, N.; Brighenti, F. Glycemic index and glycemic load of
commercial Italian foods. Nutr. Metab. Cardiovasc. Dis. 2016, 26, 419–429. [CrossRef] [PubMed]

36. Björck, I.; Liljeberg Elmstаhl, H. The glycemic index: Importance of dietary fibre and other food properties. Porc. Nutr. Soc. 2003,
62, 201–206. [CrossRef] [PubMed]

37. Scazzina, F.; Del Rio, D.; Pellegrini, N.; Brighenti, F. Sourdough bread: Starch digestibility and postprandial glycemic response. J.
Cereal Sci. 2009, 49, 419–421. [CrossRef]

38. Lappi, J.; Selinheimo, E.; Schwab, U.; Katina, K.; Lehtinen, P.; Mykkanen, H.; Kolehmainen, M.; Poutanen, K. Sourdough
fermentation of wholemeal wheat bread increases solubility of arabinoxylan and protein and decreases postprandial glucose and
insulin responses. J. Cereal Sci. 2010, 51, 152–158. [CrossRef]

http://doi.org/10.1136/bmjopen-2017-019438
http://doi.org/10.1093/ajcn/87.1.258S
http://www.ncbi.nlm.nih.gov/pubmed/18175766
http://doi.org/10.1016/j.lwt.2017.11.030
http://doi.org/10.1007/s10068-018-0530-y
http://doi.org/10.1016/j.foodchem.2016.03.014
http://www.fao.org/3/W8079E/w8079e00.htm#Contents
http://www.fao.org/3/W8079E/w8079e00.htm#Contents
http://doi.org/10.1038/sj.ejcn.1601606
http://methods.aaccnet.org/toc.aspx
http://doi.org/10.1016/j.foodchem.2018.05.012
http://doi.org/10.3109/09637486.2014.1000838
http://doi.org/10.1016/j.lwt.2016.12.046
http://doi.org/10.1007/s00217-009-1085-1
http://doi.org/10.1016/j.fm.2015.11.018
http://doi.org/10.1006/jcrs.2002.0469
http://doi.org/10.1016/j.jcs.2017.08.018
http://doi.org/10.3390/foods10030514
http://www.ncbi.nlm.nih.gov/pubmed/33804465
http://doi.org/10.1016/j.jcs.2007.03.004
http://doi.org/10.1016/j.jcs.2009.03.002
http://doi.org/10.1016/j.foodres.2010.02.004
http://doi.org/10.1079/BJN20051594
http://doi.org/10.2337/dc08-1239
http://doi.org/10.1016/j.appet.2009.10.003
http://doi.org/10.1016/j.numecd.2016.02.013
http://www.ncbi.nlm.nih.gov/pubmed/27103122
http://doi.org/10.1079/PNS2002239
http://www.ncbi.nlm.nih.gov/pubmed/12749347
http://doi.org/10.1016/j.jcs.2008.12.008
http://doi.org/10.1016/j.jcs.2009.11.006

	Introduction 
	Materials and Methods 
	Raw Materials 
	Preparation and Maintenance of Liquid Sourdough 
	Fresh Pasta Making 
	Chemical Analysis of Cooked Pasta 
	In Vitro Starch Digestibility 
	Glycemic Response (GR) and Glycemic Load (GL) 
	Experimental Procedures 
	Data Manipulation 

	Statistical Analysis 

	Results and Discussion 
	In Vitro Starch Digestion 
	Glycemic Response and Glycemic Load 

	Conclusions 
	References

